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IIPE,l(MET : MoJI6a 1a noKpeTaae nocrynKa 1a cTnu.aae JBaaa uayquu capaJJ,HHK 

I101.IIT0Ballli , 

Mom1M Ha}"IBo Bene I1HcrnTyra 3a cpH3HKY y EeorpaAy ,lla rroKpette rrocryrraK 3a Maj 1n6op y 

3BaFbe Ha}"IBOr capa,llHHKa, IIOI.IITO HCII)'H,aBaM ycJIOBe KOJe Je rrpOIIHCaJIO MHHHCTapCTBO 

rrpoCBeTe, HaYKe H TeXHOJIOIIIKOr pa3BOJa 3a CTHI.J,a.H,e OBOr 3BaFba. 

1. Mm.IIJbeFbe PYKOBO,mrnu:a rrpojeKTa C rrpe,llJIOroM qJiaHOBa KOMHCHje 3a H36op y 3BaH>e; 

2. CTPY'ffiY 6HorpacpHjy; 

3. Ilperne,ll Ha)'t:JHe aKTHBHOCTH; 

4. EJieMeHTe 3a KBamnaTHBHY aHaJIIi3y ; 

5. EJieMeHTe 3a KBaHTHTaTHBHY aHaJIH3y ; 

6. CIJHcaK o6jaBJbeHHX pa,llOBa pa3BpCTaH ITO KaTeropHjaMa; 

7. l13BO,ll H3 MaT~e KH>Hre poljellliX C 6eJiellIKOM O rrpoMeHH rrpe3HMeHa; 

8. PemeH>e O HOCTpH(pHKaI.J,HjH, ,llOKTOpCKY AHIIJIOMY H npeBO,ll ,llHIIJIOMe Ha eHrnecKH H 

cprrcKH Je3HK; 

9. ,[(oKa3e 3a HaBO,lle TIO)]; TaqKaMa 2 H 4; 
10. I1o):laTKe o U:HTHpattocTH npeMa Web of Science; 

11. Korrnje o6jaBJbelllix pa,llOBa H ,llOKTOpCKY ,llHCeprnu:Hjy . 

CpAat:JHo, 

, 
,[(p ,[(yH>a ITorroBHh (rrpe3HMe: Stoltz OA 2007. AO 2015. ro,llHHe) 

npoif_Jecop cmpyKoeH.ux cmyouja 

BHCOKa TeXJlliqKO-TeXHOJIOI.IIKa IIIKOJia CTPYKOBHHX CTYAHja 

KocawrnheBa 36, 37000 KpymeBau: 
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HayquoM Behy :UucTHTyTa Ja <i>HJHKY y lieorpai:.y 

6eorpa .n., 7. jyn 2017. romrne 

IlpeJJ.MeT: MumJLelbe o nJ6opy JJ.P ,lfylbe Ilonosuli y JBalbe nay11uu capaJJ.HHK 
ca npemrnroM KoMucuje 

)J;p )J;ytt,a TionoBHn (ex. Crnnu) je Janocnetta Kao np0<pecop c-rpyKoBHHX cry.n.11ja y 
BHCOKOj TeXHJilIKO-TeXHOJIOlIIKOj IIIKOJIH c-rpyKOBHHX cry.n.11ja y KpyIIIeBizy. 
)J;OKTOpHpana je 2005 . fO.ll,HHe Ha YHHBep3HTery CapcKe o6naCTH y HeMa'lKOj, a HaKOH 
rnr a je 611na TIOCT.ll,OKTOpCKH HC'Ipa)IOiBa'l Ha YHHBep3HTery y Kapncrn.n.y 11 
Kpan,eBcKOM Textt111IKOM HHCTHTYTY (KTH) y lllBe.n.cKoj, Kao 11 y KaMepn11Hr Ottec 
na6oparnp11j11 Ytt11Bep311Tern y Jlaj.n.etty y Xonatt.n.11j11. C ofo11poM .n.a 11cnyH>aBa cBe 
npe.n.B11ljette ycnoBe y cKna.n.y ca ITpaBHJIHHKOM o nocrynKy, Ha1I11tty Bpe.n.ttoBatt,a 11 
KBaHTl1TaTl1BHOM 11CKa311BaH, y Hay1IHOl1CTpmK11Ba1IKl1X pe3y JITaTa l1CTJ)IDKl1Ba1Ia MTIHTP , 
npe.n.na)l(eM noKpernH>e nocryTIKa 3a H36op .n.p ,lzyH>e ITonoBHh y 3BaH>e ttay1IHH 
capa.n.tt11K. 

3a cacrnB KOM11c11je 3a 1136op .n.p }J;ytt,e ITonBHh y 3BaH>e ttayqtt11 capa.n.tt11K npe.n.Jia)KeM: 

( 1) .n.p Hetta.n. Jla3apeBHn, B11IIIl1 Hay1Itt11 capa.n.tt11K, I1HCTl1TYT 3a cp11311ey y Eeorpa.n.y 
(2) aKa.n.eMHK 3opaH ITonOBl1fi, Hay1IHl1 caBeTHl1K, I1HCTl1TYT 3a <pl1311KY y Eeorpa.n.y 
(3) .n.p AHTYH Eana)I(, ttay1IH11 caBeTHl1K, I1ttcT11ry T 3a cp113HKY y Eeorpa.n.y 
( 4) .n.p CaIIIa ,7J;Ml1TJ)OBHn, .n.oueHT <l>l13111IKOr cpaKy JITeTa y Hl1Bep311TeTa y Eeorpa.n.y 

PyK0Bo.n.11nau npojeKTa OHl 71017 
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Hay1IHl1 caBeTHl1K 
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Дипломирала је 1999. године на Физичком факултету Универзитета у Београду, студијска 
група теоријска физика, са просечном оценом 9.61 и дипломским радом Анализа генеричког 
модела стохастичке резонанце (ментор: проф. др Сава Милошевић). Током студија је била 
стипендиста Републичке фондације Србије и САНУ. На Приматијади 1996. године у 
Лепенском Виру рад Хаотично кретање побуђеног клатна који је представила, проглашен 
је за најбољи истраживачки рад. 
Дипломски рад из експерименталне физике урадила је на Универзитету у Фрибургу 
(Universität Freiburg, Université de Fribourg) у Швајцарској 2000. године на тему Oxidation of 
Quasicrystal Surfaces (ментор: Dr Dušanka Naumović, Dr Philipp Aebi, Prof. dr Louis 
Schlapbach) са оценом 5.5 (највиша оцена 6). Учествовала је у сарадњи са швајцарским 
синхротроном SLS. 
Докторирала је 2005. године на Универзитету Сарске области (Universität des Saarlandes) у 
Немачкој с дисертацијом Quasiparticle band dispersion in the vicinity of the Fermi surface in 
quasi-two dimensional systems (ментор: Prof. Dr. rer. nat. Dr. h. c. mult. Stefan Hüfner) и оценом 
врло добар (magna cum laude) и стекла звање doctor rerum naturalium (доктор природних 
наука). Током израде доктората била је ангажована као асистент у настави за лабораторијске 
вежбе и члан Међународне групе за тренинг истраживача GRK 532 – Физичке методе 
испитивања структуре нових материјала (приложено уверење). Дисертација је објављена 
2009. године у издању VDM Verlag Dr. Müller, Saarbrücken под насловом Quasiparticle band 
dispersion in quasi-two dimensional systems – in the vicinity of the Fermi surface. Докторат је 
признат Решењем Министарства просвете, науке и технолошког развоја број: 612-01-
01541/2015-06 од 27. 01. 2016. године као диплома докторских академских студија трећег 
степена високог образовања у оквиру области интердисциплинарних, 
мултидисциплинарних и трансдисциплинарних студија, ради запошљавања. 
Као истраживач Дуња Поповић је била ангажована годину дана на Универзитету у 
Карлстаду (Karltads Universitet) у Шведској код Prof. dr Lars Johansson са стипендијом 
универзитета, годину дана на Краљевском техничком институту (Kungliga Tekniska 
högskolan – KTH, Royal Institute of Technology) у Стокхолмму у Шведској код Prof. dr Mats 
Göthelid, Prof. dr Ulf Karlsson са стипендијом Göran Gustafsson и две године у Камерлинг 
Онес Лабораторији у Лајдену (Universiteit Leiden) у Холандији код Prof. dr Joost W. Frenken. 
У Шведској је поред ангажовања на универзитету била и корисник Max-Lab синхротрона, 
а током рада у Холандији корисник синхротрона ESRF. У Холандији је руководила 
реализацијом Reactor-STM пројекта у оквиру Real-Nano конзорцијума између водећих 
холандских универзитета и индустрије са циљем развоја инструмента за испитивање 
катализатора под индустријским условима. У оквиру овог ангажовања завршила је Пројект-
менаџмент курс и сарађивала са компанијом Albemarle. 
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сопствених цитата. Хиршов индекс јој је 7. Била је учесник више међународних 
конференција и радионица, а завршила је и двомесечну радионицу HERCULES (Higher 
European Course for Users of Large Experimental Systems), реализован у Греноблу и Паризу, 
у Француској, где је награђена за најбољи постер. Одржала је један позвани семинар на ETH 
у Цириху 2002. године. Има радно искуство на синхротронима SLS (Swiss Light Source) у 
Швајцарској, ESRF (European Synchrotron Radiation Facility) и Soleil у Француској и Max-
Lab у Шведској. Сарађивала је са истраживачким групама које се баве теоријом, 
компјутерским моделовањем, експериментом и припремом узорака. 
  



Преглед научних активности 
 
Научно-истраживачки рад др Дуње Поповић представља комбиноване примене две 
савремене експерименталне технике – угаоно разложене фотолектронске спектроскопије 
(angle-resolved photoelectron spectroscopy, ARPES) и скенирајуће тунелујуће микроскопије 
(scanning tunnelling microscopy, STM) у испитивању начина на које структурне промене 
доводе до модификација електронске структуре површина, са импликацијама на нивоу од 
фундаменталног разумевања физичких процеса до њихове индустријске примене. 
Дихалогениди прелазних метала 
Високотемпературна суперпроводност је пре петнаест година било веома актуелно поље 
истраживања и разматрање појаве псеудопроцепа на Ферми површи као прекурзора 
суперпроводног стања код једињења бизмута инспирисало је студије на једноставнијим 
слојевитим системима, попут дихалогенида прелазних метала. Студирајући својства 1Т-
фамилије: TaSe2, TaS2, TiSe2, установљено је да се равне површине могу добити уклањањем 
површинског слоја у ултрависоком вакууму и да се оне формирају увек између две металне 
равни. [D3] Псеудопроцеп који се код ових материјала формира у близини Ферми површи 
доводи се у везу са таласима густине наелектрисања, који су последица атомских 
реконструкција површи. [А1] Формирање три групе еквивалентних атома под дејством 
таласа густине наелектрисања на површини која је претходно имала хексагоналну 
симетрију, доводи до цепања зона на три субзоне, које се региструју фотоелектронском 
спектроскопијом и виде у DFT прорачунима (wien2k кôд) зонске дисперзије. [А1] Притом 
субзоне имају периодичност одређену атомском реконструкцијом, али спектрални 
интензитет остаје изражен дуж нереконструисане зонске структуре. [А1] Да је електронска 
структура у директној спрези са атомском потврђује скенирајућа тунелујућа микроскопија, 
где се подешавањем напона тунеловања може тунеловати у појединачне субзоне и 
скенирањем с тим напоном видети само они атоми који учествују у формирању дате 
субзоне. [B8, D5] 
[А1] Bovet, M., Popović, D., Clerc, F., Koitzsch, C., Probst, U., Bucher, E., Berger, H., Naumović, D., and Aebi, P. 
(2004). Psudogapped Fermi surfaces of 1T-TaS2 and 1T-TaSe2: A charge density wave effect, Phys. Rev. B 69, 
125117. 
[B8] Stoltz, D., Bielmann, M., Bovet, M., Schlapbach, L., Berger, H. (2007). Tunneling evidence for spatial location 
of the charge-density-wave induced band splitting in 1T-TaSe2, Phys. Rev. B, 76, 073410. 
[D3] Stoltz, D., Stoltz, S. E. (2007). X-ray photoelectron diffraction investigation of the cleavage plane in 1T-transition 
metal dichalcogenides, Physica B, 398, 172. 
[D5] Stoltz, D., Bielmann, M., Schlapbach, L., Bovet, M., Berger, H., Göthelid, M., Stoltz, S. E., Starnberg, H. I. 
(2008). Atomic origin of the scanning tunneling microscopy images of charge-density-waves on 1T-TaSe2, Physica 
B, 403, 2207. 
 
 



Површинска стања 
Код површина или танких филмова племенитих метала као што су сребро и злато у L-
процепу пројектоване зонске структуре јављају се површинска стања као последица 
електронске локализације. Површинска стања се карактеришу комплексним таласним 
бројем, па експоненцијално опада њихов интензитет ка унутрашњости материјала, а 
одсечен је и ван њега, дајући просторну локализацију. То даје могућност модификовања 
оваквих стања променама атомске структуре површине. Док раст Ag на Au(111) површини 
при ниским температурама даје неуређен филм, на собној температури настаје раст слој-по-
слој и детектују се дискретни помераји енергије минимума дисперзије зоне са повећањем 
броја моноатомских слојева, да би се при 10 моноатомских слојева појавило површинско 
стање и валентна зона сребра, упоредо са стањима квантне јаме филма сребра у 
пројектованом sp-процепу злата, у складу са прорачуном који је дала DFT (wien2k кôд). [B3] 
Линијом Ar I измерено је смањење спин-орбит цепања површинског стања злата са 
повећањем дебљине филма сребра. [B3, А2] 
[А2] Cercellier, H., Fagot-Revurat, Y., Kierren, B., Reinert, F., Popović, D., and Malterre, D. (2004). Spin-orbit 
splitting of the Shockley state in the Ag/Au(111) interface, Phys. Rev. B 70, 193412. 
[B3] Popović, D., Reinert, F., Huefner, S., Grigoryan, V. G., Springborg, M., Cercellier, H., Fagot-Revurat, Y., 
Kierren, B. and Malterre, D. (2005). High-resolution photoemission on Ag/Au(111): Spin-orbit splitting and electronic 
localization of the surface state, Phys. Rev. B, 72, 045419. 
Квантне јаме, површинска стања, интерфејс стања и површинске резонанце су даље 
посматране на систему који је релевантан за примене – злату на полупроводничкој 
површини 4H-SiC(0001), код кога се може добити широк спектар различитих 
реконструкција у зависности од услова припреме површине, а самим тим и веома различита 
електронска стања. [B5, B6, D4] 
[B5] Stoltz, D., Stoltz, S. E., Johansson, L. S. O. (2007). Surface resonance on the (6√3x6√3)- R30º-reconstructed 5 
ML Au on (√3x√3)-R30 º-4H-SiC(0001), Surf. Sci., 601, 2508. 
[B6] Stoltz, D., Stoltz, S. E. and Johansson, L. S. O. (2007). A high-resolution core-level photoemission study of the 
Au/4H-SiC(0001)-(√3x√3) interface, J. Phys.: Condens. Matter 19, 266006. 
[D4] Stoltz, D., Stoltz, S. E., Johansson, L. S. O. (2008). Two-dimensional states in the electronic structure of 
Au/(√3x√3)-R30º-4H-SiC(0001), J. of Elec. Spec. and Rel. Phen. 163, 1. 
Структурна анализа фотоелектронском дифракцијом 
Електронска својства материјала могу се модификовати допирањем. Фотоелектронском 
дифракцијом X-зрацима (XPD) на линијама карактеристичним за одређени хемијски 
елемент може се идентификовати његово атомско окружење, а на основу упоређивања се 
дифрактограмима свих других елемената у недопираном материјалу закључити чије место 
ови атоми заузимају, што је демонстрирано на примеру допирања Bi2212 елементима Pb и 
Dy. [D1] У комбинацији са прорачунима који узимају у обзир једноструко (SSC) или 
вишеструко расејање (MSCD) фотоелектронска дифракција (PED) може дати информацију 
о површинској равни у случају припреме површине у ултрависоком вакууму код слојевитих 
дихалогенида прелазних метала [D3] и бити од помоћи при одређивању атомске структуре 



површинске реконструкције силицијум карбида, где је од посебне користи хемијска 
осетљивост фотоелектронске технике [D2]. 
[D1] Popović, D., Bovet, M., Berger, H., and Aebi P. (2005). Fingerprinting substitution sites in Pb,Dy-
Bi2Sr2Ca1Cu2O8+δ using X-ray Photoelectron Diffraction, Eur. Phys. J. Appl. Phys. 30, 171-174. 
[D2] Stoltz, D., Stoltz, S. E., Widstrand, S. M., Johansson, L. S. O. (2007). Investigation of surface structure related 
features in the multiple-scattering simulations of photoelectron diffraction of 3C-SiC(001)-c(4x2), Physica B, 395, 
130. 
[D3] Stoltz, D., Stoltz, S. E. (2007). X-ray photoelectron diffraction investigation of the cleavage plane in 1T-transition 
metal dichalcogenides, Physica B, 398, 172. 
Складиштење водоника 
Потенцијал Mg за складиштење водоника је испитиван због веома повољног односа масе 
магнезијум хидрида и апорпционог капацитета Mg. Танки филмови Mg на површини 
Mo(110) апсорбују водоник дуж интерфејса, али филмови Mg-Ni задржавају формирани 
хидрид на површини [B4], а апсорпција и термална десорпција водоника се могу понављати 
без нарушавања структуре материјала [B7]. 
[B4] Stoltz, S. E., Popović, D. (2007). A high-resolution core-level study of Ni-catalyzed absorption and desorption 
of hydrogen in Mg films, Surf. Sci., 601, 1507. 
[B7] Stoltz, S. E. and Stoltz, D. (2007). Spectroscopic evidence for reversible hydrogen storage in unordered Mg5Ni1 
thin films, J. of Phys.: Cond. Matter, 19, 446010. 
Катализа под индустријским условима 
ReactorSTM је скенирајући тунелујући микроскоп оперативан у условима високих 
температура (до 600 K) и високих притисака (до 6 bar) у чијем дизајнирању и конструисању 
сам учествовала у групи Prof. dr Joost W. Frenken. [C2] Намењен је проучавању хемијских 
процеса на површинама троструких катализатора изложених протоку гасова. Сматра се 
operando инструментом јер функционише са варијабилним протоком гасова кроз простор 
веома мале запремине између површине катализатора и врха игле скенера и може мерити с 
атомском резолуцијом и великим бројем фрејмова у секунди у реалном времену. Упркос 
томе што се локално посматрају услови високог притиска и температуре, све је смештено у 
систем са ултрависоким вакуумом који је вибрационо изолован, што представља велики 
технички изазов. У хетерогеној катализи су степеници места повишене каталитичке 
активности, чија густина одређује стабилност оксида на површини и руководи 
осцилацијама константе реакције оксидације угљен-моноксида на површини паладијума 
при атмосферском притиску. [А4] 
[А4] Hendriksen, B. L. M., Ackermann, M. D., van Rijn, R., Stoltz, D., Popa, I., Balmes, O., Resta, A., Wermeille, 
D., Felici, R., Ferrer, S., Frenken, J. W. M. (2010). The role of steps in surface catalysis and reaction oscillations, 
Nature Chemistry, 2, 730-734. 
[C2] Herbschleb, C. T., van der Tuijn, P. C., Roobol, S. B., Navarro, V., Bakker, J. W., Liu, Q., Stoltz, D., Canas-
Ventura, M. E., Verdoes, G., van Spronsen, M. A., Bergman, M., Crama, L., Taminiau, I., Ofitserov, A., van Baarle, 
G. J. C., and Frenken, J. W. M. (2014). The ReactorSTM: Atomically resolved scanning tunneling microscopy under 
high-pressure, high-temperature catalytic reaction conditions, Rev. Sci. Instr. 85, 083703. 



Оксидација и корозија површина 
Како у катализи, тако и у техници и екологији, испитивање оксидације и корозије 
материјала игра велику улогу. 
За квазикристале је откривено да имају повољнија својства за пресвлачење тигања од 
тефлона, што је подстакло изучавање њиховог понашања при оксидацији. Површина Al-Pd-
Mn показује од свих елемената најинтензивнију оксидацију Mn, као и интензивнију 
оксидацију Al у квазикристалу него у Al(111), са достизањем сатурације испод 50 L 
кисеоника. [B1] 
[B1] Popović, D., Naumovic, D., Bovet, M., Koitzsch, C., Schlapbach, L., Aebi, P. (2001). Oxidation of Al-Pd-Mn 
quasicrystal surfaces, Surf. Sci. 492/3, 294. 
Корозија оксида прелазних метала је изучавана систематски на оксидима гвожђа, цинка и 
бакра. У случају оксида гвожђа, апсорбовани сумпор-диоксид и вода интерагују са гвожђем 
из супстрата и формирају гвожђе-сулфат који прати реконструкцију чисте површине [B9], 
тако да је чак STM-ом могуће видети његову атомску структуру [A3]. На начин апсорпције 
воде и сумпор-диоксида не утиче само моноатомски слој на површини, о чему сведоче 
разлике које се јављају код површине Zn(0001) и Zn-терминисане површине ZnO(0001). 
[C1] Апсорпција воде може потпуно променити структуру Zn-терминисане ZnO(0001) 
површине формирањем троугаоних структура при нижим дозама воде или потпуном 
урушавању правилне структуре при дозама преко 20 L. [А5] Дефекти на површини, попут 
шупљина бакра код Cu2O(111), окружени су јонима кисеоника са незасићеним везама, који 
су центри за апсорпцију производа хемијских реакција воде и сумпор-диоксида на 
површини. [А6] Променом температуре може се постићи да на површини Cu2O(111) буде 
апсорбована само молекуларна или молекуларна и дисосована вода, односно да се сумпор-
диоксид на њој задржи у форми SO3 или SO4. [А6] 
[А3] Stoltz, D., Önsten, A., Karlsson, U. O. and Göthelid, M. (2007). High resolution spectroscopic and microscopic 
signatures of ordered growth of ferrous sulfate in SO2 assisted corrosion of Fe3O4(100), Appl. Phys. Lett., 91, 093107. 
[А5] Önsten, A., Stoltz, D., Palmgren, P., Yu, S., Göthelid, M. and Karlsson, U. O. (2010). Water Adsorption on 
ZnO(0001): Transition from Triangular Surface Structures to a Disordered Hydroxyl Terminated phase, J. Phys. 
Chem. C, 114, 11157. 
[А6] Önsten, A., Weissenrieder, J., Stoltz, D., Yu, S., Göthelid, M. and Karlsson, U. O. (2013). Role of Defects in 
Surface Chemistry on Cu2O(111), J. Phys. Chem. C. 117, 19357. 
[B9] Stoltz, D., Önsten, A., Karlsson, U. O., and Göthelid, M. (2008). Scanning tunneling microscopy of Fe- and O-
sublattices on Fe3O4(100), Ultramicroscopy, 108, 540. 
[C1] Önsten, A., Stoltz, D., Palmgren, P., Yu S., Claesson, T., Göthelid, M. and Karlsson, U. O. (2013). SO2 interaction 
with Zn(0001) and ZnO(0001) and the influence of water, Surf.Sci. 608, 31. 
  



Елементи за квалитативну анализу рада 
 

1. Квалитет научних резултата 
 
Научни ниво и значај резултата 
Кандидаткиња има 6 радова категорије М21а (међународни часопис изузетне 
вредности), 10 радова категорије М21 (врхунски међународни часопис), 2 рада 
категорије М22 (истакнути међународни часопис) и 5 радова категорије М23 
(међународни часопис) . 
 
Утицајност 
Најцитиранији рад кандидаткиње има 89 цитата. 
 
Цитираност 
Према Web of Science радови кандидаткиње су укупно цитирани 312 пута (296 пута 
без сопствених цитата). Хиршов индекс кандидаткиње је 7. 
 
Параметри квалитета часописа 

 Једна публикација у часопису Nature Chemistry (2010), ИФ=17.927 
 Две публикације у часопису Journal of Physical Chemistry C, ИФ=4.524, 4.805 
 Једна публикација у часопису Applied Physics Letters, ИФ=4.127 
 Једна публикација у часопису Journal of Chemical Physics, ИФ=3.333 
 Четири публикације у часопису Physical Review B, ИФ=3.185-3.327 
 Једна публикација у часопису Ultramicroscopy, ИФ=2.629 
 Две публикације у часопису Journal of Physics: Condensed Matter, ИФ=2.145 
 Четири публикације у часопису Surface Science, ИФ=1.880-2.385 
 Једна публикација у часопису Review of Scientific Instruments, ИФ=1.614 
 Једна публикација у часопису Journal of Electron Spectroscopy and Related 

Phenomena, ИФ=1.290 
 Једна публикација у часопису Surface Review and Letters, ИФ=0.886 
 Три публикације у часопису Physica B, ИФ=0.872 
 Једна публикација у часопису European Physics Journal: Applied Physics, 

ИФ=0.745 
Укупни ИФ свих публикација кандидаткиње је 69.949. 

Степен самосталности и степен учешћа аутора у реализацији резултата 
Од укупно 23 рада, кандидаткиња је први аутор 12 публикација, што је 
подразумевало самостално постављање и извођење експеримената, обраду и 
интерпретацију резултата и писање публикације. Кандидаткиња је други аутор 5 
публикација и у трећи аутор у једној публикацији, што је подразумевало учешће или 
консултовање око извођења експеримената, заједничку анализу и интерпретацију 



резултата са првим аутором. Улога у осталим публикацијама је негде консултативна 
при анализи резултата, а негде водећа и самостална улога у реализацији једног дела 
пројекта. 
 
Награде 
Кандидаткиња је добитник награде шведске фондације Göran Gustafsson за младе 
истраживаче 2010. године. 
 
Број аутора 
Укупно 9 публикација кандидаткиње реализовано је у оквиру једне експерименталне 
групе, 12 публикација представља колаборацију две групе са различитих установа, 1 
публикација садржи резултате рада 3 групе (2 експерименталне и 1 теоријска) и у 
изради 1 публикације су учествовали аутори са 5 различитих установа. (Ово су 
реални бројеви установа, који су мањи од бројева који се појављују на 
публикацијама, а који узимају у обзир да је неко променио установу од тренутка 
мерења до тренутка објављивања резултата.) 
 
Примењивост научних резултата 
Експериментални систем ReactorSTM представљен у публикацији у Review of 
Scientific Instruments сада је комерцијални производ који продаје холандска фирма 
Leiden Probe Microscopy. 
 

2. Ангажованост у формирању научних кадрова 
 
Кандидаткиња је током докторских студија радила као асистент за лабораторијске 
вежбе у Немачкој и Швајцарској (2000-2005), а током четири године била је предавач 
курса Наука о површинама (Surface science) на KTH у Шведској (2009-2013). 
 

3. Нормирање броја коауторских радова 
 
Сви радови су експериментални, осим рада [D2] који је нумеричка симулација, али 
има мање од 5 аутора, па није потребно да му се број бодова нормира. Нормирање је 
извршено код 2 рада категорије М21а, 2 рада категорије М21, 1 рада категорије М22 
и 1 рада категорије М23, чиме је укупан збир М бодова смањен са 171 на 154.69, тј. 
за 16.31, што не мења значајно резултате. 
 

4. Руковођење пројектима, потпројектима и пројектним задацима 
 
Кандидаткиња је руководила реализацијом ReactorSTM пројекта на Универзитету у 
Лајдену у Холандији у оквиру Nimic (Nano-imaging in realistic conditions) - Real-Nano 
конзорцијума између академије и индустрије. (Доказ: евалуациони лист после прве 
године ангажовања.) То је подразумевало координацију рада механичке радионице, 
електричне радионице, докторанда и дипломанда; управљање буџетом од милион 



евра; израду временског плана реализације и праћење реализације пројекта; размену 
са партнерима у индустрији и сарадњу са снабдевачима. 
 
Кандидаткиња је написала предлог пројекта који је усвојио Шведски научни савет и 
на основу кога је ангажована као доцент на четири године на KTH у Шведској. О 
самосталном писању пројекта и развоју у самостаног истраживача сведочи доказ из 
претходне тачке у коме се то помиње, као и приложени уговори о раду у Шведској у 
којима се наводи да је финансирање пројекта изнео Шведски научни савет. 
 

5. Утицај научних резултата 
 
Публикације кандидаткиње цитирани су 312 пута (296 пута без сопствених цитата), 
а чак 6 публикација објављено је у међународним часописима изузетних вредности. 
Најцитиранија публикација је цитирана 89 пута. Хиршов индекс кандидаткиње је 7. 
 

6. Конкретни научни допринос кандидата у реализацији резултата у научним 
центрима у земљи и иностранству 
 
Кандидаткиња је све резултате остварила у иностранству. Радила је на пет 
различитих Универзитета у Швајцарској, Немачкој, Холандији и Шведској. Рад на 
докторској дисертацији подразумевао је самосталност у експерименталном раду, 
обради и интерпретацији резултата и укључио је сарадњу са теоретичарима са истог 
Универзитета, који су радили нумеричке прорачуне за вршена експериментална 
мерења. Један део резултата урађен је у колаборацији са групом из Нансија у 
Француској, о чему сведоче заједничке публикације. Кандидаткиња је током прве 
постдок позиције реализовала нову поставку у синхротронској лабораторији Max-
Lab у Шведској, а о том и даљим ангажовањима на овом синхротрону сведоче 
годишњи извештаји ове установе. Сарађивала је на студији о складиштењу водоника 
која је у потпуности изведена у овој лабораторији са још једном постдоком (S. Stoltz). 
Од тада је иницијатор и реализатор истраживања силицијум карбида и танких 
филмова злата на њему. У оквиру постдокторског ангажовања на KTH кандидаткиња 
је узела учешће у дугорочном истраживању корозије прелазних метала под утицајем 
воде и сумпор-диоксида у коме је учествовала и једна докторанткиња (A. Önsten), а 
које ће се продужити и на период у току кога је кандидаткиња радила као доцент на 
истој установи. У оквиру постдокторског ангажовања у Холандији допринела је 
развоју сложеног инструмента представљеног у публикацији у часопису Review of 
Scientific Instruments који је постао комерцијални производ који до данас продаје 
компанија Leiden Probe Microscopy. Кандидаткиња је на свим радним местима 
учествовала у промотивним активностима и данима отворених врата. За пројекат са 
којим је добила позицију доцента, кандидаткиња је добила Göran Gustafsson награду 
за младе истраживаче у Шведској.  



Елементи за квантитативну анализу рада 
 
Кандидаткиња је објавила укупно 23 рада који су разврстани по категоријама као што је 
приказано у табели испод. 

КАТЕГОРИЈА БРОЈ РАДОВА М БОДОВА ПО 
РАДУ 

УКУПНО М 
БОДОВА 

НОРМИРАНИ БРОЈ 
М БОДОВА 

М21а 6 10 60 52.69 
М21 10 8 80 74.71 
М22 2 5 10 6.79 
М23 5 3 15 14.5 
М70 1 6 6 6 

 
Поређење са минималним квантитативним резултатима потребним за избор у звање научни 
сарадник приказано је у табели испод. 

КАТЕГОРИЈА МИНИМАЛНИ БРОЈ М 
БОДОВА 

НОРМИРАНИ БРОЈ М 
БОДОВА КАНДИДАТА 

УКУПНО 16 154.69 
М10+М20+М31+М32+М33+М41+М42 10 154.69 

М11+М12+М21+М22+М23 6 154.69 
 
  



Списак објављених радова по категоријама 
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[А1] 
Bovet, M., Popović, D., Clerc, F., Koitzsch, C., Probst, U., Bucher, E., Berger, H., Naumović, 
D., and Aebi, P. (2004). Psudogapped Fermi surfaces of 1T-TaS2 and 1T-TaSe2: A charge 
density wave effect, Phys. Rev. B 69, 125117. (цитиран 28 пута) 
 
[А2] 
Cercellier, H., Fagot-Revurat, Y., Kierren, B., Reinert, F., Popović, D., and Malterre, D. (2004). 
Spin-orbit splitting of the Shockley state in the Ag/Au(111) interface, Phys. Rev. B 70, 193412. 
(цитиран 42 пута) 
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[B3] 
Popović, D., Reinert, F., Huefner, S., Grigoryan, V. G., Springborg, M., Cercellier, H., Fagot-
Revurat, Y., Kierren, B. and Malterre, D. (2005). High-resolution photoemission on Ag/Au(111): 
Spin-orbit splitting and electronic localization of the surface state, Phys. Rev. B, 72, 045419. 
(цитиран 28 пута) 
 
[B4] 
Stoltz, S. E., Popović, D. (2007). A high-resolution core-level study of Ni-catalyzed absorption 
and desorption of hydrogen in Mg films, Surf. Sci., 601, 1507. (цитиран 7 пута) 
 
[B5] 
Stoltz, D., Stoltz, S. E., Johansson, L. S. O. (2007). Surface resonance on the (6√3x6√3)- R30º-
reconstructed 5 ML Au on (√3x√3)-R30 º-4H-SiC(0001), Surf. Sci., 601, 2508. (цитиран 1 пут) 
 
[B6] 
Stoltz, D., Stoltz, S. E. and Johansson, L. S. O. (2007). A high-resolution core-level 
photoemission study of the Au/4H-SiC(0001)-(√3x√3) interface, J. Phys.: Condens. Matter 19, 
266006. (цитиран 3 пута) 
 
[B7] 
Stoltz, S. E. and Stoltz, D. (2007). Spectroscopic evidence for reversible hydrogen storage in 
unordered Mg5Ni1 thin films, J. of Phys.: Cond. Matter, 19, 446010. (цитиран 0 пута) 
 
[B8] 
Stoltz, D., Bielmann, M., Bovet, M., Schlapbach, L., Berger, H. (2007). Tunneling evidence for 
spatial location of the charge-density-wave induced band splitting in 1T-TaSe2, Phys. Rev. B, 76, 
073410. (цитиран 2 пута) 
 
[B9] 
Stoltz, D., Önsten, A., Karlsson, U. O., and Göthelid, M. (2008). Scanning tunneling microscopy 
of Fe- and O-sublattices on Fe3O4(100), Ultramicroscopy, 108, 540. (цитиран 6 пута) 
 
[B10] 
Göthelid, M., Tymczenko, M., Chow, W., Ahmadi, S., Yu, S., Bruhn, B., Stoltz, D., Von 
Schenck, H., Weissenrieder, J., and Sun, C. (2012). Surface concentration dependent structures 
of iodine on Pd(110), J. Chem. Phys. 137, 204703. (цитиран 5 пута) 



Радови у истакнутим међународним часописима (М22) 
 [C1] 
Önsten, A., Stoltz, D., Palmgren, P., Yu S., Claesson, T., Göthelid, M. and Karlsson, U. O. 
(2013). SO2 interaction with Zn(0001) and ZnO(0001) and the influence of water, Surf.Sci. 608, 
31. (цитиран 3 пута) 
 
[C2] 
Herbschleb, C. T., van der Tuijn, P. C., Roobol, S. B., Navarro, V., Bakker, J. W., Liu, Q., Stoltz, 
D., Canas-Ventura, M. E., Verdoes, G., van Spronsen, M. A., Bergman, M., Crama, L., Taminiau, 
I., Ofitserov, A., van Baarle, G. J. C., and Frenken, J. W. M. (2014). The ReactorSTM: Atomically 
resolved scanning tunneling microscopy under high-pressure, high-temperature catalytic reaction 
conditions, Rev. Sci. Instr. 85, 083703. (цитиран 16 пута) 
 
Радови у међународним часописима (М23) 
[D1] 
Popović, D., Bovet, M., Berger, H., and Aebi P. (2005). Fingerprinting substitution sites in 
Pb,Dy-Bi2Sr2Ca1Cu2O8+δ using X-ray Photoelectron Diffraction, Eur. Phys. J. Appl. Phys. 30, 
171-174. (цитиран 1 пут) 
 
[D2] 
Stoltz, D., Stoltz, S. E., Widstrand, S. M., Johansson, L. S. O. (2007). Investigation of surface 
structure related features in the multiple-scattering simulations of photoelectron diffraction of 
3C-SiC(001)-c(4x2), Physica B, 395, 130. (цитиран 2 пута) 
 
[D3] 
Stoltz, D., Stoltz, S. E. (2007). X-ray photoelectron diffraction investigation of the cleavage 
plane in 1T-transition metal dichalcogenides, Physica B, 398, 172. (цитиран 1 пут) 
 
[D4] 
Stoltz, D., Stoltz, S. E., Johansson, L. S. O. (2008). Two-dimensional states in the electronic 
structure of Au/(√3x√3)-R30º-4H-SiC(0001), J. of Elec. Spec. and Rel. Phen. 163, 1. (цитиран 0 
пута) 
 
[D5] 
Stoltz, D., Bielmann, M., Schlapbach, L., Bovet, M., Berger, H., Göthelid, M., Stoltz, S. E., 
Starnberg, H. I. (2008). Atomic origin of the scanning tunneling microscopy images of charge-
density-waves on 1T-TaSe2, Physica B, 403, 2207. (цитиран 0 пута) 



Објављена докторска дисертација (М70) 
[E1] 
Докторат је одбрањен на колоквијуму 11. 3. 2005. године у Сарбрикену, Немачка. Докторска 
диплома је издата 18. 3. 2005. године. Дисертација је публикована: 
Stoltz, D. (2009). Quasiparticle band dispersion in quasi-two dimensional systems – in the vicinity 
of the Fermi surface, VDM Verlag Dr. Müller, Saarbrücken, ISBN: 978-3639200584. 



























Form
Performance & Development Interview

I .

	

General Information

Universiteit Leiden

Faculty of Science

Name employee

Job title

Institute / Division

Section / Department

Superior / Supervisor

Assessment Authority

P&D period

Date previous interview

Date of P&D interview

Annual report enclosed

Dunja Stoltz

Postdoc

LION

/Interface Physics Group

Joost Frenken

Prof.Dr . J .M . van Ruitenbeek

20 juni 2007 tot 9 april 2008

20 juni 2007

9 april 2008

Nee

This form consists of two sections :
A - Assessment
B - Agreements, this part of the P&D interview is also suitable for use as an interview report .

Explanation letter codes Section A - Assessment
A

	

Exceeds requirements
B

	

Meets requirements
C

	

Does not (yet) fully meet requirements
D

	

Does not meet requirements

Form P&D Interview - Faculty of Science - January 2008
Page 1/6



Section A - Assessment

1 . Assessment of achieved results in P&D period
To be filled out by superior

1 .1

	

Performance agreements

Performance area position 1

	

Achieved results

	

Score

•

	

Good job performance

•

	

Opzetten HP-STM project Helemaal gebeurd

•

	

Ontwerp PH-STM opstellingen Vrijwel voltooid

Further clarification scores

1 .2 Competencies, development & other topics

Agreement

	

Achieved results Score

•

	

Projectmanagement

Further clarification scores

Ontwikkeling naar een volledig

•

	

zelfstandige junior onderzoeker

Cursus wordt inmiddels gevolgd en stevig in de

praktijk gebracht

Krijgt sterk gestalte in het HP-SPM project ; 2e

ontwikkeling is het schrijven van research A

proposal

1 Applicable performance areas as listed in the initial Performance & Development Interview and from the
VSNU HAY profile .
2 Other applicable performance areas .

Form P&D Interview - Faculty of Science - January 2008
Page 2/6

A

B



Click for digital competence list (Dutch version only)

2. Employee statement (not obligatory)

Signatures for Agreements & processing 3

Signature Date

Yearly increment

Only to be signed by Scientific Director / Assessment authority Yes/No

As a result of this assessment the yearly increment will be assigned .

Further clarification/Signature

HRM Department

3 Also see D&P regulation
^ Delete what is not applicable

Further clarification scores

Form P&D Interview - Faculty of Science - January 2008
Page 3 /6

Signature

	

Date

HRM advisor 200

HRM administrator 200

Yearly increment
200

processed in SAP



Section B - Agreements
This section deals with SMART agreements concerning expected achievements based on the
performance areas from the VSNU HAY Profile, designated tasks, competencies and the personal
development of the employee . For instance : career agreements, courses / trainings etc .

Performance areas1.1

Performance area position s

	

Goals Deadline

•

	

Good job performance

•

	

HP-STM opstelling :

Eerste meetserie met nieuwe
•

	

opstelling

•

	

Publicatie instrument

•

	

Publicatie eerste metingen

1.2

	

Competencies

projectmanagement

oppervlakte-katalyse

5 Applicable performance areas from the VSNU HAY profile .
6 Other applicable performance areas

voltooid en volledig operationeel

voltooid en geanalyseerd

draft klaar

draft klaar

Agreement Goals Deadline

cursus afmaken

eind 2008

voorjaar 2009

eind 2008

medio 2009

medio 2008

aan de hand van eerste resultaten

verder inwerken tot volledige expert op medio 2009

dit gebied

Form P&D Interview - Faculty of Science - January 2008
Page 4 / 6



1.3

2 .

Development

Agreement

	

Goals Deadline

Other topics covered in the Interview/remarks (interview report)

Dunja gaat verder nadenken over de carriere na de postdoctijd . Voor een deel doet ze dat al in de

vorm van het research proposal dat ze momenteel schrijft . Afgesproken is om op dit punt expliciet

terug te komen aan het eind van 2008 .

Dunja gaat zich opgeven voor tenminste 1 conferentie (b .v . ECOSS in Liverpool) in 2008, waar zij

haar werk zal presenteren .

Dunja blijft betrokken bij de SXRD experimenten van Richard van Rijn bij ESRF in Grenoble .

Signatures for Agreements & processing'

Employee

Superior

Assessment authority

Signature Date

Seen / Approved 8

Employees signs as seen / approved, superior as agreed, assessment authority as seen
8 Delete what is not applicable

9 april 2008

9 april 2008

-vu 200

Form P&D Interview - Faculty of Science - January 2008
Page 5 /6



Form P&D Interview - Faculty of Science - January 2008
Page 6/ 6

Signature

	

Date

HRM Advisor 200

HRM administration 200
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We report room temperature angle-resolved photoemission experiments on 1T-TaS2 and 1T-TaSe2 comple-
mented by density-functional theory calculations. Fermi-surface mapping experiments in the charge-density
wave~CDW! phase are similar for the two compounds and do not show symmetries due to the CDW-induced
new Brillouin zones. However, the band structure a few eV below the Fermi level (EF) displays a clear
modulation that we relate, in both cases, to the CDW. AtEF , the spectral weight distribution reflects the band
structure of the normal state, but no clear quasiparticle crossing is located. Near the zone centerḠ, CDW-split
quasilocalized Tadz2 subbands are observed in the vicinity ofEF . For 1T-TaS2 and 1T-TaSe2, they are
thermally populated slightly aboveEF and close toEF , respectively. The observed behavior can be understood
in terms of the CDW reconstructed, spectral function weighted band structure.

DOI: 10.1103/PhysRevB.69.125117 PACS number~s!: 71.15.Mb, 71.45.Lr, 79.60.2i

I. INTRODUCTION

The pseudogap in high-temperature superconductors
~HTS! is now regarded as a key property directly related to
the mechanism behind superconductivity in these materials,1

where an electronic instability drives the pseudogap and the
remnant Fermi-surface ~FS! behavior.2 Recently, a
pseudogap over large portions of the FS has been observed in
angle-resolved photoemission~ARPES! experiments on the
transition-metal dichalcogenide~TMD! 1T-TaS2 instead of a
nesting induced partially removed FS in the charge-density
wave~CDW! phase.3 This new surprising property was ques-
tioned to be related to instabilities induced by the underlying
Mott localization derived metal-insulator transition~MIT !
~Ref. 4! at 180 K via fluctuations.3 The isostructural
1T-TaSe2 with its identical CDW at RT appears to be the
ideal candidate for further enlightening, as it does not exhibit
a bulk MIT at lower temperatures. Very recent experiments,
however, showed that 1T-TaSe2 exhibits a surface MIT.5

Even in the HTS, the origin of the pseudogap is still a
topic of debate as to whether or not this pseudogap is a
precursor of the actual gap in the electronic spectrum in the
superconducting state belowTc .6 Klemm6 notices that the
HTS pseudogap regime is strikingly similar to the one seen
in TMD’s and in some organic layered superconductors and
proposes that the pseudogap in the HTS arises from CDW’s
and/or spin-density waves and not from superconducting
fluctuations~or preformed pairs!.

Despite their quite well-understood structural properties,
studied by means of x-ray scattering,7,8 the two 1T-polytypes
of the TaS2 and TaSe2 of the layered TMD’s are also of
strong interest in the debate on the mechanism behind the
occurrence of the CDW, whose main feature is a starlike
clustering~the so-called ‘‘stars of David’’! in the Ta plane
@Fig. 1~c!#.9 The basic structure is sandwichlike: the hexago-
nal plane of Ta is sandwiched by two hexagonal S, respec-

tively, Se sheets leading to a quasi-two-dimensional~2D!
material. The quasi-2D character of the Fermi surface has
been used to explain the CDW formation,9 which induces the
starlike distortion in the Ta plane. However, the x-ray scat-
tering results show a three-dimensional reconstruction of the
lattice by the formation of the CDW also along thec axis. In
a previous publication,10 we propose the necessary interplane
coupling inbetween two sandwiches of 1T-TaS2 at RT to
occur as a consequence of thein-planeCDW in the Ta layer.
On the other hand, Horibaet al.11 for 1T-TaSe2 conclude
that the Fermi surface has three-dimensional character due to

FIG. 1. Low-energy electron-diffraction patterns for 1T-TaS2

~a! and 1T-TaSe2 ~b!. In the Ta-plane, two CDW reconstructions
may occur@inducing new superspots as emphasized with a square in
~b!#; they are shown in~c!. See text for more details.
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a large charge transfer between Ta 5d and Se 4p orbitals.
Last but not least, the debate on where to place a possible
nesting vector on the FS contours, is still open. The structural
evolution ~induced by the CDW! with temperatureT of the
two materials shows considerable differences reflected in
drastic differences in the resistivity curves. Undistorted at
high T, 1T-TaS2 has a first phase transition at 850 °C~Ref.
7! yielding an incommensurate~IC! CDW phase. Below 350
K, the so-called nearly commensurate~NC! phase consists of
commensurate~C! domains~73 Å diameter in average, with
the stars of David! separated by incommensurate domain
walls;7,12 the abrupt resistivity jump at 350 K is followed by
a semiconductinglike temperature behavior the resistivity
slightly increases with decreasing temperature. Below a MIT
at 180 K the system enters the C phase, characterized by a
resistivity with an order of magnitude higher but, paradoxi-
cally, with metalliclike slope. The 1T-TaSe2 with its single
phase transition at 473 K gets into the commensurate CDW
phase~with the same symmetry as 1T-TaS2) with a sudden
increase in the resistivity but still with metallic temperature
behavior.

In the present paper, we give a detailed comparison of the
Fermi surfaces of 1T-TaS2 and 1T-TaSe2 as measured by
ARPES. The photoemission experiments analysis is comple-
mented by density-functional theory~DFT! band structure
calculations for both samples. The article is organized as
follows. In Sec. II the experimental and computational de-
tails are outlined. Fermi-surface mapping and band mapping
experiments are presented in Secs. III and IV, respectively. In
Sec. V the analysis puts forward the role of the thermal oc-
cupation of bands implying differences in transport proper-
ties of both materials. Finally, after presenting the band
structure of the realistic CDW distorted lattice~Sec. VI!, the
article ends with a discussion of the nesting vector~Sec. VII!
and conclusions~Sec. VIII!.

II. EXPERIMENT AND COMPUTATION

ARPES energy distribution curves~EDC’s! and Fermi-
surface mapping~FSM! measurements have been collected
at RT in a modified VG ESCALAB Mk II spectrometer using
monochromatized He Ia(hn521.2 eV) photons.13 The se-
quential motorized sample rotation has been outlined
elsewhere.14 The energy and angular resolution were 20 meV
and 60.5°, respectively. Pure 1T-TaS2 and 1T-TaSe2
samples were prepared by vapor transport15,16and cleavedin
situ at pressures in the lower 10210 mbar region. The accu-
rate position of the Fermi level (EF) has been determined on
a polycrystalline copper sample. In some cases, the ARPES
results have been normalized by the Fermi-Dirac function in
order to bring to evidence states around the Fermi line.
Cleanness and quality have been checked by x-ray photo-
electron spectroscopy and by low-energy electron diffraction
~LEED!, respectively. Well-defined LEED superspots con-
firmed the presence of the CDW-induced reconstruction.
X-ray photoelectron diffraction was used to determine the
sample orientationin situ with an accuracy of better than
0.5°.

LEED results are shown in Figs. 1~a! and 1~b!. Well-

defined characteristic hexagonal spots of the basic structure
are clearly present. Each of them is surrounded by those of
the superstructure. For the 1T-TaSe2, however, more than
one reconstruction is visible@Fig. 1~b!, inset# due to two
domains. Wilsonet al.9 performed electron micrographs of
the Se alloy and also found different domains. They pro-
posed dislocations in a single sandwich, i.e., twin boundaries
formed by a Ta atom row separatinga and b superlattice
domains, rotated by, respectively,613.54o with respect to
theundistortedbasic structure.9 However, they did not show
evidence of two domains in 1T-TaS2, neither the recent lit-
erature does which states the same observations.7,8

Band structure calculations have been done using the
WIEN package implementing the FLAPW method within the
framework of DFT.17 For the exchange-correlation potential
the generalized gradient approximation was used.18 We con-
sidered the photoemission process in assuming a free-
electron final state without introduction of any matrix ele-
ments effects.19

III. FERMI-SURFACE MAPPING

Since both compounds are isoelectronic (d1 in the ionic
picture! they are expected to give similar Fermi-surface
maps. One has to keep in mind that an experimental FSM is
not necessarily the actual FS, but a pattern reflecting the
anisotropic distribution of the spectral weight of the elec-
trons from the Fermi level. These patterns are shown in Figs.
2~a! and 2~b!, mapped with respect to the conserved surface
parallel component of the wave vector (ki). The first Bril-
louin zone~1BZ! has been drawn, as well as the crystallo-
graphic directions. The points of the images correspond to
photoelectron intensities~gray scale, with high intensity in
white! in an energy window around the Fermi level taken as
a function of emission angle. The outer circle corresponds to
grazing emission. The raw data shown in Fig. 2~a! has its
high intensity in the 1BZ and is threefold and starlike. Its
branches are more inequally weighted for the sulfide. At
higher polar angles the intensity decreases but regains
strength in the 2BZ~towards grazing emission!. The features
at high polar angles are difficult to distinguish as the gray
scale has a limited dynamic range.

In order to enhance the information close to the grazing
angles, the intensities have been normalized by the mean
azimuthal value. In addition, mirror symmetry around the
Ḡ-M̄ axis has been applied to recover the crystal symmetry.
In our experiment this mirror symmetry is broken since the
unpolarized light comes in along a non-high-symmetry direc-
tion. The consequent strong, orbital dependent polarization
effect has been outlined, e.g., for copper in Ref. 21. The
influence of polarized light on such photoemission experi-
ments has also been discussed in the literature for the
1T-TaS2, but only for normal light incidence.20

DFT calculations for theundistortedstructure in Fig. 2~c!
compared to the experiments taken at RT in the CDW phase
in Fig. 2~b! clearly give evidence for the (131), i.e.,unre-
constructedcharacter of the electronic structure. In both
cases, the simulation is a superposition of two three-ellipse-
like flowers, one rotated by 120° with respect to the other.
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The fact that alongḠ-M 8̄ the ellipse gets a strong variation
in going through the 1BZ gives a first indication for a weak
k'- dependence in theunreconstructedelectronic structure of
these quasi-2D materials. According to Ref. 20, the two
flowers are subject to different selection rules in the photo-
emission process. TheḠ-M̄ direction is preferred atEF .
Along Ḡ-M 8̄, only the beginning of the ellipses is visible.

IV. ENERGY DISTRIBUTION CURVES

FSM is ideally complemented by EDC’s to figure out the
role of the underlying band dispersion. The comparison of
the experiment with the calculation for theundistortedstruc-
ture, up to a binding energy of 2 eV, is the theme of Fig. 3
We focus on theḠ-M̄ direction. As outlined already in an
early calculation,22 one recognizes the Ta 5d band. In both,
disulfide and diselenide, the band forms a small holelike
pocket close toḠ followed by a large electronlike pocket
aroundM̄ . For 1T-TaS2, there is practically no hybridization
with the S 3p. However, for 1T-TaSe2 at Ḡ and M̄ , the Se
4p orbitals get very close to the Ta band. Here, introduction

of spin-orbit coupling in the calculation~not shown here!
even yields crossing bands. This DFT description illustrates
that the Ta 5d and Se 4p wave functions overlap and hybrid-
ize, while in the disulfide the Ta 5d band is isolated and
solely drives the electrical properties. And this
hybridization11 might play a crucial role in understanding the
differences in transport properties of these two materials, as
outlined in Secs. V and VIII. On the ARPES EDC’s~Fig. 3!
the reader immediately sees that the photoemission intensi-
ties, despite the superstructure as detected by x-ray diffrac-
tion and LEED, still keep the band dispersion of the
(131) undistortedcrystal.

We now begin to analyze in detail the spectral weight
around the Fermi energy using the symmetrization
procedure,23,24first along the high-symmetry directionsḠ-M̄

andḠ-K̄, then on azimuthal EDC’s measured at polar angles
of 20° and 32°~see further on FSM of Fig. 5 for location in
surface reciprocal space!. The goal is to determine whether
there is a pseudogap or a band~quasiparticle! crossing at the
Fermi energy. The symmetrization method is a common
practice in the cuprates to infer whether the spectral function

FIG. 2. Fermi-surface mapping with hexagonal unreconstructed hexagonal BZ’s and high-symmetry points for both materials. Raw data
~a! have been normalized by the mean azimuthal value~b!. DFT simulations are given in~c!. The 1T-TaS2 simulation has been added the
CDW-induced reconstructed BZ’s; a possible nesting vector is shown pointing acrossM̄ .
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peak crosses the chemical potential.23,24 The idea of this
symmetrization aroundEF ~or v50) is to remove the per-
turbative effect of the Fermi-Dirac distribution cuttoff with
the intrinsic temperature dependence of the spectral function
A(kF ,v,T) and it is shown24 to be efficient even for weakly
dispersive bands atEF . The photoemission intensities of a
spectrum are symmetrized with respect toEF (v50) and
summed. In practice,kWF is then identified as the boundary in
momentum space between where symmetrized data have a
dip ~local minimum! and where they exhibit a peak~local
maximum! at v50.24 It is related to the fact that, when
approachingEF , the quasiparticle peak progressively brings
spectral weight closer to it. As soon as it is not any more
occupied~crossing has occurred!, a dip is seen in the sym-
metrized data.

The measurements shown above,~Fig. 3!, done on a large
polar angle range (50°), show enhanced spectral weight at
EF close toḠ. The EDC’s of Fig. 4 were all done along a
high-symmetry direction crossingḠ ~either Ḡ-M̄ or Ḡ-K̄).
The spectra were taken every degree up to 1 eV binding
energy. The spectrum plotted in bold has been measured at
the normal (Ḡ). Adjacent to the EDC’s are the symmetrized
curves. AlongḠ-M̄ @Fig. 4~a!#, the symmetrization for the
disulfide leads to a peak, which gradually grows from 10°
approaching the normal. Along the other direction@Fig.
4~b!#, the scheme is the same, but starting from'16°. We
notice that no clear dip follows the peak, as it would be
expected in order to be identified as a clearly crossing band.
For the considered directions, the diselenide seems to be
more pseudogapped as judged from the symmetrization peak

in Fig. 4~a!. Along Ḡ-K̄ in Fig. 4~b! the situation is similar
and it is difficult to infer any crossing at the Fermi level.
Nevertheless symmetrization peaks exist, confined in a cir-
cular region of about 20° centered at the normal. In the
above discussions, the quasiparticle crossing was thought to
occur starting from the occupied part of the band structure. It
may be reasonable to envisage bands approachingEF from
the unoccupied states, then only dispersing a few meV into
the occupied part.

The EDC’s displayed in Fig. 4 range up to'0.67 Å21 for
the 1T-TaS2 and 0.65 Å21 for 1T-TaSe2 in Fig. 3~a!. In this
range, the calculation proposes a regular crossing of the Ta

FIG. 3. ARPES and DFT energy distribution curves. See text for
details.

FIG. 4. On the left, spectra along two high symmetry directions,

Ḡ-M̄ ~a! and Ḡ-K̄ ~b! across the normal emission~bold spectrum!.
Symmetrized data are shown on the right. See text.
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5d band, in contrast to the experiment. In Fig. 4, we put
small bars on the peaks of the dispersing band. For the S
alloy, the dispersion is as expected, except that the band sur-
prizingly folds back to higher binding energy after having
approached the Fermi level. Along theḠ-K̄ direction the
dispersion is clearly oscillating. This modulation is even
stronger for the diselenide. It indicates that the dispersion of
the apparentlyunreconstructedband structure contains oscil-
lating features due to the CDW.

We measured further EDC’s but scanning azimuthal
angles in order to probe the spectral weight atEF off normal
but also away from the high-symmetry directions. Both
samples clearly exhibit the same pseudogap. The 1T-TaSe2
measurements in Fig. 5 (1T-TaS2 measurements are not
shown! do not give evidence for spectral weight comparable
to the one mentioned at low polar angles~Fig. 4!. Half a
FSM—normalized by the mean azimuthal value—is shown
as an orientation guide. The first EDC’s@Fig. 5~a!# were
taken at polar angle of 20° as pointed out by the white arrow
on the FSM. The black arrow indicates the order in which the
spectra have been collected. The symmetrized results do not
have a peak atv50, but the spectral weight is not zero.
Therefore we have a pseudogap. The situation is very similar
for the polar angle of 32°@Fig. 5~b!#.

We simulated the EDC’s of Fig. 5~a! with DFT @Fig. 5~c!#

between theḠ-M̄ to theḠ-M 8̄ directions. There is one band
which is electronlike around the high-symmetry directions
Ḡ-M̄ andḠ-M 8̄. These pockets are recognizable in Fig. 5~a!,
but here two subbands disperse. These two flat subbands
have also been measured by Horibaet al.25 along theG ALM
plane and are explained as a consequence of the CDW for-
mation according to the calculation of Smithet al.26 They are
also present at 32°@Fig. 5~b!# the first subband closer toEF
seems to have decreased intensity with respect to the second
one. The conclusions for 1T-TaS2 are similar, with the dif-
ference that the two subbands are less marked or have the
trend to form a single broad peak. But these less marked
features are meaningful taking into account that the disulfide
at RT is composed by C domains among IC domain walls
~where the CDW phase is changing!. Then the CDW features
in the band structure have to be less pronounced and dis-
turbed by the changing phase in the domain walls7 of the
incommensurations.

The calculation for theundistortedstructure in Fig. 3
shows a clear crossing close toḠ. But the experiment does
not. We cannot, in conclusion, claim to observe a quasipar-
ticle crossing the Fermi level despite the presence of the
symmetrization peak close to the central region. The symme-
trization peak shows angular dependence, and the pseudogap
seems to grow with larger polar angle.

V. THERMAL OCCUPATION AND TRANSPORT
PROPERTIES

Before coming to an interpretation and a deeper under-
standing of the different subbands and the pseudogap via
band structure calculations in Sec. VI, we proceed with a
further analysis of states close toEF . For analyzing intensi-

ties in the vicinity ofEF , i.e., for states which are thermally
excited, the spectra are divided by the Fermi-Dirac function
~FD!. In Fig. 6~a!, the normal emission spectrum is shown.
The spectra are cut at about 140 meV (5kBT) above the
chemical potential. The resulting FD normalized spectrum is
represented by small crosses. In~b!, the dispersion of peaks
has been outlined by circles, which have been positioned by
hand on the maxima of the spectral intensities. Both TMD’s
show a very flat dispersion close to zero binding energy in
the polar angle range nearḠ. For 1T-TaS2 the states lie
slightly above the Fermi edge, whereas for 1T-TaSe2, they
are straddlingEF . This may be of importance for the trans-
port properties; the disulfide needs thermal activation, like in

FIG. 5. Spectra taken along azimuthal angles on 1T-TaSe2 for
two polar angles, respectively, 20°~a! and 32° ~b!. Their corre-
sponding location in surface reciprocal space is given with the ar-
rows on the FSM. Both were symmetrized~b! and~e!; we note here
that, although no peak appears, atv50, spectral weight is still
present. It does not fall to zero.~c! Shows simulation for scanning
at 20°.
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a semiconductor. The Se alloy has similar thermal occupa-
tion, but still with a band atEF . Both samples, because of
the CDW formation, have an increase in resistivity, however
with intriguing different slopes as a function ofT at RT. The
above photoemission considerations are here consistent with
the semiconductinglike slope~negative! of the 1T-TaS2 and
the metalliclike one~positive! of the 1T-TaSe2.

Figure 6~b! also shows the Ta 5d band on its full energy
range. We placed on each local maxima of the spectra the
circular markers. Both materials reveal, once more, a modu-
lated dispersion with stronger intensities according to the
(131) BZ. The Ta band appears clearly split, and the sub-
bands tend to oscillate. This observation of fine modulated
structures is more evident on the 1T-TaSe2. We see the first
subband~at low binding energies! on the complete polar
angle range, the second one is more flat.

VI. REALISTIC RECONSTRUCTED BAND STRUCTURE
OF 1T-TaS2

A deeper understanding of the subbands may be obtained
via a DFT calculation~as illustrated in Fig. 7!, now comput-
ing not only the basic hexagonal structure but by considering
the atomic displacements of the atoms as induced by the
CDW in the 1T-TaS2 and measured by means of x-ray
scattering.7 For the band structure calculation, an approxi-
mate commensurate (A133A1333) superstructure was de-
rived from the refined structural coordinates of the incom-

mensurate structure of the NC phase@notice that33 in this
(A133A1333) superstructure means that the unit cell con-
tains 3 TaS2 sandwiches#. The bottom of this trigonaldis-
tortedunit cell contains the center of the ‘‘stars of David’’ as
shown on Fig. 1~c!. A detailed explanation is given in Ref.
10. For the DFT computation, only the first sandwich@as
shown in Fig. 1~c!# aroundz50 was taken. The result is
shown by dotted lines in Fig. 7~a! and is commented in detail
in Ref. 10. Thereconstructedband structure is plotted versus
a path in theunreconstructedhexagonal reciprocal space.
The correspondence between surface and bulk BZ’s is illus-
trated in Fig. 7~b!. In Fig. 7~e! both surfacereconstructed
(13.9° rotated hexagonal lattice, with positive rotation as
observed on the LEED pattern! and unreconstructed~large
hexagon! BZ’s have been drawn with lines. A band character
analysis indicates that the first seven subbands below the
Fermi energy@Fig. 7~a!# are due to the Ta atoms. Thus the Ta
5d band is split by the CDW formation. We here emphasize
the presence of the uppermost flat subband in the central
plane of the 1BZ and its dispersion inz alongG-A. It moves
off from the underlying subbands, and oscillates aroundEF
at the border of the BZ~alongA2L). This band has mostly
dz2 character.

Figure 7~c! shows the simulated EDC as issued from the
reconstructedunit cell. A free-electron photoemission final
state, as plotted in Fig. 7~d!, is assumed to determine thek
points within the BZ. We can identify the six subbands, and
the uppermost seventh subband straddlingEF only coming
down fromEF after 1.5 Å21. It is a cut in thereconstructed
~r! reciprocal space. The free-electron final state is shown up
to 60°, the polar angle range we took for the simulation of
the EDC@Fig. 7~d!#. ~A thick line was chosen for the Fermi
energy and a thin one for a binding energy of 2 eV.! At the
normal, the measuredk points are closer toA than toG, but
reach the center of the BZ at 60°. Thisz dispersion fromA to
G can be related to Fig. 7~a!, in particular, when looking at
the uppermost subband. It is the same dispersion as on the
EDC @Fig. 7~c!#. Furthermore, according to the experimental
bandwidth on the EDC~Fig. 3! ~up to 1.3 eV!, we have the
confirmation that our photoemission experiments on the
1T-TaS2 probe the BZ off center plane. This would also
practically not be affected by a slight change of our esti-
mated inner potential~13 eV!. It would just induce a small
shift of the final state, which still would stay closer toA than
to G. And the same can be stated for the 1T-TaSe2, since the
c-axis lattice constant is very similar. On the calculated EDC
@Fig. 7~c!#, the points atEF are exactly those plotted along
Ḡ-M̄ on thereconstructedsimulated FSM of Fig. 7~e!. Just
after Ḡ @going alongḠ-M̄ in Fig. 7~c!#, the Fermi line of the
EDC is twice crossed by the flat subband. The crossing of
this subband atEF forms the ‘‘flowers’’ paved FSM in Fig.
7~e!. The ‘‘flowers’’ clearly follow the grid of therecon-
structedhigher BZ’s, and@in Fig. 7~e!# we guess also the
crossing of the seventh flat subband moving down when
looking alongḠ-M̄ in the unreconstructed2BZ. As a matter
of fact, this crossing is seen as a white circle close to the
border of Fig. 7~e!.

Experimentally we observed subbands and confirmed

FIG. 6. Analysis of thermally excited states aroundEF . Normal
emission spectra are given in~a!. The experimental spectrum is
divided with the appropriate Fermi-Dirac function to reveal the
thermally excited bands~crossed line!. In ~b!, one sees the disper-
sion over the whole scanning range. Circular markers emphasize the
splitting of the Ta band.
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theoretically the formation of subbands by the CDW. Despite
the presence of flat subbands all over the BZ, the photoemis-
sion intensities are rather distributed according to theunre-
constructedband structure~Figs. 2 and 3!. For the 1T-TaS2
the influence of the CDW induced new BZ’s is not observed
in the literature,27–29 although at RT in the NC phase do-
mains of'70 Å size exist with a structure corresponding to
the C phase.7,12 We here state the same for the 1T-TaSe2.
Clearly, the calculations using the reconstructed structure do
not reproduce the observed experimental intensity distribu-
tions displayed in Figs. 2~b! and 3. Certainly, the calculations
using theunreconstructedstructure @Figs. 2~c! and 3# fit
much better. In order to understand this we need an impor-
tant other ingredient.

Recently, Voitet al.30 have modeled the spectral weight
distribution of tight-binding electrons in a solid with compet-
ing periodic potentials as in the case of CDW superstruc-
tures. They show that the dispersion of the eigenvalues~band
structure! follows the reconstructedBZ’s, but the spectral
weight ~proportional to the photoemission intensity! is con-
centrated along the extended zone scheme dispersion of the
nonreconstructedBZ, i.e., it follows the unreconstructed
band structure. In Fig. 7~a!, we plotted empty circles along
the (131) dispersion of the disulfide. Accordingly, the ex-
perimental intensities are supposed to populate the underly-
ing subbands following the unreconstructed bands and that is
what we observed in the EDC’s of Figs. 2–6.

Therefore, we are now able to obtain a detailed under-
standing of our measurements and of the electronic structure
of these compounds. The CDW induces a profound recon-
struction of the band structure. For a simple understanding,
the formation of stars of 13 Ta atoms@Fig. 1~c!# ~with one
electron each, in an ionic picture! leads to seven subbands
with two electrons per band except for the top one which is
only half filled. The calculation of Fig. 7~a! where we see the

seven subbands alongGMKG between 0.2 and 1.0 eV bind-
ing energy confirms this view. The top-most seventh band
~which is due to the star center Ta atom! crossesEF along
G-A confirming the partial occupation. Furthermore, consid-
ering the star of 13 Ta atoms being composed of the central
atom surrounded by a first shell of 6, almost equivalent, near-
est neighbors and a second shell of six, almost equivalent,
next nearest neighbors we may group the subbands in three
manifolds. Nearest and next nearest neighbors are repre-
sented by a manifold containing three subbands each and the
third manifold only contains the top-most subband due to the
star center atom. These three manifolds are clearly separated
along A2L as seen in Fig. 7~a! and also in the simulation
@Fig. 7~c!#. The top-most manifold or subband is straddling
EF .

Going back to Fig. 6~b! we can identify the three mani-
folds with their intensity given by the spectral function fol-
lowing, according to Voitet al.,30 the nonreconstructed band
structure ~see Fig. 3!. In principle, the subband atEF is
present all over the BZ. Its observation in ARPES, however,
depends on its position with respect toEF ~above or below
while straddlingEF , see Figs. 7~a! and 7~c! and on the spec-
tral function which favors the unreconstructed band struc-
ture.

In fact, the oscillating behavior of the top-most subband is
displayed in Fig. 7~e! for the complete BZ. As a consequence
we may explain our FSM experiments@Fig. 2~b!# in terms of
the (131)-unreconstructed FS@Fig. 2~c!# weighted with the
oscillating behavior of the top-most subband. Furthermore
this top-most subband has predominantlydz2 character
which explains the strong intensity drop via matrix elements
for higher emission angles. This intensity drop~and therefore
the matrix element effect! has been removed when going
from Fig. 2~a! to Fig. 2~b!, flattening the intensity plot.

FIG. 7. Result from calcula-
tions for the distorted structure.
~a! Band structure along high-
symmetry lines, circular markers
correspond to calculations for the
undistorted structure.~b! Bulk sur-
face BZ’s correspondence.~c!

Simulation of an EDC alongḠ-M̄
for He I. ~d! Cut in reciprocal
space with free-electron final-state
wave vector for He I.~e! Simula-
tion of FSM with reconstructed
BZ’s.
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The above is in accordance with our observations of a
pseudogap. As mentioned above, the top-most subband is
present all over the BZ. Even alongGMKG empty states are
very close toEF , everywhere. For this reason we are always
finding spectral weight atEF , whether it is originating from
thermal occupation via the Fermi-Dirac distribution or
whether states are truly belowEF . However, since these
states are merely straddlingEF , we cannot observe a true
crossing of a quasiparticle peak and hence experience a
pseudogap behavior displaying an intensity distribution of
the spectral weight according to the spectral function with
(131) symmetry.

We complete the room-temperature considerations in this
section with a brief speculation concerning the surface MIT
recently found in 1T-TaSe2 at low temperature by Perfetti
et al.5 The new CDW-induced BZ’s have lead to flattened
backfolded bands, i.e., the CDW modulated electronic den-
sity has reduced the bandwidth W. This certainly reduces the
(W/U) parameter (U, the onsite Coulomb energy!, which is
crucial for understanding the activation of a Mott MIT.5 In
1T-TaS2 at room temperature, the thermal occupation was
proposed to act as in a semiconductor, which is confirmed by
the semiconductinglike slope of the resistivity. As a conse-
quence, there is a temperature where the thermal excitation is
not sufficient anymore to create enough charge carriers. Pos-
sibly, it corresponds to the beginning of the Mott MIT. At
this temperature, screening is lowered again~it was already
decreased with the introduction of CDW induced new BZ’s
and corresponding backfolding of bands! and delivers the
necessary favorable conditions for the Mott transition to de-
velop for both bulk and surface.

On the other hand, for metallic 1T-TaSe2, the interplay
U-W is differently balanced due to the stronger overlap of Ta
5d and Se 4p derived bands. This hybridization tends to
increaseW, establishing unfavorable conditions for a phase
transition. However, a reduced coordination number as it is
the case at the surface, could be decisive to reduceW spe-
cifically at the surface. This is proposed by Perfettiet al.5

reporting such a surface MIT in the Se compound by com-
paring ARPES and dynamical mean-field theory calculation
of the spectral function of a half-filled Hubbard model. Be-
low this transition, however, there is still spectral weight
remaining atEF with a possible contribution from the under-
lying bulk states. Two mechanisms would then explain the
behavior, one as a consequence of the other. At room-
temperature electron-phonon coupling is at work and the
CDW modulated states are responsible for the RT pseudogap
formation~see above!. On top of the CDW-induced, reduced
carrier density, as the temperature is lowered, electron-
electron correlation sets in at the surface and leads to the
transition.5

VII. THE NESTING VECTOR

The distribution of the spectral weight follows the unre-
constructed band dispersion. On the search for the origin of
the CDW we are looking at the unreconstructed FS contours
to find possble portions that are removed because of favor-
able nesting conditions. The unreconstructed Fermi-surface

contours have an elliptic shape with rather flat sections close
to theM̄ point ~Fig. 2!. This offers the possibility to connect
these flat parts of the contours on both sides of theM̄ point
according to a quasi-one-dimensional model with long par-
allel sections of the FS undergoing a Peierls transition. The
length and direction of a possible nesting vectorqW CDW ap-
pears favorable~see small white arrow in Fig. 2~c!!. How-
ever, the idea behind the Peierls transition in a quasi-one-
dimensional system is to bring the BZ boundary to lie on top
of the flat parts of the FS contour. This is not happening in
our case. We do not have a quasi-one-dimensional system
but it is quasi-2D with threefold symmetry. Therefore, the
system has to adopt a different strategy. By choosing a rela-
tively long wavelength for the lattice distortion the new BZ’s
become relatively small, thus introducing a large number of
new zones cutting the FS contours many times. Yet, this
might not be enough to account for the elastic energy needed
to distort the lattice. But there is another~favorable! conse-
quence of enlarging the unit cell, namely the splitting of
bands due to inequivalent positions of identical atoms, i.e.,
the splitting of the single Ta 5d band into seven subbands. In
our case the system managed to lower six of the seven sub-
bands~i.e., almost all! completely belowEF , certainly re-
sulting in a major energy gain.

VIII. CONCLUSIONS

We have shown that in addition to 1T-TaS2 also
1T-TaSe2 is pseudogapped. The CDW which has identical
symmetry for the two compounds is found to be responsible.
A detailed analysis of the band structure of both materials, as
observed by photoemission with HeIa radiation, reveals
CDW split features which are confirmed by realisticab initio
DFT calculations, whose unit cell accounts for the atomic
displacements due to the CDW formation. As a matter of
fact, the CDW induced lattice distortion splits the Ta 5d
band into subbands. It appears that only one of the subbands
is close toEF , the others being located below, herewith sta-
bilizing the CDW structure. The subband close toEF is
straddling the Fermi level and is responsible for the observed
pseudogap behavior since it does not exhibit a clear quasi-
particle crossing in the ARPES spectra but is creating persis-
tent spectral weight atEF . In addition, the spectral function
is modulating the ARPES intensities according to the unre-
constructed band structure, explaining the apparent absence
of spectral features due to the new BZ’s in FSM’s and band-
mapping experiments. As a consequence, this indicates that
the pseudogap is not related to possible fluctuations of the
underlying MIT as presumed previously.
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Spin-orbit splitting of the Shockley state in the Ag/Au„111… interface
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We have studied the modification of Au(111) surface state parameters with Ag deposition. We unambigu-
ously evidence a continuous decrease in the spin-orbit splitting of the two surface state subbands upon increas-
ing Ag coverage. An annealing leads to the formation of a chemically disordered Ag-Au alloy. This alloy
formation is accompanied by an increase in the spin-orbit splitting. We established a quantitative correlation
between the amplitude of this splitting and the relative amount of Au and Ag atoms probed by the surface state
wave function proving the atomic character of the spin-orbit splitting. Control of the Ag-Au interface allows a
continuous fine tuning of surface state properties; in particular, thek-dependent spin polarization.

DOI: 10.1103/PhysRevB.70.193412 PACS number(s): 73.20.At, 79.60.Bm, 68.37.Ef

The (111) surfaces of noble metals that present asp sur-
face state(Shockley state) close to the L point of the Bril-
louin zone,1 have been extensively studied by angle-resolved
photoelectron spectroscopy(ARPES) in the last two
decades.2,3 This electronic state is a paradigm of two-
dimensional electronic systems, and it has been used to study
fundamental interactions such as electron-electron or
electron-phonon interactions in solids.4,5 Recently, the effect
of spin-orbit interaction on the Shockley state has been
evidenced.6,7 In Au(111), this interaction yields a splitting of
the Shockley band and the formation of two spin-polarized
subbands.8,9 A similar behavior is observed on thed-derived
surface state in Li/Ws110d.10,11This splitting is, in principle,
forbidden in centrosymmetric solids due to combined time
reversal and inversion symmetries.12,13As an example, it ap-
pears in noncentrosymmetric semiconductors with blende
structure such as GaAs,14 but not in centrosymmetric semi-
conductors with diamond structure such as Ge.15 The Au
structure is centrosymmetric, but there is a breakdown of the
inversion symmetry due the surface potential. However, it
was shown that this surface potential cannot explain quanti-
tatively the magnitude of the splitting, and it was suggested
that atomic spin-orbit interaction plays an important role.16

This atomic origin explains the large splitting observed on
the surface state of Au(heavy metal and large spin-orbit
interaction), whereas a vanishing one is observed in the case
of Ag.17 In this paper, we will show that this splitting can be
continuously tuned by controlling the Ag/Au interface. Its
evolution with Ag film thickness and with annealing leads us
to the conclusion that the key parameter is the amount of Au
atoms probed by the evanescent surface state. This result
demonstrates that the spin-orbit coupling on the Shockley
state has essentially an atomic origin.

The measurements were carried out in a UHV setup com-
posed of a molecular-beam epitaxy chamber for the elabora-
tion and characterization of the surfaces and a photoemission
chamber with a high resolution Scienta SES 200 analyzer
(DE,5 meV andDu,0.5°). Ag ultrathin films were pre-
pared by molecular-beam epitaxy from a Knudsen cell
[rate.0.5 monolayer(ML )/mn] on a Au(111) substrate with

a miscut better than 0.1°. The sample was characterized by
low energy electron diffraction and Auger electron spectros-
copy. The substrate deposition temperature was 300 K to get
a sharp Ag/Aus111d interface and a layer by layer growth, as
actually claimed in the literature.18–20 However, an alloying
is observed with increasing temperature. All the ARPES
measurements have been carried out atT=80 K with He I
shn=21.22 eVd or Ar I shn=11.83 eVd excitation energies.
The measurement temperature has been chosen in order to
minimize contamination and to avoid interdiffusion.

The photoemission spectra as a function of energy and
momentum of the Shockley surface state of Au(111) sub-
strate, a 0.5 ML, and a 1 ML Ag film, are reported in Fig. 1.
The Au(111) spectrum exhibits a Shockley band whose en-

ergy at the center of the surface Brillouin zone(Ḡ point) is

FIG. 1. ARPES intensity as a function of wave vector and en-
ergy for the Au(111) substrate(a), a 0.5 ML Ag film (b), and a 1 ML
Ag film on Au(111) (c). Momentum distribution curves atEF (d)
and energy distribution curve atk=0.1 Å−1 (e) for the 1 ML Ag
film.
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E0=EsḠd−EF=−475 meV, in good agreement with pub-
lished data.7 This band is split by spin-orbit interaction into
two spin-polarized subbands. Due to the nearly free-electron-
like character of the Shockley state, its Fermi surface is com-
posed of two concentric circles in the first Brillouin zone.7

The dispersion relations of these subbands can be written as

EskWid =
"2ki

2

2m*
± aRki, s1d

where the Rasbha coefficientsaRd measures the magnitude
of the spin-orbit interactionsHS.O=aRseWz3pWd sW (Ref. 21)
andm* is the electron effective mass. From a fitting proce-
dure of the two dispersive subbands by parabolas, a value of
2aR

Au=0.66±0.08 Å eV can be estimated. This corresponds
to a difference in Fermi momentum of the two subbands
DkF= ukF

↑ −kF
↓ u=0.023±0.003 Å−1, as defined on the momen-

tum distribution curves(MCD’s) in Fig. 1(d), in perfect
agreement with the previous published value.17

Similar spin-orbit split bands are also observed in the
Ag/Aus111d system. This is illustrated in Figs. 1(b) and 1(c),
where we report the respective photoemission intensities for
0.5 and 1 ML Ag films deposited on Au(111). For the 1 ML

Ag film, the Shockley state at theḠ point is found to be
shifted by 170 meV toward the Fermi energysE0=
−305 meVd. This latter value can be understood as the sur-
face state energy of Au(111) perturbed by a modified poten-
tial in the last layer due to Ag atoms. The various electronic
parameters are also affected by the modification of the po-
tential. Firstly, we observe a significant increase in the elec-
tron effective mass from 0.26m0 for the bare substrate to
0.33m0 for the 1 ML film. Secondly, the value of the split-
ting measured by the momentum separationsDkFd between
the two subbands atEF is reduced by about 20% with respect
to pure Au(111) surface. However, due to the very different
effective mass, the energy between the two subbands at a
given momentum[Fig. 1(d)] is significantly reduced(about
40%) with respect to Au(111). An interesting behavior is
observed in the spectra of submonolayer films
s0,u,1 MLd. The normal emission spectra exhibit two
spectral features atE0=−475 meV andE0=−305 meV, as
shown in Fig. 1(b) for u=0.5 ML. Upon increasing the Ag
coverage, a balance of intensity of these two series of disper-
sive bands is observed. Such a behavior was previously ob-
served in similar systems like Ag/Cus111d.22,23 The two
structures can be interpreted by surface states confined in the
noncovered Au terracessE0=−475 meVd and in the Ag is-
lands sE0=−305 meVd.23,24 The Ag thickness dependence
follows an exponential behavior, as already reported.20

In Fig. 2, we focus on the evolution of the MDC at the
Fermi energysEFd. This spectrum corresponds to a cut of the
Fermi surface along a radial direction of the Brillouin zone.
The solid lines represent an adjustment of the experimental
spectra(with two lorentzians with the same width), which
allows an estimation of the momentum spin-orbit splitting
sDkFd at EF. This figure shows that two contributions are
resolved up to 3 ML films, whereas for larger thicknesses,
only a broad feature is observed. Nevertheless, the anoma-

lous large width, larger than the experimental resolution, re-
veals a remaining spin-orbit induced band splitting of the
surface state. From the Ag thickness dependence ofDkF, the
evolution of the Rashba coefficient can be obtained: 2aR,
equal to 0.66±0.08 for Au(111), tends to 0.11±0.08 in the
limit of large Ag thickness, in agreement with the value ob-
tained for Ag(111) single crystal 2aR<0.06.17

Auger spectroscopy indicates interdiffusion with increas-
ing temperature. Figure 3(b) illustrates this alloying effect by
showing the temperature dependence of the Au NVV Auger
intensity for 1 and 3 ML films. The interfaces have been
prepared at 100 K for the 1 ML film and 300 K for the 3 ML
film. In both cases, upon increasing temperature, the Auger
signal is at first nearly constant(with a slight negative slope)
and then exhibits a large increase above a characteristic tem-
perature. The negative slope is likely to be due to a smooth-
ing of the Ag layer. This behavior is especially marked for
the 1 ML because a deviation from a perfect layer by layer
growth occurs due to the low preparation temperature
s100 Kd. The strong increase in the Au Auger intensity above
a characteristic temperature reveals segregation of Au atoms
at the surface and the formation of a AguAu alloy. This
characteristic temperature is thickness dependent since it is
about 300 K for the 1 ML film and 450 K for the 3 ML film.
The influence of the alloy formation on the electronic prop-
erties is evidenced in Fig. 3 by comparing the dispersion of
the 3 ML Ag film surface state after an annealing at 510 K
[Fig. 3(a)] and after an annealing at 570 K[Fig. 3(b)]. Two
effects are clearly evidenced: first, a 200 meV energy shift to
lower energy in the 570 K spectrum and second, a correlated
increase in the splitting of the two spin-polarized subbands.
The values ofE0=−410 meV and 2aR=0.5 we obtained after
the 570 K annealing are close to those observed in a pure
Au(111) surface. This result suggests that the surface is es-
sentially composed of Au atoms after such an annealing.

Figure 3(d) shows the annealing temperature dependence

of the surface state energy at theḠ point s−E0d and the

FIG. 2. MDC’s taken atE=EF. The dotted lines correspond to
an adjustment with two lorentzians, which allows us to estimate the
momentum splitting of the two subbands.
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Rashba coefficient for a 3 ML Ag film. Both quantities re-
main approximately constant for annealing temperatures
smaller than 500 K and present a pronounced change above
500 K. Such dependences can be easily interpreted by the
formation of a Au-rich alloy at the surface. What we would
like to point out is the existence of very well-defined surface
state dispersion in spite of the existence of an alloy, i.e., with
chemical disorder, at the surface. This robustness of the
Shockley surface state was previously observed at the(111)
surface of a disordered Cu0.9Al0.1 alloy,25 and is in agreement
with theoretical predictions. Although the wave vector is not
a good quantum number in chemically disordered alloys,
coherent-potential-approximation calculations show that the
spectral function exhibits well-defined peaks.26

It was proposed that atomic spin-orbit plays an important
role in the formation of the two spin-polarized surface state
subbands in Au(111).16 As spin-orbit interactions are larger
in Au atoms than in Ag ones, the Rashba parameter in
Ag/Aus111d could be proportional to the amount of Au at-
oms probed by the Shockley state. In the direction normal to
the surface, the wave function exhibits an evanescent shape
as shown in Fig. 4(a). We have reported the solution of a
one-dimensional Schrödinger equation simulating the poten-
tial of a 3 ML film according to the surface potential model
proposed by Chulkovet al.27 This figure shows that the sur-
face state is mainly confined in the three Ag layers, but also
extends slightly into the Au substrate. According to our as-
sumption that the spin-orbit interaction is essentially atomic-
like, the effective Rashba parameter can be expressed as the

mean value of the parameters of Au(111) saR
Aud and Ag(111)

saR
Agd surfaces weighted by the relative amount of Au atoms

spAud probed by the surface state:

aR = pAuaR
Au + s1 − pAudaR

Ag. s2d

The effect of the increase in the Ag film thickness is a large
decrease inpAu probed by the Shockley state. By using Eq.
(2) and the calculated wave functions for different film thick-
nesses, we can estimate the thickness dependence of the ef-
fective RashbasaRd parameter[dotted line in Fig. 4(b)]. A
good agreement is found with experimental results corrobo-
rating that the spin-orbit splitting is actually dominated by
atomic interaction.

Annealing temperature dependence of the Rashba param-
eter confirms this interpretation. In order to obtain thepAu

values after annealing in the disordered alloys, we have to
calculate the relative amount of Au atoms in each layer. This
is achieved in the framework of a simple one-dimensional
diffusion model.28 By taking n0=731016 s−1 for the diffu-
sion rate andEA=1.83 eV for the energy barrier, we have
calculated the concentration profile for 3 ML of Ag on
Au(111) corresponding to the experimental conditions(tem-
perature and duration of the annealing). This profile accounts
for the Auger intensity dependence of Fig. 3(b). Therefore,
from this profile and numerical solutions for the Shockley
state, we can estimate the number of Au atomsspAud probed
by the Shockley wave function and the corresponding
Rashba coefficient[Eq. (2)]. With increasing annealing tem-
perature, the amount of Au atoms increases in the top layers

FIG. 3. Photoemission intensity as a function of energy and
momentum for a 3 ML film after an annealing at 510 K(a) and at
570 K (b). (c) Annealing temperature dependence of the Au Auger
intensity for a 1 and a 3 ML Ag film on Au(111), the spectra have
been recorded with a time step of 30 s.(d) Annealing temperature

dependence of the surface state energy at theḠ point and Rashba
parameter[the horizontal dashed line represents values for the
Au(111)].

FIG. 4. (a) One-dimensional electronic potential and charge
densitysuCu2d of the Shockley state for a 3 ML Ag film(the white
and gray circles represent the Au and Ag layers, respectively). (b)
Experimental and simulated Rashba parameters for room tempera-
ture annealed Ag films.(c) Evolution of the Rashba parameter for a
3 ML film as function of annealing temperature.
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leading to an increase in the Rashba term. The good agree-
ment with experimental data demonstrates that the spin-orbit
splitting directly reflects the alloy composition close to the
surface weighted by the Shockley wave function charge den-
sity.

Deposition of noble gases on Au(111) yields an increase
in the spin-orbit splitting.17 A similar increase was also ob-
served on thed-derived surface state in Li/Ws110d with in-
creasing Li coverage.10 However, in this system, the evolu-
tion of the splitting has been attributed to the modification of
the the surface state extension. We take into account this

mechanism in Ag/Aus111d by calculating the wave function,
but it has a minor influence.

In conclusion, we observed that a continuous decrease in
the spin-orbit splitting of thesp-derived surface state occurs
with deposing Ag on Au(111) substrate. On the contrary, the
annealing of the interfaces leads to an increase in the split-
ting. Both dependences of the spin-orbit splitting can be sim-
ply correlated to the amount of Au atoms sampled by the
surface state. This behavior confirms the fundamental role of
the atomic spin-orbit interaction in the formation of spin-
polarized surface state subbands and sheds additional light
regarding the possibility of a fine tuning of the splitting.
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High resolution spectroscopic and microscopic signatures of ordered
growth of ferrous sulfate in SO2 assisted corrosion of Fe3O4„100…
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The authors present a high-resolution core-level photoemission study of a Fe3O4�100� surface
exposed to 50 L �1 L=10−6 mbar s� of H2O and 50 L of SO2. S 2p core-level spectra reveal the
presence of SO3 and SO4 species. An additional peak in the Fe 3p core-level spectrum shows that
they bond with iron from the substrate. Complementary scanning tunneling microscopy of the same
surface demonstrates formation of a long-range ordered sulfate locked in the ��2��2�R45°-surface
potential. © 2007 American Institute of Physics. �DOI: 10.1063/1.2776854�

Corrosion denotes oxidation of a metal upon exposure to
water and oxygen in the air and is commonly understood as
deterioration of material properties and, in the case of iron,
formation of rust. Pollutants such as SO2 have been discov-
ered to have an accelerating effect on corrosion.1 The adsorp-
tion of sulfate/bisulfate anions from H2SO4 on noble metal
surfaces, which are considered to be resistant to corrosion,
was studied intensively in the past by means of scanning
tunneling microscopy �STM� to reveal formation of a similar
��3��7� adlayer on top of Au�111�,2 Cu�111�,3 Pt�111�,4

Pd�111�,5 Rh�111�,6 Ru�111�,7 and Ir�111�.8 Slightly different
overstructures were observed on Ag�111�, Ag�100�,9 and
Au�100�.10

Contrary to noble metals, iron is known for extreme
changes of its properties �weakening� due to oxidation. One
way of corrosion protection of iron or steels is by the forma-
tion of protective iron oxide �Fe2O3 and Fe3O4� films. A
previous study of sulfate on the hematite �Fe2O3� surface11

has confirmed the presence of aqueous FeSO4
+ complexes. It

has also been discussed11 that an outer-sphere adsorbate �de-
fined as retaining at least one water molecule between the
solute and the surface� cannot be seen by STM.

In this letter, we present a combined photoelectron spec-
troscopy �PES� and STM study of corrosion of Fe3O4�100�.
We proceed with dosing H2O and SO2 gases in ultrahigh
vacuum conditions in order to imitate initial stages of atmo-
spheric corrosion and avoid solutions which could stand in
the way of obtaining atomic resolution of the adsorbate.

STM experiments have been performed in a constant
current mode with a W tip at room temperature �RT� using a
variable temperature STM from Omicron NanoTechnology.
Positive bias means tunneling from occupied states. Photo-
emission experiments have been performed at RT using a
Scienta R4000 parallel detection analyzer at beamline I511 at
MAX-lab �Sweden�. The experimental energy resolution was
45 meV at h�=280 eV and 30 meV at h�=170 eV. The po-
sition of the Fermi level �EF� has been determined on a Ta
foil. The FITXPS2 software12 was used for core-level fits.
WSXM 3.0 �Ref. 13� was used for the processing of STM
images. The magnetite �Fe3O4� single crystal with �100� ori-
entation was purchased from surface preparation laboratory
and prepared according to Ref. 14. The low energy electron

diffraction �LEED� pattern of the clean surface was sharp
��2��2�R45°. H2O and SO2 were dosed separately
at room temperature during 10 min at total pressure
of 8�10−8 mbar, which corresponds roughly to 50 L
�1 L=10−6 mbar s�. H2O was dosed first.

Figure 1�a� shows a S 2p core-level spectrum from a
Fe3O4�100� surface covered with 50 L of H2O and 50 L of
SO2. It can be decomposed into three spin-orbit split dou-
blets �spin-orbit splitting of 1.2 eV, branching ratio of 0.5–
0.6, and full width at half maximum �FWHM� of �1 eV�
with the binding energies of the first peaks at 161.3, 166.2,
and 167.1 eV. The lowest binding energy doublet can be
attributed to atomic sulfur �marked S in Fig. 1�. Binding
energy shifts of the other two doublets with respect to atomic
S are thus 4.9 and 5.8 eV, which agrees very well with 4.7
and 5.6 eV shifts between S and SO3 and S and SO4 on a
ZnO surface.15 According to this, we also assign the two
higher binding energy doublets in Fig. 1 to SO3 and SO4
species.

In Figs. 1�b� and 1�c�, we present Fe 3p core-level spec-
tra in order to investigate bonding of SOx �x=3,4� species to
the substrate. A spectrum from the clean surface is shown in
Fig. 1�b�. Upon exposure of clean Fe3O4�100� to water and
sulfur dioxide, an additional component appears at lower
binding energy �53.76 eV� in the Fe 3p core level, as shown
in Fig. 1�c�. FWHM of this component is 3 eV, while the
bulk Fe contribution is 3.8 eV wide. The Fe 3p level is
known to have a complex sextuplet structure.16 Therefore,
the peak fit presented in Fig. 1�c� should be understood more

a�Electronic mail: stoltz@physics.leidenuniv.nl

FIG. 1. �a� S 2p and ��b� and �c�� Fe 3p core-level spectra of 50 L H2O and
50 L SO2 covered ��a� and �c�� and clean �b� Fe3O4�100� taken at normal
emission at RT.
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as a rough estimate. Nevertheless, it shows enhancement of a
component closest to the Fe2+ oxidation state.17

Figure 2�a� shows a 25�25 nm2 area on a single
Fe3O4�100� terrace subject to 50 L of water and 50 L of
sulfur dioxide. The surface is clearly ordered and the square-
formed protrusions are constituting a rectangular network
over the substrate. If we zoom in Fig. 2�a� and smoothen the
image, we obtain the topographic map presented in Fig. 2�b�.
Both SO3 and SO4 are marked in the figure. SO3 consists of
three O atoms around a single S atom in trigonal planar
configuration. SO4 consists of four O atoms at the edges of
an imaginary square: in a planar or in a tetrahedral arrange-
ment. The S atom is either not visible in the tunneling con-
ditions of Fig. 2 or situated underneath the oxygen atoms, as
the STM images reveal intensity depletion in the centrum of
the oxygen arrangement. Inspection of Fig. 2�a� reveals that
the overlayer network predominantly consists of SO4. SO3 is
sometimes found on SO4 positions, substituting them in the
sulfate network by borrowing one oxygen atom from the
surface.

Line profiles shown in Figs. 2�c�–2�e� are typical for the
overlayer network shown in Fig. 2�a�. Line profiles shown in

Figs. 2�c� and 2�d�, taken along the �110� and �11̄0� direc-
tions, show that the SO4 group repeats itself with a period-
icity of 12 Å along these directions. At the same time, at 45°
to them, the line profile in Fig. 2�e� shows a periodicity of
8 Å. These periodicities are the ones of the ��2��2�R45°
reconstruction of the clean Fe3O4�100� surface.18–20 From
these line profiles, we can also determine bond length be-
tween S and O in the SO4 group. We get a value between
1.25 and 1.5 Å in the horizontal plane, which compares well
with the observed21 1.49 Å in a tetrahedral anion.

Finally, a known crystal structure of bulk ferrous sulfate
�FeSO4� is presented in Fig. 2�g� and compared to the struc-
ture observed on our surface �Fig. 2�f��. Between each two
SO4 groups, two atoms are visible in the �110� direction at a
3 Å separation. As positive bias values are used, we assume
that these atoms are iron atoms from the substrate. One of
them always appears higher than the other one �more intense
in Fig. 2�f��. As we are tunneling from the occupied states
where the density of states of the Fe2+ ions is larger than the
one of the Fe3+ ions,20 the more intense Fe atoms in Fig. 2�f�
should have 2+-oxidation state. As they are also participating
in the sulfate adlayer, their z positions could be further modi-
fied. It is clear that the bonding of Fe to SO4 group is a bit
different than schematically shown in Fig. 2�g� due to bond-
ing of Fe within the Fe3O4 crystal lattice. The adsorbate

structure observed here is very different from the possible
FeSO3 crystal structure.22

Slow oxidation of sulfur dioxide in water could proceed
via a direct reaction,1

SO2 + H2O +
1

2
O2 → H2SO4, �1�

where oxygen comes from the oxide surface. The
Fe3+-containing surface of Fe3O4�100� would in that case act
as a catalyst,1 speeding up the reaction so that the reaction
product, ferrous sulfate, is present at the surface after the
deposition. Iron oxide surface already contains Fe2+ and/or
Fe3+ ions. Therefore, formation of sulfate ions and finally
ferrous sulfate is possible even without any promoters.23 No-
ticing that iron in magnetite is already in its high oxidation
states leads to another conclusion as well: there is no �fur-
ther� oxidation/corrosion of the substrate, even though there
is formation of SO4

2− ions and, consequently, a sulfate layer
at the surface.

As regularly distributed Fe3+ ions at the surface are gov-
erning the chemical reaction, the reaction product �ferrous
sulfate� is also homogeneously and regularly distributed at
the surface. As for another S-related species, SO3, which is
using photoemission detected in even higher abundance than
SO4, it should be noticed that it is a decomposition product
of SO2 at most surfaces at room temperature.15,24–26 Its dis-
tribution is thus not bound to the long-range order of the
substrate and it could be placed on those parts of the surface
where long-range order of the sulfate is broken.

After deposition of water and sulfur dioxide on the sur-
face of Fe3O4�100�, we still have a ��2��2�R45° LEED
pattern. It is known that this reconstruction of the polar sur-
face is characterized by enhanced stability.27 In our case, an
octahedral plane of the magnetite surface has been exposed
to a chemically aggressive environment. Nevertheless,
strongly oxidizing SO4

2− species in our experiment are
trapped by the periodic surface stress or charge distribution
of the ��2��2�R45° reconstruction. They bind to the sub-
strate forming a FeSO4 layer and the periodic potential of the
��2��2�R45° reconstruction stabilizes the ferrous oxide
structure.

If the oxygen vacancy model18,19 of the surface is as-
sumed, SO4

2− species are being trapped in the periodic poten-
tial induced by the vacancy array. Oxygen vacancies on the
��2��2�R45°-reconstructed Fe3O4�100� surface are elec-
tron poor �virtual positive charge of +2� and should therefore

FIG. 2. ��a�, �b�, and �f�� STM image
of a Fe3O4�100� surface covered with
50 L H2O and 50 L SO2, measured
with a bias voltage of 1 V and a tun-
neling current of 0.2 nA at RT. ��c�,
�d�, and �e�� Line profiles taken along
indicated lines in �b�. �g� Crystal struc-
ture of FeSO4.
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clearly be preferred by the SO4
2− species. On the other hand,

if charge ordering on the surface20 is invoked to explain the
��2��2�R45° reconstruction on the clean surface of
Fe3O4�100�, the adsorption of SO4

2− species would be as-
sumed in the vicinity of catalytic Fe3+ dimers, whereas bond-
ing of SO4

2− into sulfate could proceed via Fe2+ in the similar
fashion as it would in the oxygen vacancy model.

We have presented a combined high-resolution core-
level PES and atomically resolved the STM study of a mag-
netite �100� surface under conditions of simplified initial at-
mospheric corrosion. We have found that SO3 and SO4 are
present at the surface, but that SO4 binds to the substrate to
form ferrous sulfate. Ordering of the sulfate at the surface
follows the ��2��2�R45° reconstruction of the polar mag-
netite surface, demonstrating extreme stability of this recon-
struction even upon adsorption of chemically reactive spe-
cies. Suitability of Fe3O4�100� for corrosion protection is
demonstrated through the reduction of the Fe-oxidation state
upon exposure to water and sulphur dioxide.

The authors would like to thank F. Hennies �I511�, P.
Palmgren �KTH�, and C. Leygraf �KTH�. Financial support
from the Swedish Research Council �Vetenskapsrådet�, Gö-
ran Gustafssons Stiftelse, and Carl Tryggers Stiftelse is
gratefully acknowledged.

1C. Leygraf, Corrosion Mechanisms in Theory and Practice �Dekker, New
York, 2002�, Chapter 15, pp. 529–532.

2G. J. Edens, X. Gao, and M. Weaer, J. Electroanal. Chem. 375, 357
�1994�.

3M. Wilms, P. Broekmann, C. Stuhlmann, and K. Wandelt, Surf. Sci. 416,
121 �1998�.

4A. M. Funtikov, U. Linke, U. Stimming, and R. Vogel, Surf. Sci. 324,
L343 �1995�.

5L.-J. Wan, T. Suzuki, K. Sashikata, J. Okada, J. Inukai, and K. Itaya, J.

Electroanal. Chem. 484, 189 �2000�.
6L.-J. Wan, S.-L. Jau, and K. Itaya, J. Phys. Chem. 99, 9507 �1995�.
7P.-C. Lu, C.-H. Yang, S.-L. Yau, and M.-S. Zei, Langmuir 18, 754 �2002�.
8L.-J. Wan, M. Hara, J. Inukai, and K. Itaya, J. Phys. Chem. B 544, 93
�1999�.

9M. Schweizer and D. Kolb, Surf. Sci. 544, 93 �2003�.
10M. Kleinert, A. Cuesta, L. Kibler, and D. Kolb, Surf. Sci. 430, L521

�1999�.
11C. M. Eggleston, S. Hug, W. Stumm, B. Sulzberger, and M. D. S. Afonso,

Geochim. Cosmochim. Acta 62, 585 �1998�.
12D. L. Adams, FITXPS2 peak-fitting software �www.sljus.lu.se/

download.html�.
13Nanotec Electronica S. L., WSXM 3.0, 2006 �www.nanotec.es�.
14K. Jordan, G. Mariotto, S. F. Ceballos, S. Murphy, and I. V. Shvets, J.

Magn. Magn. Mater. 290, 1029 �2005�.
15J. A. Rodriguez, T. Jirsak, S. Chaturvedi, and M. Kuhn, Surf. Sci. 442,

400 �1999�.
16G. Rossi, F. Sirotti, N. Cherepkov, F. C. Farnoux, and G. Panaccione,

Solid State Commun. 90, 557 �1994�.
17B. Sinković, P. D. Johnson, N. B. Brookes, A. Clarke, and N. V. Smith,

Phys. Rev. Lett. 65, 1647 �1990�.
18F. C. Voogt, T. Fujii, P. J. M. Smulders, L. Niesen, M. A. James, and T.

Hibma, Phys. Rev. B 60, 11193 �1999�.
19B. Stanka, W. Hebenstreit, U. Diebold, and S. A. Chambers, Surf. Sci.

448, 49 �2000�.
20G. Mariotto, S. Murphy, and I. V. Shvets, Phys. Rev. B 66, 245426

�2002�.
21D. W. J. Cruickshank, J. Chem. Soc. 1961, 5486.
22G. Bugli and D. Carré, Acta Crystallogr., Sect. B: Struct. Sci. 36, 1297

�1980�.
23J. Weissenrieder, C. Kleber, M. Schreiner, and C. Leygraf, J. Electrochem.

Soc. 151, B497 �2004�.
24H. Lu, E. Janin, M. E. Dávila, C. M. Pradier, and M. Göthelid, Vacuum

49, 171 �1998�.
25G. J. Jackson, S. M. Driver, D. P. Woodruff, N. Abrams, R. G. Jones, M.

T. Butterfield, M. D. Crapper, B. C. C. Cowie, and V. Formoso, Surf. Sci.
459, 231 �2000�.

26J. A. Rodriguez, T. Jirsak, S. Chaturvedi, and J. Dvorak, J. Mol. Catal. A:
Chem. 167, 47 �2001�.

27K. Jordan, S. Murphy, and I. V. Shvets, Surf. Sci. 600, 5150 �2006�.

093107-3 Stoltz et al. Appl. Phys. Lett. 91, 093107 �2007�

Downloaded 29 Aug 2007 to 132.229.39.12. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



© 2010 Macmillan Publishers Limited.  All rights reserved. 

 

The role of steps in surface catalysis and
reaction oscillations
Bas L. M. Hendriksen1, Marcelo D. Ackermann1,2, Richard van Rijn1,2, Dunja Stoltz1, Ioana Popa2,

Olivier Balmes2, Andrea Resta2, Didier Wermeille2, Roberto Felici2, Salvador Ferrer2† and

Joost W. M. Frenken1*

Atomic steps at the surface of a catalyst play an important role in heterogeneous catalysis, for example as special sites
with increased catalytic activity. Exposure to reactants can cause entirely new structures to form at the catalyst surface,
and these may dramatically influence the reaction by ‘poisoning’ it or by acting as the catalytically active phase. For
example, thin metal oxide films have been identified as highly active structures that form spontaneously on metal surfaces
during the catalytic oxidation of carbon monoxide. Here, we present operando X-ray diffraction experiments on a palladium
surface during this reaction. They reveal that a high density of steps strongly alters the stability of the thin, catalytically
active palladium oxide film. We show that stabilization of the metal, caused by the steps and consequent destabilization
of the oxide, is at the heart of the well-known reaction rate oscillations exhibited during CO oxidation at
atmospheric pressure.

A
tomic steps on catalyst surfaces are often considered to be
special, active sites for heterogeneous catalytic reactions1.
They enable enhanced binding of reactant molecules2–4 and

exhibit enhanced activity for bond breaking5–8 as a result of their
reduced coordination. Catalytic nanoparticles contain a high
density of steps and the steps may dominate their activity. Steps
also play a key role in many other surface processes, for example
as natural locations for crystal growth and erosion and as a source
for mobile surface adatoms. Here, we show that steps on surfaces
may play a role in catalysis not only by serving as active sites, but
also by changing the stability of the catalytically active phase.

Recent experiments and theory suggest that oxides form on the
surface of precious metal catalysts such as Ru, Pt, Pd and Rh
during catalytic oxidation at atmospheric pressure while under
oxygen-rich conditions9–13. Experiments performed under these
conditions using operando techniques, which simultaneously
provide information on the state of the catalyst and on the reaction
kinetics, indicate that these oxides are catalytically more active than
the bare metal surfaces10,11, although this is still subject to debate14.
Such oxides form because at high oxygen pressures it is thermo-
dynamically more favourable to incorporate oxygen atoms into
the surface, thus creating oxygen-rich phases (oxides), than to
form the low-coverage chemisorption structures typical for low
oxygen pressures.

Whether a catalyst surface operating in an oxidizing mixture of
reactants prefers a mere chemisorption structure or an oxide13,15

depends upon the partial pressures of the reactants. The transition
of the catalyst surface from the metal phase to the oxide phase dra-
matically changes the catalytic reaction mechanism. Whereas on the
metal surface both reactants first adsorb and then react to form the
product (the Langmuir–Hinshelwood mechanism), the more active
oxidized surface serves as an intermediate product from which
oxygen atoms are easily extracted by the other reactant (for
example CO), after which the resulting oxygen vacancies are refilled

with oxygen from the gas phase. This is similar to the Mars–Van
Krevelen mechanism, in which gas molecules react with lattice
oxygen from the metal oxide to form the product, and the redox
process is completed by oxygen that diffuses through the oxide to
fill up the oxygen vacancies caused by the reaction16.

Previously, we have found that oscillations can occur in the reac-
tion rate during CO oxidation under conditions under which both
the oxide and metal phase can exist17,18. Spontaneous and self-sus-
tained oscillations in the rate of CO oxidation have been extensively
studied both at low pressures (for example, 1× 1026 mbar) and at
atmospheric pressure19,20. The low-pressure oscillations are due to
atomic-scale restructuring of the surface of the catalyst (for
example, Pt or Pd) or the formation of a subsurface oxygen layer,
as was shown in the work of Ertl and colleagues19. In contrast,
our earlier in situ scanning tunnelling microscopy studies show
that at atmospheric pressure the oscillations in the reaction rate
are due to the spontaneous, periodic switching from a low-activity
metal surface to a high-activity oxide surface19,20. In this Article
we show that the density of steps on the catalyst surface (the ‘rough-
ness’) can influence the stability of the metal and oxide phases. This
has important implications for reactivity and, as shown, it is there-
fore the steps that regulate the self-sustained oscillations during CO
oxidation on Pd(001) at atmospheric pressure.

Results
Figure 1 shows that the rate of CO2 production and CO pressure
inside a flow reactor spontaneously oscillated under steady-state
conditions with a constant feed of CO and O2. The CO pressure
oscillated in anti-phase with the CO2 pressure as a result of vari-
ations in CO consumption in the reaction, which for a high rate is
mass transfer limited19. Figure 1a presents surface X-ray diffraction
(SXRD) data for the (h,k,l )¼ (1,0,2) diffraction peak of Pd(001)
during oscillating CO oxidation in a 17-ml flow cell, at 447 K and
PCO¼ 25 mbar and PO2

¼ 500 mbar. (Details of the experiment
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Horowitz, F-38043 Grenoble cedex, France; †Present address: CELLS – ALBA, Edifici Ciències Nord. Mòdul C-3 centra, Campus Universitari de Bellaterra,
Universita Autònoma de Barcelona, 08193 Bellaterra, Spain. *e-mail: frenken@physics.leidenuniv.nl

ARTICLES
PUBLISHED ONLINE: 11 JULY 2010 | DOI: 10.1038/NCHEM.728

NATURE CHEMISTRY | VOL 2 | SEPTEMBER 2010 | www.nature.com/naturechemistry730

mailto:frenken@physics.leidenuniv.nl
http://www.nature.com/doifinder/10.1038/nchem.728
www.nature.com/naturechemistry


© 2010 Macmillan Publishers Limited.  All rights reserved. 

 

are provided in the Methods and the Supplementary Information,
and the oscillatory variations in the SXRD signals and the partial
pressures of the reactant and product gases may be observed in
Supplementary Movies S1 and S2.)

In the low-reaction-rate phase (PCO2
= 2mbar) the (h,k,l)¼

(1,0,2) diffraction peak had a high intensity, indicating that the
surface was metallic. The inverse value of the full width of the diffrac-
tion peak at halfmaximum intensity, FWHM21

metal, increasedwith time
during this part of each oscillation. In the metal phase, FWHMmetal

21 is
a direct measure of the smoothness of the surfaces in terms of the
average terrace width or, equivalently, the inverse of the step
density21. The increase in FWHMmetal

21 therefore indicates that the
surface became smoother through reductions in the step density
until transition to the high-reaction-rate state occurred
(PCO2

= 4.5mbar). At this stage the Pd(001) (1,0,2) diffraction peak
has practically disappeared.

After the transition we observed a new diffraction peak at
(h,k,l )¼ (0.8,0.4,0.73) (Supplementary Fig. S1, Movie S2), which
we have determined to correspond to the presence of a 1.9+0.5-
nm-thick PdO(001) film, similar to what has been found for
Pd(001) in pure oxygen22. Additional, high-speed SXRD measure-
ments revealed that this oxidation began with the abrupt appearance
of an ultrathin surface oxide with well-known

p
5×p

5 period-
icity22, which was replaced (typically after 5 s) by the epitaxial,
bulk-like PdO film. The diffracted PdO intensity increased over a

period of �7 s, which probably indicates lateral closing of the
bulk-like PdO layer.

After this�7-s period, the oxide layer thickness exhibits a power-
law growth (L/ tp) with an exponent of p¼ 0.28 (ref. 23). The tran-
sition to the high reaction rate coincided with the introduction of thep
5×p

5 structure and remained unchanged as the PdO film formed.
In the oxide phase the FWHMmetal

21 of the weak diffraction peak that
remained at (1,0,2) is a measure of the smoothness of the interface
between the metal Pd(001) substrate and the PdO(001) film covering
it. The fact that the FWHMmetal

21 decreased with time shows that the
interface became rougher. The evolution of the PdO(001) (h,k,l )¼
(0.8,0.4,0.73) diffraction peak (that is, FWHMoxide

21 ) is shown in
Supplementary Fig. S1 and Movie S2.

The observation from SXRD data of an increase in roughness of
the oxide phase and the opposite behaviour in the metal phase is
consistent with our high-pressure scanning tunnelling microscopy
observations17 (see Supplementary Information). Our interpretation
is that during the Mars–Van Krevelen redox reaction a small frac-
tion of the metal atoms in the oxide become sufficiently undercoor-
dinated with oxygen to become mobile and diffuse out of their
original positions until they are re-oxidized and immobilized on
top of the oxide9,10. The lack of mobility of the oxide at the low oper-
ation temperature prevents the resulting roughness from decaying
before further roughness is added by the same process. As a
result, roughness gradually accumulates, approximately linearly
with the total amount of generated CO2. In the metallic phase,
high surface mobility is observed and the reaction does not cause
further increases in surface roughness, which therefore decays
with time.

When we consider the timescales of the stages of an oscillation
cycle it can be seen that the metal-to-oxide and oxide-to-metal tran-
sitions are practically ‘instantaneous’. The ultrathin surface oxide
appears within �2 s and the PdO disappears exponentially with a
typical timescale of �6 s. However, the changes in roughness of
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CO/O2/Ar gas with an oxygen pressure of 500 mbar, an argon pressure

of 675 mbar and a CO pressure of 25 mbar flowing at 50 mln min21.

a, FHWMmetal
21 (inversely proportional to the step density and a measure of

the smoothness of the surface) of the diffraction peak at (h,k,l)¼ (1,0,2).

b, Partial pressure in the reactor of CO and CO2 pressures as measured by

mass spectrometry. At high CO partial pressures PCO, the diffraction pattern

shows that the surface structure is close to a bulk-like truncation of the Pd

crystal (the reaction kinetics indicate that this metal surface is covered

by a mixture of O atoms and CO molecules). At low PCO, new diffraction

peaks are found that correspond to a thin PdO(001) layer (for example,

(h,k,l)¼ (0.8,0.4,0.73); see Supplementary Fig. S1). The colours indicate

whether the SXRD intensities identify the Pd(001) surface to have a metal

structure (light blue) or to be covered by a thin oxide film (light red).
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¼0.48 bar in a batch

reactor. The parameter along the horizontal axis of the main figure is the

FWHMmetal of the diffraction peak on the metal surface with reciprocal

coordinates (h,k,l)¼ (1,0,0.2) immediately prior to the metal-to-oxide

transition. This peak width is a sensitive measure of the density of steps on

the metal surface. The trajectories of (FWHMmetal,PCO) approaching the

metal-to-oxide transition are indicated by the four dashed curves. The error

margins reflect the maximum variations observed in the peak width and the

CO pressure at the transition. The inset shows two diffraction peaks on a

trajectory at different FWHMmetal.
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both the metal and the oxide are slower processes. We therefore
propose that variation in the roughness, that is the step density,
induces both transitions and thereby regulates the oscillations to
have periods on the order of 1,000 s.

To prove that the surface roughness is indeed responsible for
inducing the phase transition we performed separate SXRD exper-
iments in a 2-litre batch reactor that we pre-filled each time with

a specific mixture of oxygen and CO. This mode of operation
does not lead to spontaneous self-sustained oscillations, enabling
us to separate the cause and effect of the oscillations. These exper-
iments allow us to derive the stability diagram shown in Fig. 2,
which shows the minimum partial pressure of CO at which the
metal is stable against oxidation as a function of surface roughness,
FWHMmetal. To use the roughness of the metal surface as a control
parameter, we ‘prepared’ the surface in each experiment by keeping
it in the metal phase for a different period of time (more time results
in a smoother surface; lower FWHMmetal). In practice, this was done
by starting each batch experiment at a different partial pressure of
CO, at a fixed initial O2 pressure. The details of this procedure are
given in the Supplementary Information.

In each experiment, the two reactants were slowly converted to
CO2, thereby reducing the ratio between PCO and PO2

. During
this stage, the initially rough metal surface slowly became smoother,
indicated by the decreasing FWHM of the (1,0,0.2) diffraction peak,
which is nearly equivalent to the (1,0,2) peak of Fig. 1. The decrease
in roughness continued until the metal-to-oxide transition took
place, which was accompanied by a tenfold increase in the CO2 pro-
duction rate and the appearance of the diffraction peak at
(0.8,0.4,0.73) of the PdO(001) film. We performed this procedure
four times, each time for a different initial value of PCO. This
resulted in the four curves of PCO versus FWHMmetal in Fig. 2.
The lowest CO pressure in each curve, PCO*, indicates the conditions
at which the metal-to-oxide transition took place. Figure 2 fully
confirms our suspicion that roughness has a dramatic influence
on the stability of the metal with respect to oxidation. The critical
CO pressure PCO* shows a one-to-one correspondence with the
step density. A significantly more oxidizing CO/O2 mixture is
required to oxidize a rough surface than a smooth surface. From
a kinetic point of view this is unexpected, because steps actually
facilitate oxidation24; however, we argue below that it is in fact a
thermodynamic effect.

Discussion
Thermodynamically, the first-order metal-to-oxide transition of a
smooth, step-free surface takes place when the free energies of the
two competing structures, namely the metal surface with a chemi-
sorbed layer of reactants and the oxide surface, are equal. The pres-
ence of steps shifts this balance, because steps on both phases cost
different amounts of (free) energy. This shift can go either way,
but there are two arguments why steps could work in favour of
the metal phase and make it stable down to a lower CO pressure
(PCO*). First, on many metal surfaces CO molecules adsorb signifi-
cantly more strongly at steps than on terraces2–4. For a metal surface
in contact with CO, this reduces the effective step free energy and,
under special circumstances, can even lead to the spontaneous for-
mation of steps25. We anticipate that this enhanced bonding effect is
stronger for CO molecules than for O atoms adsorbed at steps on
Pd(001) (ref. 26). We propose that this reduction in the effective
step free energy by CO adsorption stabilizes a rough metal phase
with respect to a rough oxide phase. Second, steps make the metal
surface a bad template for the PdO(001) structure, because they
necessarily lead to dislocations in the oxide. The effect of the step
density on the metal-to-oxide transition is reminiscent of the role
of steps in the phase transition from the 7× 7 surface reconstruc-
tion to the 1× 1 phase on Si(111), for which the transition tempera-
ture depends on step density27.

The combination of all the experimental observations leads to a
simple scenario for the self-sustained reaction oscillations (Fig. 3).
Each cycle (A)� (B)� (C)� (D)� (A) contains the following
four stages.

(1) (A)� (B) comprises a decrease in metal surface roughness. The
cycle starts with a rough metal surface. The reaction follows the
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a, Metal-to-oxide stability diagram (cf. Fig. 2), in which the phase boundary

is determined by the roughness and the CO partial pressure PCO*. For each
cycle the surface crosses this boundary twice (at B and at D). b–d,

Variations in roughness, PCO, and reaction rate (PCO2
) over three complete

cycles. In the oxide phase, the surface becomes progressively rougher,

whereas it becomes smoother in the metal phase (b). As can be read from

a, these variations in roughness introduce corresponding variations in the

PCO* value of the metal-to-oxide transition, which are indicated by the green

line in b. At points B and D in the cycle, this critical PCO* value becomes

equal to the actual CO pressure PCO (black lines in b) and the phase

transition takes place. Because the reaction rate on the oxide is higher than

that on the metal (d), the CO pressure in the reactor switches up or down

by DPCO every time the surface is reduced or oxidized (black lines in b).
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Langmuir–Hinshelwood (gas adsorption and reaction) mechan-
ism, resulting in a low reaction rate Rmetal. In the metal phase the
surface becomes smoother, shifting the conditions towards the
metal-to-oxide phase transition (PCO* increasing towards PCO).

(2) (B)� (C) represents the metal-to-oxide transition. When the
step density decreases enough and PCO*¼ PCO, then the
surface oxidizes. The reaction changes abruptly to the Mars–
van Krevelen (oxide reduction and re-oxidation) mechanism
with the high reaction rate Roxide. Now that more CO is being
consumed, PCO is reduced in the vicinity of the active surface
by an amount DPCO, which further stabilizes the oxide. Note
that in this description we do not distinguish between the
observed oxide structures (

p
5×p

5 and PdO), as the reaction
rate is equally high for both of them.

(3) (C)� (D) comprises an increase in oxide roughness. The Mars–
van Krevelen reaction mechanism leads to a slow build-up of
surface roughness. This, in turn, reduces PCO* towards PCO.

(4) (D)� (A) comprises the oxide-to-metal transition. When the
oxide has become sufficiently rough that PCO*¼ PCO, the
system switches back to a (rough) metal surface. The reaction
changes abruptly to the Langmuir–Hinshelwood mechanism,
reducing the reaction rate to Rmetal , and thus increasing PCO
by DPCO, further stabilizing the metal phase. This restores the
starting conditions and closes the cycle.

The period of the oscillation is determined by the magnitude of
DPCO and by the smoothening and roughening rates in the metal
and oxide phases.

With the exception of the effect of the oxide roughness on the
oxide-to-metal transition, all characteristics of this scenario are
based on experimental observations. These characteristics include
increasing and decreasing oxide and metal roughness respectively;
the dependence of PCO* on roughness; the different reaction mech-
anisms and rates; and the resulting changes in local PCO.

We have also tested the scenario in a simple numerical calcu-
lation, in which we modelled the roughness evolution and the
dependence of PCO* on roughness with first-order differential
equations. The results of the calculation, under steady-state con-
ditions, are shown in Fig. 3 (for details of this calculation see
Methods and Supplementary Information). Although the model is
too crude to faithfully describe all details of the CO oxidation reac-
tion on Pd(001), it fully captures the essence of the observed oscil-
lations, such as the influence of PCO on the oscillation period and on
the ratio between the metal and oxide parts of the oscillations.

Our observations and interpretation of the reaction oscillations
are in disagreement with existing models for reaction oscillations
during CO oxidation on Pt-group metals. We observed that the
system oscillates between a metal surface with O and CO chemi-
sorbed (low reaction rate) and the thin oxide layer (high reaction
rate). The periodic transition between the metal and the oxide is
caused by the formation and decay of roughness (steps). In contrast,
at low pressures (,1× 1026 mbar), oscillations are caused by vari-
ations in the concentration of the chemisorbed reactants, period-
ically switching between two stable sates of Langmuir–
Hinshelwood kinetics: a chemisorbed O-dominated (high reaction
rate) and a CO-dominated metal surface (low reaction rate),
coupled to adsorbate-induced restructuring of the metal surface or
the insertion of subsurface oxygen species19. At atmospheric press-
ures—the regime discussed here—oxides play a role and, according
to the widely accepted model proposed by Sales and colleagues, the
switching between the chemisorbed O-dominated (high reaction
rate) and CO-dominated (low reaction rate) metal surface is
caused by the slow formation of a catalytically inactive oxide20,28.

Based on our model and simple diffusion and reaction-rate con-
siderations, we predict that the oscillation period should be a strong
function of temperature, with higher temperatures leading to much

shorter periods. Vicinal surfaces, which have high step densities by
themselves, are expected to oxidize at lower CO pressures compared
to low-index surfaces. In addition, the period of the metal phase of
an oscillation cycle on a vicinal surface should be short, because the
length over which atoms have to move to restore the initial (high)
step density is short. Another important element is hidden in the
design of the reactor and, in particular, in the flow resistance of
the gas line between the CO pressure regulator and the reactor,
because this resistance determines the strength DPCO of the pressure
variations. This quantity dictates how wide or narrow the window of
pressures PCO is in which the system will exhibit spontaneous reac-
tion oscillations, and also has a direct influence on the oscillation
period. This aspect may be responsible for the large variation in
oscillation behaviour found for the same reaction systems between
different instruments or different research groups20.

Our scenario presents a new mechanism for oscillatory oxidation
reactions at atmospheric pressure. It is not specific for Pd(001); we
have observed similar oscillations in CO oxidation on several other
Pd and Pt surfaces (to be reported in future articles). Equivalent
oscillation mechanisms, again involving the role of steps, may be
at play in other catalytic reaction systems, including other oxidation
reactions or reactions involving the formation of other surface
species such as carbides, sulfides or nitrides.

The new role identified here for roughness in heterogeneous
catalysis may serve as a specific target for future catalyst design,
for example new structural promoters that inhibit the formation
of steps or enhance surface mobility and thus increase the decay
rate of the roughness.

Methods
The SXRD experiments were performed at the ID03 beamline of the European
Synchrotron Radiation Facility (ESRF) in two separate ultrahigh-vacuum, high-
pressure set-ups. One was operated as a batch reactor with a volume of�2 l, and the
other contained a 17-ml flow reactor. Both reactors were equipped with beryllium
windows to allow entry and exit of the X-rays. We used a focused beam of
monochromatic, 17- or 20-keV X-rays, impinging on the surface at a grazing angle
of typically 18. All instruments were equipped with a gas manifold with pressure
regulators and flow controllers with which the pressure, composition and flow rate of
high-purity mixtures of O2 and CO could be prepared. A quadrupole mass
spectrometer was used for online analysis of gas composition in the reactor. In all
experiments a mechanically polished, (001)-oriented Pd crystal was used that was
prepared in situ, under ultrahigh-vacuum conditions. In each set-up, the
temperature of the Pd was measured with a thermocouple and regulated to within
DT¼ 2 K. In the batch reactor only, the exothermic reaction led to a temperature
increase higher than this when the surface switched from metal to oxide, but all
measurements combined in Fig. 2 were taken in the metal phase and were not
affected by this.

In the numerical model used to calculate the graphs shown in Fig. 3, each of the
two phases of the surface, metal and oxide, was characterized by two rates, the
reaction rate of CO oxidation and the rate of change of surface roughness (see
Supplementary Information). The condition for the surface to be either in the oxide
or the metal phase was PCO, PCO*(r) for the oxide and PCO. PCO*(r) for the
metal, with PCO being the CO pressure in the reactor near the surface and PCO*(r)
the critical CO pressure at which the transition takes place, which depends on the
roughness r as PCO*(r)¼ PCO*(0)2 dr. PCO*(0) is the critical CO pressure for zero
roughness, d is a positive constant and the normalized roughness is 0≤ r, 1. In the
model the roughness increases in the oxide phase, proportional to the reaction rate.
In the metal phase the roughness decays exponentially with time.
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Disordered Hydroxyl Terminated phase
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We present room temperature scanning tunneling microscopy and photoemission spectroscopy studies of
water adsorption on the Zn-terminated ZnO(0001) surface. Data indicates that the initial adsorption is
dissociative leaving hydroxyl groups on the surface. At low water coverage, the adsorption occurs next to the
oxygen-terminated step edges, where water is believed to bind to zinc cations leaving off hydrogen atoms to
under-coordinated oxygen anions. When increasing the water dose, triangular terraces grow in size and pits
diminish until the surface is covered with wide irregular terraces and a large number of small pits. Higher
water exposure (20 Langmuir) results in a much more irregular surface. Hydrogen, which is produced in the
dissociation reaction is believed to have an important role in the changed surface structure at high exposures.
The fact that adsorbed water completely changes the structure of ZnO(0001) is an important finding toward
the understanding of this surface at atmospheric conditions.

Introduction

Interaction between water and metal oxides is important in
fields as catalysis, corrosion, and geology. At normal air
pressures, most metal surfaces are oxidized and all surfaces are
covered with a water layer, whose thickness depends on the
relative humidity of the air.1 Even at ultrahigh vacuum (UHV)
conditions (<10-9 mbar), water and hydrogen are to some extent
always present in the residual gas. It is thus highly probable
that hydrogen or water unintentionally has participated in or
influenced the surface reactions in many UHV studies. This has
been proven to be the case in studies of, for example, clean
ZnO2 and TiO2

3 single crystal surfaces. Water adsorption on
oxides is thus of great interest both to understand fundamental
surface reactions and to approach the state of surfaces at
atmospheric conditions.

Zinc oxide surfaces have been the subject of numerous studies
and their chemical and physical properties have been reviewed
by Wöll.2 One of the most important technological applications
of zinc oxide surfaces is in the chemical industry where Cu/
ZnO/Al2O3 catalysts are used in, for example, methanol syn-
thesis.4 Furthermore, gas sensing5 and solar cells6 are two
possible applications of zinc oxide nanoparticles, whose large
surface area strongly influence their properties. Since water is
always present at ambient conditions, water adsorption on and
reaction with ZnO is of importance in most of the applications
of this material. Nevertheless, water is also known to have a
direct role in, for example, the water gas shift reaction and in
photochemical splitting of water, where a zinc oxide-based
catalyst can be used.4,7

Because of the symmetry of the ZnO single crystal, it contains
planes with only Zn cations or O anions in the [0001] direction.
This stacking of layers with different polarity gives a nonzero
dipole moment directed perpendicular to the (0001) plane. The
(0001) and (0001j) surfaces terminating the crystal are thus
denoted as “polar” and in ZnO they are Zn- and O-terminated,
respectively. However, in the ionic model surfaces with a
nonzero dipole moment have a diverging surface energy and

are thus not stable. Three possible stabilization mechanisms for
polar surfaces have been suggested,8 (i) charge transfer between
the two opposite polar surfaces, (ii) formation of surface ion
vacancies, which can lead to a change of the geometric positions
of the surface ions, and (iii) adsorption of charged adparticles.
As for ZnO, no consensus on a common mechanism for the
two polar surfaces has yet been reached.2 The more recent
studies on ZnO(0001) suggest that depending on the surface
preparation conditions, stabilization mechanisms (ii) or (iii) can
be valid for this particular surface.9-11

When prepared in UHV with sputtering and annealing (T )
500-700 °C) cycles, the ZnO(0001) surface is covered with
triangular islands and pits whose step edges are oxygen-
terminated. This was initially shown in an STM study by Dulub
et al.,12 who suggested that triangular “magic” islands with size-
dependent shapes give 25% of a monolayer of zinc ion
vacancies, which could explain the stability of this surface. Later,
Ostendorf et al.13 found that higher annealing temperatures
(T J 1030 °C) give highly ordered step arrays partly covered
with triangular islands and pits. They pointed out that all step
edges are exclusively (101j0) nanofacets, which, as they suggest,
could contribute to the stabilization of the ZnO(0001) surface.
In a newly published study by the same group, Torbrügge et
al.14 show evidence of local areas on the ZnO(0001) surface
with a (1 × 3) reconstruction. Even though the areas with this
reconstruction might only be localized to certain spots of the
surface, the authors suggested that one third rather than one
fourth of the surface Zn ions should be removed to stabilize
the surface. They also observed that at places where the
reconstruction was incomplete, adsorbates, which they inter-
preted as hydrogen, were present.

In addition to stabilization of ZnO(0001) through surface
reconstructions, hydroxide stabilized ZnO(0001)-OH surfaces
have been obtained through wet chemical etching. This was
reported on in two AFM studies by Valtiner et al.10,11 The
hydroxide layer was shown to have a well ordered (�3 × �3)R 30°
structure in a pH range of 5.5-11.11 The fact that different
surface preparation conditions can result in different stabilization
of this polar surface is confirmed by a density functional theory* To whom correspondence should be addressed. E-mail: onsten@kth.se.
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(DFT) study by Kresse et al.9 In the latter study, triangular
structures, OH termination and condensated water were found
to be stable in different regions of oxygen and hydrogen
chemical potentials. Yet, the adsorption of OH groups on the
surface covered with triangular structures was found to be
energetically unstable. The transition from the triangularly
structured surface to the OH-terminated surface is thus unclear.

There are several studies on water adsorption on ZnO-
(0001).15-19 Casarin et al17 showed by means of local DFT
calculations that molecular adsorption of water is favored on
the perfect ZnO(0001) surface. However, their model did not
include the large density of step edges that later has been shown
to exist on the ZnO(0001) surface.12,20,21 The only experimental
study at UHV conditions on water adsorption on the zinc
terminated polar ZnO surface that has been found by the authors
is a combined ultraviolet photoemission spectroscopy (UPS) and
temperature-programmed desorption (TPD) study from 1983.15

In this study, water was believed to be in its molecular form at
room temperature on both the zinc- and oxygen-terminated polar
ZnO surfaces and on ZnO(101j0). This conclusion was partly
based on the UPS measurements in which only one molecular
orbital was visible due to interference from the Zn 3d peak.
However, hydroxyl groups are usually differentiated from
molecular water by the presence of two instead of three peaks
associated with molecular orbitals in the valence band spec-
trum.22 The one-peak spectrum they obtained could thus not
suffice to identify the adsorbed specie. Furthermore, they
emphasized that the only desorption product they observed was
molecular water. This can however not exclude dissociation,
since water adsorption is mostly reversible on metal oxides.22

The conclusion drawn in the UPS-TPD study could thus be
questioned. Moreover, water has later been shown to adsorb
dissociatively on ZnO(0001j)23 and partly dissociatively on ZnO-
(101j0).24,25

Most of the studies on ZnO single crystal surfaces are
performed in UHV chambers on sputtered and annealed samples
and the surface structures thus obtained are interesting to study
from a fundamental point of view. However, to understand
surface reactions on these surfaces at more realistic conditions
it is important to introduce water, since all surfaces are covered
with a water layer at atmospheric conditions. Water dissociation,
which often is favored at oxide surfaces, leaves OH-groups and
hydrogen atoms on the surface. In bulk zinc oxide, the role of
hydrogen has been shown to be particularly important, since it
is one of the most common impurities in this material.26,27 It
has been suggested that hydrogen could be at least partially
responsible for the n-type conductivity in undoped zinc oxide
single crystals.28 Furthermore, in a recent theoretical study of
hydrogen adsorption on ZnO(0001), the H(1 × 1) surface is
shown to be metallic.29 An earlier study16 predicts that hydrogen
adsorption on the O-terminated ZnO(0001j) surface results in a
metallic surface while OH groups make the zinc-terminated
ZnO(0001) surface nonmetallic. These properties could have
vast effects on the reactivity of this surface. Therefore when
having the intention to better understand, for example, catalytic
reactions on ZnO surfaces, it could actually be more relevant
to study the water covered surface than the clean surface. Also
surface and subsurface defects are important and affect the
reactivity. However, to use water-covered surfaces as model
systems in, for example, theoretical calculations we need to learn
more about these surface structures.

In the present study, room temperature adsorption of H2O
on ZnO(0001) has been studied with scanning tunneling
microscopy (STM) and photoemission spectroscopy (PES).

Sites, mechanism, and products of adsorption are discussed. This
study points out the importance of taking water and hydrogen
into account when studying zinc oxide surfaces and takes us
one step closer an understanding of the ZnO(0001) surface at
ambient conditions.

Experimental Details

The high resolution PES measurements were performed at
beamline I511 at MAX-lab in Lund, Sweden. A description of
the experimental setup can be found elsewhere.30 The base
pressure in preparation and analysis chambers was 3 × 10-10

mbar. The spectra were acquired at grazing incidence at an angle
of approximately 80° off-normal incidence and at normal
emission. The photon energy was chosen to 619 eV giving an
experimental energy resolution of 130 meV. The binding energy
was referenced to the Fermi level, which was measured at a
grounded tantalum foil in electrical contact with the sample.

The STM measurements were performed in a UHV system,
which consists of an analysis chamber that houses an Omicron
VT-STM and a preparation chamber that is equipped with
LEED, a sputter gun and annealing equipment. The STM
measurements were performed in constant current mode and at
room temperature. A mechanically cut Pt-Ir tip was used as
STM probe. The base pressure in both chambers was below 1
× 10-10 mbar.

The ZnO crystals were purchased from Surface Preparation
Laboratory and were cleaned through Ar+ sputter (1 keV) and
annealing (600-700 °C) cycles until a distinct (1 × 1) LEED
pattern was obtained. In the PES measurements, no contaminants
except for a small amount of the sputter gas Argon were detected
on the clean samples. In the PES preparation chamber, the
sample was heated by running a current through a thin Ta foil
attached at the backside of the sample. The heating method that
was used in the STM experiment was electron bombardment
and the sample was mounted on a Ta sample holder. The
annealing temperature was measured with a pyrometer and was
found to be ∼600 °C in the PES chamber and ∼700 °C in the
STM chamber. The pyrometer was focused on the Ta foil or
sample holder and an emissivity value (ε ) 0.3) characteristic
for Ta was used, as the sample is expected to have a high
transparency toward IR radiation. Because of heat losses, the
annealing temperature of the actual sample is expected to be
somewhat lower than the temperature measured on the sample
holder.

Deionized water was cleaned by five freeze and thaw cycles
and was dosed through a leak valve. The purity of the water
vapor was checked by means of mass spectrometry. Prior to
the PES measurements, the influence of the photon beam on
H2O was studied by recording many succeeding short spectra
from the same spot of the sample. To avoid effects caused by
the beam, special precautions were taken. The spectra were
acquired by changing the spot for beam exposure and several
measurements were added to give the final spectra.

Results and Discussion

PES. To get chemical information about whether water
adsorption on ZnO(0001) is molecular or dissociative, the water-
exposed surface has been investigated with PES. In Figure 1,
O 1s spectra acquired from a clean and water-exposed (5 L
water) ZnO(0001) surface are shown. These spectra are
decomposed into one and two Voigt components, respectively,
whose Lorentzian line width is 0.33 eV for both components
and the Gaussian linewidths are given in the figure. The main
peak, which is located at 530.9 eV in both spectra can be
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assigned to bulk and surface oxygen in zinc oxide. In the
spectrum recorded from the water dosed surface, there is a peak
located at 532.5 eV, which is shifted from the main peak with
1.6 eV and this is assigned to hydroxyl groups. This is verified
by a study by Valtiner et al,10 who treated ZnO(0001) in
electrolyte solutions with or without a subsequent heat treatment
in the presence of water vapor. Both surfaces (with and without
heat treatment) gave a PES spectrum with an additional peak
shifted with 1.7 eV from the bulk O 1s peak. They assigned
the additional peak to hydroxidic oxygen, which was confirmed
by a time-of-flight secondary ion mass spectroscopy (ToF-SIMS)
measurement. The conclusion that the adsorption is dissociative
is also confirmed by earlier PES studies in the literature on water
adsorption on single crystal oxide surfaces23,31-37 (see Table 1),
in which dissociative and molecular adsorption gives an O 1s
component that is shifted with 0.6-2.1 eV respective 2.0-3.2
eV relative to the main O 1s peak. The identity of the adsorbate
has been confirmed with at least one additional experimental
technique in all these studies.

It can be noted that the Gaussian width of the main curve fit
component is larger for the clean surface (∆WG ) 1.00) than
for the water dosed surface (∆WG ) 0.81). The large width of
the main peak from the clean surface could be explained by
the great number of surface defects, for example, step edges
and subsurface defects of ZnO(0001). Small shifts between
different types of O sites and the relatively large width of the
O 1s spectrum in general could explain why different contribu-
tions cannot be resolved but just broaden the spectrum. When
the sample is exposed to water, many of the O sites contributing

to the width of the main peak prior to adsorption will bind to
hydrogen and will then contribute to the hydroxyl peak alone.

STM. STM images of the clean and water exposed ZnO(0001)
surface are shown in Figures 2-3. We begin with discussing
the effects of water adsorption on a small scale level. Starting
with Figure 2, it gives a closer look on the details in the clean
and water exposed (2-5 L) surface.

The clean surface, presented in Figure 2a, is characterized
by triangular islands and pits of various sizes and their
orientation is rotated by 180° when comparing triangles on two
terraces separated by a single step. This is typical for the
ZnO(0001) surface annealed at intermediate temperatures of
600-700 °C and there is no sign of step-bunching occurring at
higher temperatures13 in the presented images. The average
single step height is found to be 2.7 Å corresponding well with
half the c-axis value for the wurtzite unit cell amounting to 5.21
Å.38 Taking a closer look at the surface (see Figure 2a1), small
protrusions about 10-15 Å in size appear. The surface density
of the protrusions is 0.4 nm-2. They seem to be more densely
packed at the borders of larger triangles. However, most of them
show no mutual order, but are randomly distributed on the
surface. Ostendorf et al.13 mention in their AFM study of
ZnO(0001) that “the terraces normally appear to be rough and
covered with blurry protruding features”. Similar protrusions
were also present in the first high-resolution STM images of
the ZnO(0001) surface taken by Dulub et al.12 The authors did
not mention these features, but instead they state that their
surface is covered with a large number of pits, which are
separated by in average 8 Å. The pits appeared round, which
they suggested could be a tip broadening effect. Dulub et al.
mention that the smallest triangular islands observed have an
edge length of 16 Å, which is the smallest island size allowed
in their model and comparable to the size of the small
protrusions shown in Figure 2a1. However, the origin of the
protrusions mentioned here was not properly discussed in either
the study by Dulub et al.12 or by Ostendorf et al.13 Therefore,
we tentatively assign these features with no mutual order to
small triangles, whose shape is too small to be resolved with
the tip used but nevertheless having step edges that are oxygen-
terminated.

After 2 L water exposure, depicted in Figure 2b, the number
of triangular islands and pits has decreased significantly
compared to the clean surface. The triangular islands appear to
have grown in size and merged to larger terraces. After water
adsorption, the step edges are no longer straight but obtain a
cauliflower-like shape (see Figure 2b2). The pits have dimin-
ished and the smallest pits are no longer triangular but have an
irregular shape. The protruding features that cover the terraces
of the clean surface have grown larger and the terraces are
covered with a mix of these large protrusions and small irregular
pits (see Figure 2b1). After 5 L water exposure, shown in Figure
2c, almost all triangular islands have merged and form ir-
regularly shaped terraces. The terraces are characterized by a
large number of small pits (see Figure 2c1) with no apparent
lateral order, but with hints of a triangular shape. The surface
density of such pits is 0.2 nm-2.

Water dissociation on oxides is believed to require strong
bonding between the oxygen in the molecule and a cation site
on the surface, as well as a short distance between this cation
site and an anion site on the substrate, thus enabling hydrogen
bonding to the surface that will weaken the O-H bond in the
molecule.22 The only anions exposed on the ZnO(0001) surface
are the oxygen ions at step edges. It is thus likely that water
adsorption and dissociation takes place next to step edges of

Figure 1. O 1s core level spectra (hν ) 619 eV) acquired at room
temperature of clean and water exposed (5 L) ZnO(0001). The spectra
are decomposed into one or two Voigt components, whose Gaussian
widths (∆WG) are given in the figure.

TABLE 1: Binding Energies (EBin) for O 1s Components
(approximate values) in PES Studies of Water Exposed
Single Crystal Metal Oxide Surfaces

EBin (eV) ∆EBin (eV)

oxide surface O OH H2O O-OH O-H2O T (K) ref

Al2O3(100) 531.5 533.5 2.0 100 31
R-Cr2O3(0001) 531.5 532.4 534.0 0.9 2.5 250 32
R-Cr2O3(0001) 530.8 531.4 0.6 300 33
Fe3O4(111) 530.0 532.1 2.1 180 34
TiO2(110) 530.6 532.2 1.6 300 35
TiO2(110) 530.2 532.9 2.7 100 36
V2O3(111) 530.0 531.3 533.2 1.3 3.2 180-600 31
ZnO(0001j) 531.6 533.7 2.1 100 23
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the triangular islands and pits, which are also what the STM
images in Figure 2 show. As a suggestion, water molecules
could initially adsorb on zinc sites next to step edges involving
bonds to 1-3 zinc cations. Water dissociation could then occur
by leaving hydrogen to the step edge oxygen anions, giving
OH-terminated step edges. When the hydrogen acceptors at the
step edges are occupied, it is unclear how the subsequent
dissociation occurs. One possibility could be that step edge
hydrogen atoms are rather mobile and move to zinc sites on
the terrace leaving place for new hydrogen atoms to adsorb.
Previous He-atom scattering measurements39 have shown that
hydrogen form a (1 × 1) overlayer on ZnO(0001) at low
hydrogen coverages. According to DFT calculations by Kresse
et al.,9 the most favorable site for hydrogen atoms on ZnO(0001)

is atop Zn atoms. However, the same calculations show that
the reactivity of hydrogen atoms is so high that they can reduce
zinc oxide to metallic zinc leaving OH groups on the surface.
This would require oxygen atoms that migrate from subsurface
layers, a process that would lead to a decreased surface and
subsurface order. They also predict that the most favorable site
for OH adsorption is the hollow site, where the oxygen atom
in the hydroxyl group binds to three zinc atoms. Yet, dissociative
adsorption of water at step edges differ significantly from the
adsorption of OH groups at terrace sites. Moreover, the
resolution of the STM images obtained in the present study does
unfortunately not suffice to be able to predict the exact
adsorption site for water.

The surface morphology on an overall scale is visualized in
Figure 3, where overview images are presented that reveal how
the clean ZnO(0001) surface evolves upon adsorption of 2, 5,
and 20 L water. Noticeable is the transition from the triangular
features found on the clean surface to the more disordered
surface found after 20 L H2O deposition. For the lower doses,
2 and 5 L, the triangles are still clearly visible but at 20 L, only
hints of them still remain. At 20 L exposure, there are no longer
any distinct terraces but the whole surface seems rough and
disordered. The surface irregularities appear in a large variety
of shapes and forms. Clearly, the effect of water adsorption has
a large influence on the surface morphology.

Adsorbed hydrogen could as suggested by Kresse et al.9 urge
a mass transport of oxygen from subsurface to surface layers,
which will lead to more disordered terraces. The increased
irregularity found for the 20 L dose could thus be caused by
hydrogen that is left from the dissociation process. Becker et
al. showed by comparing He-atom reflectivity and LEED
measurements that hydrogen adsorption on ZnO(0001) creates
a large number of defects that are concentrated to the top few
layers of the surface. They also observed with PES that both
Zn-H and OH species were present on the ZnO(0001) surface
after exposure to hydrogen. At that time they believed that no
oxygen atoms are exposed in this surface and used this fact to
conclude that H atoms must penetrate the surface to subsurface
layers to form OH groups leading to the breaking of Zn-O
bonds and a consequent disordering of the surface layer. Now,

Figure 2. 50 nm × 50 nm STM images (a-c) of clean and water exposed ZnO(0001). The enlarged insets have the size 10 nm × 10 nm.
Tunneling parameters are (+3.0 V, 0.04 nA) for panel a and (+2.0 V, 0.04 nA) for panels b and c.

Figure 3. 100 nm × 100 nm STM images (+3.0 V,0.04 nA) of clean
and water exposed ZnO(0001). The bottom right image (20 L H2O) is
acquired with the double scan speed (400 nm/s) compared to the other
images (200 nm/s) in this figure, explaining the somewhat lower
resolution.

11160 J. Phys. Chem. C, Vol. 114, No. 25, 2010 Önsten et al.
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it is well-known that the UHV-annealed surface contain
triangular pits and islands that are oxygen terminated12 and
oxygen atoms are thus exposed in contrast to their assumption.
It should be noted, however, that in the study by Becker et al.,
the samples were not only cleaned by sputtering and annealing
in UHV as in many other studies of ZnO(0001)12-14 but they
were also annealed in oxygen. It is not impossible that this
results in a different (0001) surface and/or subsurface structure
due to a larger oxygen content in the crystal. In addition, Becker
et al. also made ion scattering spectroscopy (ISS) measurements
at an angle of incidence of 40°, which showed a significant
increase of the relative intensity of O atoms compared to Zn
atoms upon hydrogen adsorption. It thus appears as if the
conclusion by Becker et al. that hydrogen restructures the surface
and subsurface layers might still hold. Nevertheless, it is unclear
whether the increased irregularity at 20 L water exposure in
the present study is caused by O atoms moving to the surface
as suggested by Kresse et al.9 or by H atoms moving to
subsurface layers as suggested by Becker et al.39 Having in mind
the increased amount of O observed by the latter group,
hydrogen adsorption could also urge a transport of Zn intersti-
tials from surface to subsurface regions. Moreover, it is quite
probable that more than one of these processes is at play. To
better understand the effect water and hydrogen has on ZnO
surfaces and their reactivity, it is important to investigate the
interaction between these species and different surface and
subsurface defects. Experimentally, this can be done by studying
adsorption on samples prepared with various sample preparation
techniques.

Conclusions

Scanning tunneling microscopy and photoemission spectros-
copy have been used to study the interaction between water
and ZnO(0001). Water is shown to adsorb dissociatively leaving
hydroxyl groups on the surface. The adsorption appears to occur
along step edges of the triangular pits and islands that are
characteristic of the clean surface. Step edges become irregular
upon exposure to water and as the water dose is increased,
terraces grow in size while pit sizes diminish. At higher coverage
(20 Langmuir) the surface disorder has increased considerably
and guided by earlier studies, we suggest that hydrogen created
in the dissociation process is responsible for this. Water thus
induces a complete restructuring of the surface. This is a
significant finding for the understanding of the structure of
ZnO(0001) at ambient conditions, being relevant in fields as
catalysis and corrosion.
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ABSTRACT: High-resolution photoemission spectroscopy and
scanning tunneling microscopy (STM) have been used to
investigate defects on Cu2O(111) and their interaction with water
and sulfur dioxide (SO2). Two types of point defects, i.e., oxygen
and copper vacancies, are identified. Copper vacancies are believed
to be the most important defects in both water and SO2 surface
chemistry. Multiply coordinatively unsaturated oxygen anions
(OMCUS) such as oxygen anions adjacent to copper vacancies are
believed to be adsorption sites for both water and SO2 reaction
products. Water adsorption at 150 K results in both molecular and
dissociated water. Molecular water leaves the surface at 180 K. At
300 K and even more at 150 K, SO2 interacts with oxygen sites at the surface forming SO3 species. However, thermal treatment
up to 280 K of Cu2O(111)/SO2 prepared at 150 K renders only SO4 on the surface.

■ INTRODUCTION

Cuprous oxide (Cu2O) is a p-type semiconductor with a band
gap of ∼2.2 eV1,2 and has potential future applications in solar
energy conversion,3−5 photocatalytic splitting of water for
hydrogen generation,6−9 and electrode material in lithium ion
batteries.10 Cu2O and Cu+ ions have important roles in the
functioning of Cu-based catalysts,11,12 which are used in, e.g.,
the water−gas shift reaction for production of hydrogen13,14

and for methanol synthesis.12 Moreover, Cu2O is one of the
most abundant initial corrosion products of copper.15 Studying
the surface chemical properties of Cu2O is thus important to
understand chemical processes taking place at copper surfaces.
The O-terminated Cu2O(111) surface has been found to be

one of the most energetically stable Cu2O surfaces.16−18 The
(111) surface is also an imperfect cleavage plane of Cu2O,
implying that cleaving leaves a surface dominated by the (111)
surface.19 Schulz and Cox20 studied (111) surfaces with both
(1 × 1) and (√3 × √3)R30° periodicity using X-ray and
ultraviolet photoelectron spectroscopies and low-energy
electron diffract ion (LEED). They ass igned the
(√3 × √3)R30° reconstruction to the removal of one-third
of the surface oxygen anions. In a later study, Önsten et al.
confirmed the conclusion that the reconstruction is based on
oxygen vacancies.21

The atomic structure of Cu2O(111) has been the focus of a
few theoretical studies.11,16−18,22−24 Bulk terminated Cu2O-
(111) contains four different species, namely, coordinatively
saturated copper and oxygen ions (CuCSA and OCSA) and
coordinatively unsaturated ions (CuCUS and OCUS). Soon et al.
have theoretically predicted that the most stable configuration
of this surface in a wide range of oxygen chemical potentials is
Cu2O(111)-CuCUS.

16,17 This configuration contains a surface
(coordinatively unsaturated) Cu vacancy. Önsten et al.
investigated this surface by means of scanning tunneling

microscopy (STM) and LEED but could not confirm the
existence of CuCUS vacancies in the surface structure.21 The
STM images were later reinterpreted in a simulation by Li et
al.23

The surface chemical properties of Cu2O(111) have been
investigated in theoretical studies with various molecules such
as H2O,25,26 H2S,

26 NO,27−29 CO,16,27,30,31 N2O,32 and
benzatriazole.33 However, many of these studies are based on
bulk-terminated models of this surface and not the most stable
Cu2O(111)-CuCUS configuration proposed by Soon et al.11,17

Unambiguous determination of the correct surface structure is
especially important since CuCUS has been reported as the most
reactive surface site for several molecules.28,32−34 It is thus
important to investigate the general surface configuration as
well as surface defects for a better understanding of the
chemical properties of this surface.
Here we present STM and high-resolution photoemission

spectroscopy (PES) studies of Cu2O(111) and its interaction
with water and sulfur dioxide. We discuss different types of
defects and suggest defect sites where surface reactions take
place.

■ EXPERIMENTAL DETAILS
The photoemission measurements were performed at beamline
I511 at MAX-lab in Lund, Sweden. The beamline is undulator
based giving photon energies in the range of 100−1200 eV, and
the energy was selected by a modified SX-700 monochromator.
The end station analysis chamber was equipped with a rotatable
Scienta R-4000 electron analyzer. In connection to this
chamber, there was a preparation chamber, which housed a
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LEED apparatus, a sputter gun, annealing equipment, leak
valves, and a quadrupole mass spectrometer. The samples were
heated by running a current through a thin Ta foil attached to
the back of the sample. The cooling was administered by a
continuous flow of liquid nitrogen in the tubes of the
manipulator. The temperature was measured with a type K
thermocouple that was attached to a Ta foil in close contact
with the sample. The base pressure in the analysis chamber was
2 × 10−10 mbar. The incoming photon beam was directed at an
angle of approximately 80° from the sample surface normal. A
more detailed description of the experimental setup can be
found elsewhere.35 All spectra except one in Figure 1 were

collected in normal emission. The experimental energy
resolutions were ∼140 meV for O 1s spectra (hν = 670 eV)
and ∼50 meV for S 2p spectra (hν = 260 eV). All spectra were
normalized to the background on the lower energy side of the
photoelectron line. The binding energy was referenced to the
Fermi level, which was measured at a tantalum foil in electrical
contact with the sample. After a Shirley-type background
subtraction, some of the spectra were numerically fitted with
Voigt (Gaussian−Lorentzian) functions.
Recording of several succeeding short spectra from the same

spot of the sample showed that the SO3 species formed at RT
were almost unaffected by the photon exposure used to collect
our spectra. Only a small amount of beam-induced desorption
was observed (4% per collected S 2p spectrum). To minimize
any photon-induced reaction, spectra were acquired by adding
several subsequent measurements from the same surface but
from different spots.
The STM experiments were performed in an ultrahigh

vacuum system, which consists of an STM chamber that houses
an Omicron VT-STM and a preparation chamber that is
equipped with a LEED apparatus, a sputter gun, and annealing
equipment. The sample was mounted on a tantalum plate,
which was heated through electron bombardment. The STM
measurements were performed in constant current mode at
room temperature. Both mechanically cut Pt−Ir tips and
electrochemically etched W-tips were used as STM probes. The
base pressure in the STM chamber was 1 × 10−10 mbar.

The Cu2O(111) crystal was purchased from Surface
Preparation Laboratory (The Netherlands) and is a natural
crystal. No impurities were detected except for potassium (K)
that was discovered to be inhomogenously distributed over the
sample surface. When collecting photoemission spectra, only
the parts of the sample surface where no K was detected were
probed. The Cu2O(111) samples were cleaned through
sputtering, annealing in O2 (2 × 10−6 mbar) at 870−970 K,
and annealing in UHV at 820−970 K until no carbon was
detected and a (1 × 1) or a (√3 × √3)R30° LEED pattern
was obtained. The SO2 gas was purchased from Sigma-Aldrich
(99.9% purity). Both water (Millipore purity) cleaned by
pump−freeze cycles and SO2 were dosed through leak valves,
and the purity of the gases was confirmed by mass
spectrometry.

■ RESULTS AND DISCUSSION
Cu2O(111) Surface Defects. Experimental studies have

shown evidence of two types of Cu2O(111) surface
terminations obtained after different sample preparations.21

Oxygen vacancies can form a (√3 × √3)R30° reconstruction
but are also present to a varying extent on (1 × 1)-terminated
surfaces, as shown by STM (see Supporting Information).
In Figure 1, O 1s spectra from (1 × 1) and (√3 × √3)R30°

terminated Cu2O(111) are shown. The dominating peak,
located at 530.0−530.1 eV is assigned to oxygen in the oxide
(bulk and surface oxygen). The peak at 528.9−529.0 eV is
shifted 1.1−1.2 eV from the main peak. Harmer et al.19

observed a similar low energy peak in the O 1s spectrum from
fractured crystalline Cu2O and assigned it to undercoordinated
oxygen. In mineral cuprite, the (111) surface is expected to be
an imperfect cleavage plane, meaning that cleaving leaves a
surface dominated by the (111) surface.
To investigate whether the low binding energy (BE) O 1s

component can be related to the surface, the O 1s line has been
measured using two different photon energies (670 and 900
eV) and two different emission angles (90° and 20°) as shown
in Figure 1. The photoelectron mean free paths are
approximately 6.5 and 10.0 Å when using photon energies
670 and 900 eV, respectively. These values are obtained from
the so-called universal curve (mean free path versus electron
energy).36 The more surface sensitive photon energy 670 eV
gives a relatively larger low BE O 1s component compared to
the photon energy 900 eV. Furthermore, the more surface-
sensitive lower emission angle gives a more pronounced low BE
O 1s component. The O 1s spectra in Figure 1 thus show that
the low BE O 1s peak is dominated by surface oxygen anions.
We will see in the subsection “SO2 Adsorption” that the low BE
O 1s component completely disappears upon adsorption of 10
L of SO2 at 150 K. This shows that the latter peak could indeed
be considered as a pure surface component.
The relatively low intensity of the low BE peak (at most 19%

of the total O 1s peak area as seen in Table 1 in the Supporting
Information) indicates that it should not represent all surface
oxygen anions. At a fully (√3 × √3)R30° reconstructed
surface, which is the most oxygen-deficient surface, one-third of
the surface oxygen anions are missing. The minimum
“coverage” of surface oxygen anions should then be two-thirds
of a monolayer, which is too much to represent the small low
BE O 1s peak. The coverage of oxygen anions representing the
low BE peak is estimated to around 0.2 monolayers (see
Supporting Information). Moreover, STM images in the
Supporting Information reveal that protrusions are replaced

Figure 1. O 1s core level spectra from clean Cu2O(111) surfaces. The
spectra have been recorded using different photon energies (hν) and
emission angles as marked out in the figure.
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by depressions at some places on the (1 × 1)-terminated
surface. The depressions are interpreted as one or several
copper vacancies since the protrusions are assigned to copper
cations.21,23 These pits cover ∼5% of the (1 × 1)-terminated
Cu2O(111) surface area and could be related to the low BE
peak. The low BE peak would thus represent surface oxygen
anions adjacent to copper vacancies. Surface oxygen anions
adjacent to copper vacancies have more than one broken bond.
Therefore, these oxygen sites are hereafter referred to as
OMCUS, where the index MCUS refers to “multiply
coordinatively unsaturated”. OMCUS anions could be found
not only adjacent to copper vacancies but also next to steps or
kinks at the surface.
H2O Adsorption. Water adsorption on Cu2O(111) has

been studied by means of photoemission spectroscopy. The
sample was cleaned with annealing in oxygen, giving a (1 × 1)
LEED pattern with weak √3 spots prior to adsorption. No
water was observed to adsorb at room temperature. O 1s
spectra obtained at 150 K from clean and 1 L of water exposed
Cu2O(111) are shown in Figure 2a and b, respectively. The

spectrum in Figure 2c shows how the O 1s spectrum evolves
upon heating the water layer to 180 K. Binding energies, peak
areas, and OH/H2O coverages for the spectra are shown in
Table 1. The peak area is given in percentage of the total O 1s
peak area. The coverage estimations are based on calculations
using the electron mean free path at the specific photoelectron
energy used and the relative area of an O 1s component
compared to the total O 1s peak area.

When the Cu2O(111) surface is exposed to 1 L of water, two
new O 1s peaks appear at 531.2 and 532.6 eV. The two peaks
are shifted from the main oxygen peak by 1.1 and 2.5 eV,
respectively, to higher binding energy. These shifts are typical
for hydroxyl groups (1.1 eV) and molecular water (2.5 eV) on
single crystal oxide surfaces.37−44 Already at 180 K, the
molecular water has left the surface, which indicates that all
molecular water adsorbed to the surface at 150 K is
physisorbed. The OMCUS component shifts by 0.3 eV to higher
binding energy upon adsorption of 1 L of water at 150 K.
However, when the physisorbed water layer is desorbed, the
OMCUS-related O 1s peak shifts back to its value on the clean
surface. This indicates that the relatively small shift is due to
weak interaction between the undercoordinated surface oxygen
anions and physisorbed water. Possibly, this interaction is
hydrogen bonding between water molecules and oxygen sites.
Moreover, water adsorption leads to a decrease of the intensity
of the OMCUS peak. Atomic hydrogen created by water
dissociation likely adsorbs on undercoordinated oxygen sites.
However, a significant part of the OMCUS peak is still left after
adsorption of 1 L of water, which indicates that there are at
least two types of oxygen anions contributing to the OMCUS
component. Water dissociation on oxide surfaces normally
occurs when there is a strong bond between the oxygen in the
water molecule and a cation site on the surface.45 In addition,
there is usually a bond between the hydrogen in the molecule
and a nearby situated anionic site at the surface.45 This will
result in a weaker O−H bond, which enables bond breaking.45

Water dissociation on Cu2O(111) probably occurs when
oxygen in the water molecule binds to a surface copper cation
and hydrogen in the molecule binds to a nearby located OMCUS
anion. This should give around 2 OH groups per OMCUS anion.
As seen in Table 1, an OH coverage of 0.25 ML is accompanied
by a decrease of the OMCUS surface sites with 0.08 ML (0.12−
0.04 ML). It thus appears as if around ∼3 OH groups are
formed per OMCUS site. This indicates that one-third of water
dissociation on Cu2O(111) appears at oxygen sites other than
OMCUS sites.

SO2 Adsorption. SO2 adsorption was performed both at
room temperature and at 150 K. In Figure 3, O 1s spectra from
clean and SO2-exposed Cu2O(111) are shown. Binding
energies, Gaussian widths, and relative areas of the O 1s
spectral components and coverages are given in Table 2. The
Lorentz width has been fixed to 0.4 eV for all O 1s components.
Peak area is given in percentage of the total O 1s peak area. The
coverage estimations are based on calculations using the
electron mean free path at the specific photoelectron energy
used and the relative area of an O 1s component compared to
the total O 1s peak area. The SOx related peak is assumed to
originate from SO2 binding to one oxygen anion forming SO3.
The sample was cleaned with annealing in oxygen, giving a
(1 × 1) LEED pattern with weak √3 spots prior to adsorption.

Figure 2. O 1s core level spectra (hν = 670 eV) from clean (a) and
H2O exposed (b,c) Cu2O(111). Water adsorption was performed at
150 K (b), and the water layer was then heated to 180 K (c).

Table 1. O 1s Spectral Components for Clean and Water-Exposed Cu2O(111)

H2O main O 1s O 1s (OMCUS) O 1s (OH) O 1s (H2O)

T dosea EBin
b EBin area cov.c EBin area cov.c EBin area cov.c

(K) (L) (eV) (eV) (%) (ML)d (eV) (%) (ML)d (eV) (%) (ML)d

150 - 530.1 529.0 13 0.12 - - - - - -
150 1 530.1 529.3 4 0.03 531.2 11 0.10 532.6 52 0.85
180 1 530.1 529.0 5 0.04 531.3 24 0.25 - - -

aWater exposure is performed at 150 K. bBulk O 1s lines have been aligned with Figure 2b. cCoverage. dMonolayer.
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At room temperature, SO2 saturation was observed to appear at
a dose of about 1 L, meaning that no difference in the spectra
was observed at higher SO2 doses. SO2 adsorption gives an
additional O 1s component shifted with 0.8 eV to larger
binding energy. This component can be assigned to SOx
species, and it has a large Gaussian width (0.95 eV) compared
to the main peak (0.4 eV). Adsorption at room temperature
leads to a significant decrease of the OMCUS peak area to less
than half of its initial value indicating that SO2 adsorbs at and
binds to OMCUS sites. In fact, the relative integrated intensity of
the SOx related peak (18%) is almost twice as large as the
decrease of the relative integrated intensity of the OMCUS peak
upon SO2 adsorption at room temperature (19−8 = 11%), as
can be seen in Table 2. This suggests that every SO2 molecule,
which contains two oxygen atoms, adsorbs on an OMCUS site.
When the OMCUS atom in the surface binds to a SO2 molecule
forming SO3, the BE of this oxygen atom is shifted to a BE
close to that of the O 1s main peak. The discussion above gives
evidence that SO2 binds to one surface oxygen anion in the
surface forming SO3. This conclusion is confirmed by the fact
that the binding energies of the S 2p photoelectron lines in
Figure 6 clearly indicate that SO3 species are formed.

It can be noted that a small OMCUS O 1s component still
remains after room-temperature SO2 adsorption. This suggests
that the OMCUS peak consists of at least two components, one
that disappears upon adsorption and one that remains. Since
the peak does not change position when it decreases in size, the
two components must be very closely situated in binding
energy. Another possibility is that there is only one OMCUS site
and that repulsive adsorbate−adsorbate interactions prevent
SO3 formation on all OMCUS adsorption sites at 300 K. The
present authors find the interpretation with two types of OMCUS
sites somewhat more credible since the OMCUS peak area
decreases to half of its initial value upon both OH group
saturation at 180 K and SO3 saturation at 300 K. This favors the
interpretation with two types of OMCUS sites since OH−OH
and SO3−SO3 interactions should be different due to the
different properties of OH and SO3 surface species.
Interestingly, the OMCUS peak is no longer distinguishable

after exposure of 10 L of SO2 at 150 K (see Figure 3b). The size
of the SOx related O 1s peak is larger, but its binding energy
shift from the main peak of 0.9 eV is approximately the same
compared to the SOx peak that evolves upon room-temperature
adsorption. Moreover, exposure of 20 L of SO2 gives the same
O 1s spectrum as upon exposure of 10 L of SO2. This implies
that no SO2 multilayer is formed at this temperature. According
to our estimations, 0.4 monolayer (ML) SO3 is formed at 150
K. By comparing the SO3 coverage to the coverage of OMCUS
anions at 150 K (0.16 ML), it becomes clear that SO2 adsorbs
on both types of OMCUS sites as well as other oxygen sites at
150 K.
Valence band spectra from clean Cu2O(111)-(1 × 1) and

from this surface exposed to 10 L of SO2 at 150 K are shown in
Figure 4. The spectra are normalized to the Cu 3d peak height.
The features in the region 1−4 eV are primarily Cu 3d derived,
while the features in the region 6−7.5 eV have a more
pronounced O 2p character. A detailed discussion of the
spectrum obtained from the clean Cu2O(111) surface can be
found elsewhere.17,46,47 Adsorbate (SOx) induced contributions
appear at 5−7.5 eV and 8.5−10.5 eV. These contributions can
be ascribed to emission from adsorbed SOx since the spectrum
from gas-phase SO2 contains three peaks at 6, 7, and 10 eV,
respectively.48 Moreover, the valence band spectra from
compounds such as LiSO3 also contain features in the
mentioned regions.49 Another effect of SO2 adsorption on
the valence band is a reduced intensity in the regions 0−1.5 eV
and 4.0−4.5 eV (see arrows in Figure 4). Soon et al.17 identified
states for oxygen atoms with unsaturated bonds around a
copper vacancy in the bulk Cu2O structure by first-principles
calculations based on density functional theory. These
electronic states had the largest contribution to the valence
band states around 0−1.5 eV and around 4−5 eV.
Consequently, the reduced intensity in these two regions

Figure 3. O 1s core level spectra (hν = 670 eV) from clean (a and c)
and SO2 exposed (b and d) Cu2O(111) at 150 K (a,b) and 300 K
(c,d).

Table 2. O 1s Spectral Components for Clean and SO2 Exposed Cu2O(111)

SO2 main O 1s O 1s (OMCUS) O 1s (SOx)

T dose EBin ΔEG EBin ΔEG area cov.a EBin ΔEG area cov.a

(K) (L) (eV) (eV) (eV) (eV) (%) (ML)b (eV) (eV) (%) (ML)b

150 - 530.1 0.35 529.0 0.47 17 0.16 - - - -
150 10 530.1 0.31 - - - - 531.0 0.89 50 0.4
300 - 530.0 0.45 528.9 0.55 19 0.18 - - - -
300 1 530.0 0.39 528.9 0.45 8 0.07 530.8 0.95 18 0.09

aCoverage. bMonolayer.
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upon SO2 adsorption could give further evidence that SO2
adsorbs on oxygen anions adjacent to copper vacancies. This is
based on the assumption that electronic states for surface
oxygen atoms with unsaturated bonds around a copper vacancy
are located in about the same valence band regions as the
corresponding bulk states.
Additional evidence for the suggestion that SO2 molecules

adsorb on OMCUS sites is given by the STM images in Figure 5.

Figure 5a was recorded from the clean surface, and Figure 5b
was recorded from the same spot of the surface after exposure
to 30 L of SO2 at room temperature. Significant changes can be
observed at sites of one or more copper vacancies after SO2
adsorption. The protrusion PA grows larger upon adsorption.
Moreover, adsorption gives rise to two new protrusions PB and
PC, marked out in Figure 5b. The distance between PB and PC
is around 6 Å. When assuming a lattice constant of 4.2696 Å for
Cu2O,

50 the nearest-neighbor distance between copper ions in
the same plane is 3.02 Å, and the distance between two nearest
oxygen ions in the (111) surface plane is 6.04 Å. Hence, the
distance between PA and PB in the STM image is close to the
distance between two nearest oxygen anions in the (111) plane.
It is thus likely that PA and PB represent two adsorbed SO2
molecules (or SO3 groups), which bind to two different oxygen
anions, and that each of these oxygen anions is connected to at
least one copper vacancy.
In Figure 6a−g, S 2p spectra from SO2-exposed Cu2O(111)

are shown. Figure 6a is obtained from a surface exposed to 1 L
of SO2 and mostly consists of one S 2p component located at
166.3 eV. This binding energy is typical for SO3 species on
oxide surfaces51−55 and for sulfite compounds (e.g., NaSO3).

56

A small component at 168.0 eV, assigned to SO4, has also
improved the curve fitting slightly. As already mentioned, a
dose of 1 L of SO2 saturates the surface at room temperature
and at the SO2 pressure (4 × 10−9 mbar) used in this study.
The S 2p spectrum in Figure 6b is acquired from a surface
exposed to 10 L of SO2 at 150 K and 8 × 10−8 mbar and is also

a SO2-saturated surface. The area of this peak is about four
times larger but only shifted with 0.2 eV to higher binding
energy compared to the spectrum obtained at room temper-
ature. The factor four between SO2 coverages at 150 K and at
room temperature is in agreement with the coverage
estimations in Table 2, which are based on O 1s spectra.
Thus, SO2 appears to form SO3 species through interaction
with oxygen sites in the Cu2O(111) surface. At room
temperature, SO2 adsorbs on approximately half of the
OMCUS sites forming 0.1 monolayer (ML) of SO3. At 150 K,
SO2 adsorbs on both types of OMCUS sites (giving about 0.2
ML) and on the same amount of other oxygen sites (0.2 ML)

Figure 4. Valence band spectra (hν = 143 eV) of clean Cu2O(111) (black line) and this surface exposed to 10 L of SO2 (gray line). Both spectra are
recorded at 150 K.

Figure 5. 59 Å × 59 Å STM image (1.0 V, 0.05 nA) of (a) clean and
(b) SO2 exposed (30 L of SO2) Cu2O(111).

Figure 6. S 2p core level spectra (hν = 260 eV) from SO2-exposed
Cu2O(111). (a) Both adsorption and measurement are performed at
300 K. (b) Obtained from a surface at 150 K exposed to 10 L of SO2.
(c−e) Spectra obtained after heating this surface (the heating
temperature is given for every spectrum in the figure).

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp3112217 | J. Phys. Chem. C 2013, 117, 19357−1936419361



giving in total 0.4 ML of SO3. The additional SO3 species (0.3
ML) formed at 150 K are more loosely bound to the surface
than the SO3 species formed at room temperature.
When heating the SO2-exposed surface at 150 K to higher

temperatures, the SO3-related S 2p line starts to shrink at 210
K, and at 250 K its intensity is just somewhat larger than the S
2p line in Figure 6a obtained after room-temperature exposure
of SO2. At the same time as the intensity of this peak decreases,
a new peak appears at 168.3 eV, and its intensity increases
slowly but continuously. The binding energy of this component
and its shift from the SO3-related component are typical for
SO4 species on oxide surfaces51,52,54,55,57 and for sulfate
compounds (e.g., NaSO4).

56 At 280 K, all SO3 species either
have desorbed or are forming bonds with oxygen sites in the
surface giving SO4 species. The coverage of SO4 species (2% of
a monolayer) is significantly lower than the coverage of SO3
upon SO2 adsorption at room temperature. However, the latter
SO4 coverage is clearly larger than the SO4 coverage upon SO2
adsorption at room temperature. The low coverage shows that
SO4 formation should appear at defects such as OMCUS.
SO4 could form on Cu2O(111) either through SO2 bonding

to two O sites in the surface or through SO2 disproportionation
and oxygen vacancy formation ( SO2,gas + 2Ooxide → 2SO3,ads →
SO2,gas + SO4,ads + Ovac). In both cases, the reaction requires
two closely located surface oxygen sites. Since the S−O bond
distance in the free SO2 molecule is around 1.43 Å and the
nearest-neighbor distance between two oxygen anions in the
Cu2O(111) surface plane is 6.04 Å, the two oxygen sites
involved in SO4 formation should not be situated in the same
surface plane. Instead, the two oxygen sites involved in the
formation of the SO4 molecule should be one oxygen anion in
the outer surface layer and one of the neighboring oxygen
anions in the second oxygen layer from the surface. In the bulk
oxide structure, the distance between the latter two types of
oxygen anions is around 3.7 Å. Furthermore, formation of a
SO4 molecule most probably involves oxygen sites next to a
copper vacancy. It should be noted that every Cu cation is
connected to two oxygen anions, where one is in the topmost
surface layer and the other in the second oxygen layer.
Therefore, the removal of a copper ion in the topmost Cu layer
gives one OMCUS ion in the topmost layer and one O anion with
one broken bond (OCUS) in the second layer. It is very likely
that the latter oxygen sites are the ones involved in SO4
formation.
Then remains the question why SO3 is formed at room

temperature while SO4 is formed when adsorbing at 150 K and
heating to 280 K (approximately room temperature). One
possible explanation for this could be that SO2 adsorption on
OCUS sites in the second oxygen layer might be possible only at
temperatures lower than room temperature when adsorption is
performed at low SO2 pressures (p = 10−8−10−7 mbar) in UHV
conditions. Adsorption at lower temperature will thus enable
SO2 interaction with two oxygen sites, or in the case of SO2
disproportionation, it will enable interaction between two
SO3,ads. SO4 may form at room temperature at higher SO2
pressures due to different kinetics. However, more experimental
as well as theoretical studies are needed to find the exact
reaction pathway and kinetics for the SO3 to SO4 conversion on
Cu2O(111).
We hope that the work presented here will stimulate studies,

theoretical as well as experimental, which further investigate
Cu2O surfaces and their chemical properties.

■ CONCLUSIONS
The Cu2O(111) surface has been investigated with high-
resolution photoemission and scanning tunneling microscopy
(STM). Although oxygen vacancies are the most prominent
defects in STM images, copper vacancies are shown to be more
important in both H2O and SO2 surface chemistry. The O 1s
spectrum of the clean surface contains, in addition to the main
O 1s component, a component shifted from the main peak with
1.1−1.2 eV to lower energy. We tentatively assign this
component to surface oxygen anions with more than one
broken bond, i.e., surface oxygen anions at a copper vacancy, a
step, or a kink. This component appears as being a sum of at
least two components representing two types of multiply
undercoordinated oxygen anions (OMCUS). OMCUS anions are
shown to be adsorption sites for both hydrogen from
dissociated water and for SO2 forming SO3. Copper vacancies
are thus important in the stabilization of both OH and SO3
species on the Cu2O(111) surface. No water adsorbs at room
temperature, but adsorption of 1 Langmuir water (1 L = 10−6

Torr s) at 150 K gives a fraction of a monolayer dissociated
water and a layer of molecular water. At 180 K, molecular water
desorbs, and only hydroxyl groups remain. At room temper-
ature, SO2 interacts with one of the two types of OMCUS sites.
At 150 K, SO3 species are formed to a much larger extent than
at RT, and both types of OMCUS sites and other oxygen sites are
involved. These SO3 species start to desorb at 210 K, and SO4
species start to appear. When heating up to 280 K, a continuous
desorption of SO3 species appears simultaneously with a slow
increase of the amount of SO4 species until only SO4 species
remain on the surface. We suggest that SO4 forms through SO2
interaction with two oxygen sites connected to the same copper
vacancy (an OMCUS in the topmost oxygen layer and a singly
coordinatively unsaturated oxygen anion (OCUS) in the second
oxygen layer). SO2 interaction with OCUS sites in the second
topmost oxygen layer might be enabled by low temperature and
possibly by higher SO2 pressure.
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���9����� �	 �"� �������� ���������������� ���	���
��� ��3�� �"�� 	�� 
�.����� ��� ��=� ���������.
���� ���������� 	�� ���	��� ������4 ������������ :'<�
L� �"� �.���	���� ��������� �	 �� :**< ��� �

:*)< ������ �� 3���� L� �� �������� �"�� 
� �����".
���� �	 �"� ���	��� �� 3��=�� �� �"� �.�"��� �"�� ��
�"� ��.�"��� :*)<� %�� �"�� �"� ��������� �� �����4��
:;<� #��4�� ������� �	 ��������� ��� ������ ���
���4����� �� �"� ���	��� ��� �������� ��� �"��=��
������ ��� 	����� :;�*)<�
-"� ����� �	 ��������� "�� ���� %��� ���	�����

�� ��"�� �������������� ���" �� 
�����@� :*)�**�
*;�*C<�
D��� �������� �� ���4��� ��������� 
� 	����

� ����������� ����������4� �����"��� ����� �����
:*?�*A<� -"� #66� ������� ���������� �� ���������
�	 �"� ����� �	 *))) # 	�� �"� �����.���=�� 0* * *1
	��� ��� �� ��� ����� �	 ��4������ ������� ����.
����� 	�� 0* * )1 ��� 0) ) *1 	���� :*?�*(�*B<� -"�
������ ����������� ������� %��=.��=� ����� /����
%������ �	 �"��� ���� ���� 4�������� 3"�����
�"� 0* * *1 	��� 4��� �"���4" � �3�.���� ���������
0�"����������� �	 ���4�� 	����3�� %� ����� 	��.
������1 :*?�')�'*<� L� � "�4".���������� ����"��.
����.��������� ����� /�� ��5����� ���=� ������ ��
�"� 
� '� 2.��� �"����������� ������������ 02$1
���� �	 �"� 
�0* * *1 ���	��� ������� �� ���4�� :*?<�
-"� ��%������ ���� ������ �"�	� ��� �� �"� �"��4�
�����	�� %��3��� ���4�� ����� ��� �"� ��%������
:''<� -3� ���=� �� �"� ������� %��� �	 
�0* * *1
������ �� A�* ��� B�( �7 %���3 �"� @���� ��4��
������� �� �"� � '� ��%����� ������������� 0�1 ���
�������� 0�1 �� �"� ���	���� ������������ :*B<� -"�
�����	�������� �	 �"� ������ ���= ���� � ������.
��� �	 ������ ��4������� �"� 	�������� �	 �"� �����
:';<� -"� ��������� �	 
�0* * *1 �� � ��������.
��������� ������� :'>< ��� ��5������� ����� %�.
�3��� ��������� �� ���� ���4�� �� 3���� :')�'C<�
-"� ��� �	 �"�� 3��= �� �� ������	� �"� ��5��.

����� %��3��� �"� ��������� �	 ����������������
��� ����������� ���	���� �	 �.
������ �� ����
���4�� ��� �� �"���������� �"� �"��4�� ���� ��.
������� �� ���4�� ����4 ��5����� ���"�������
����� 2$� 2.��� �"����������� ��5������� 02�1�
����������� �"����������� ������������ 0D$1 ���
#66�� -"� 
������ ��.���	��� �� 
�.���"
:'?�'A< ���� �� ����� �� ������� �"� ������������
3��" �"� ��������� �	 
�� �� 
�0* * *1 �������

3�� ���� �� �"� ��������� ����������� 	�� ���.
��������

�	 ������������

-"� �.
������ ������������ ��4�� "�� %���
4��3� ����4 �"� �!��"����=� ���"�� �� �6���
��&$� 7����.���.$����� @������ L� "�� %��� ���.
��"�� 3��" ������� ����� ��� �������� 3��" ���
/��.	��� ���� ������ 0�;�1 �� �"� ���	���� L�� ����.
�"������� 3�� ���������� �� %� 
�A)�;�'*�>��(�;�
-"� �"��� �	 �"� ������ �� � "��	 ���=� ' �� �"��=
��� ���� �"�� *) �� �� ��������� -"� ��.���	���
�� � %��=.���������� �����"����� ���	��� ��������
%� ���������4 ��� ��������4 :?<� -"� �.���	��� ���
%� ����������� �� /�� ������� �	 � ��%�� %�� 
���
����������� ����� �������� ��������������� �� ���
:* * ;< ��������� :C< ��� �� �������� �� �"� �.
����
�� %� 
�� ���������4 3��"��� ��������4 :?<�
�������������.	��� ���	���� 3��� �%������ %�

���������� ������ �	 
�� ���������4 �� )�C�*�C =7
��� ��������4 �����4 ������������� *C ���� -"�
��������4 ����������� 3�� ���������� 3��" � ��.
�������� @�� �"� ��.
������ ���	��� �"� ��.
������4 ����������� 3�� ?')�� ��� 	�� 
�0* * *1
C)) ��� @�� �.
������ �"� ���	��� 3�� ���
�������� :?<� -"� ����������� �	 �"� ���	��� 3��
�"��=�� 3��" D$ :''< ��� �������4 ������ 3���
�������� ����� �� 	������� �� �"� �������� �	 � '�
������� ������ 3��� �%������� #66� 3�� ���� ��
�"��= �"� ���	��� �������4 	�� �"� ��.���	��� ���

�0* * *1� ������������ 3��� ���������� 3��"
�����.������� ��������� 2$ ����.����� ���= ������
-"� 2� �������� ������ 	�� ����.���	��� 4��.
�������� ��������� ��������� * ���������� "��� %���
���	����� �� *� *)�( �%�� 	�� ��������� �������
�"�� *) #+ C� *)�( �%�� 	�� ������ ���������
��� A� *)�( �%�� 	�� ��������� ���4�� �"�� *)) #�

* -"� ������� �"����������� 3��� 	��� � �"���� ����.�����

�������� �� �"� ����������4 ����� ��� �����	���� 3��" �"� ��������

������� 3��� �� 4��� �� �����	������ ������� �� � 	������� �	

�������� ��4��� -"�� �����4�� ����������� ��4���� ������%�����

�	 �"������������ �"�� 4���� �"� �����%����� �� �%���� � %����

������� �	 �"� ������ ����.����� ����������� �	 �"� �������� ���

�� �"� MM	��3��� 	������4NN �"��������� 0@�� � �������� �����3

�� 2�� ��� ��4�� &�	� :'(<�1
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���4�� 3�� �������� %� %��=./����4 �"� �������.
���� �"��%�� �"���4" � ���= ������ -"� ��������
������ �� ����� �	 #��4����� ��� ��� ����%����� ��
�"� ����������� �	 �"� �������� 4��4��
-"� ������������ ���.�� ���������� �� ��������

������� �	 �"� 7����� O��������� 6$�
#
� �=
LL ������������� ��������4 3��" � %��� ��������
�� �"� ��3 *)�*) �%�� ��4���� 2$� 2� ���
D$ "��� %��� ���	����� �� �"� �������� �"��%���
�������� 3��" � �3��.����� 2.���� ������� �� ��.
��������� 0D71 ���� 3��" �����"������� :'B< ���
� "�����"������ ��������.����4� �������� 3��" �
�"���.�"��������� ��������� ������� 
 ���������
����������� ����3� ������ �������� 3��" �3� ��.
4���� �	 	������� 
�� �"� ������������ 3��� ���.
���� ��� �� ���� ������������ 2$ ��� 2� 0���
�"�3�1 3��� ���	����� 3��" �4  � 0�� � *'C;�?
�71 ���������� -"� ������� "��� %��� ��������
3��" � ���� ����4� �	 C) �7 ������������4 �� ��
����4� ���������� 0�4  � ������ ��� ��������1 �	
������������� * �7� ������ �������� �� >C� �5.
������ �������� 3�� ���� 	�� �"� 2.��� �������� ��
3��� %� ���������� -"� >C� �5.������ 4������� ��
���� ���	��� ���������� @�� ���"����� ������� �"�

�0* * *1 ���	��� "�� ���� %��� �������� �� ������
��������� L� ����� �� "��� � ������������ ���.
�������� ���� �	 �"� ����������� �� 
������
"��� %��� ���	����� �� ������ ��� >C� �5.������
��������� �����"��������� E� L ��������� 0�� �
'*�' �71 3�� ���� �� D$� 
�� D$ ������������
3��� ���	����� �� ������ ��������� #66� ���.
����� 0��� �"�3�1 3��� �������� 3��" ������ ��.
������� ��� �������� ����4��� �	 ?) �7�

�	 ������� �� ���������

0%�% 1	�

-"� ������������ 	�� �"� ����� ���	���� �	 �"�
��. ��� �"� �.�"��� ��� ���������� %� 2$ �� %�
?(�CP 
�� 'AP � ��� >�CP �� ��� C(�(P 
��
;?�AP � ��� >�CP ��� ������������� -"� ��.�"���
�������� �"� �"������������ 	������� �	 �"� �����.
��������G /��.	��� �������� 0�� ���� 	��� 2�1
��� � ������4����� @���� ��4� 0�� ���� 	���
D$1� 3"��� �"� ����������� ���	��� "�� � ��������
�"������� 0�� ���� 	��� D$1 :>�?<� -"� ����.�����

����� �	 
� ��� �� �� �"� ��.�"��� ��� ����� �� �"���
��������� �� �"� ��������� �������� 3"��� �"�
� ����� ��� ' �7 �"�	��� ��3���� "�4"�� %�����4
����4��� �������� 3��" �"� ���� �	 ��������� �
:(�B<� -"� ����� �	 
� ��� �� ��� �� �"� ���� ��.
������� 	�� �"� ��. ��� �"� �.���	��� �	 
�������
3"��� �"� ��������� �	 � ����� �� �"� �.���	��� ���
���� �"�	��� ��3���� "�4"�� %�����4 ����4��� 0�* �7
�"�	�1 �"�� �� �"� ��.�"���� -"�� �� ���������� 3��"
�"� �������� �"��4�� 	��� ���� �������� �� �"�
����� :(�B<� L� �"� ������� %��� �	 �"� ������ �"� �
>� ������� 	������ �� �� >�; �7 %���3 �"� @����
��4� 	�� �"� ��.���	���� %�� �� ;�A �7 %�����4
����4� �� �"� ����������� �"���� ��� �"� �"�	� �� ��
�"� ���� ��������� �� ������%�� 	�� �"� ����.�������
�"��4�� �	 �"� ����.����� �������� ����� ����

�������� �� ���4�� ��� ��������� �� @�4� *���� -"�
�������� ����3� �������� ���4�� �������� ������� 

������������4 �� )� *)� ;C� AC� **) # �� >C� �5.
������ �������� ��� � �� )� ')� AC� *C)� ''C� ;))�
;AC # �� ������ �������� 0��������� 	��� %�����
�� ���1� @�� 4���"� 3��" ������� �	 �"� ��.�"����
�������� �� (>)) # �� >C� �5.������ ��������
�� ��������� %� ������� �� 4���� -"� ������� �	 �
������������ �������� ��� �"�3� �� @�4� '�
L� @�4� *� ���������.������� �"��4�� �"����.

�������� 	�� �"� 
� '� �������� ������ �� �"� �������
�	 �.� ��.
������ ��� 
�0* * *1 ���	����� 
 ���.
��� ���= ������� ��� 4��3� �� � �"������ �� �"�
"�4"�� %�����4.����4� ���� �	 �"� ������� 
� '� ���=�
3"��" ��������� �� ��������� ��� �� ���4�� �����.
�4�� -"� 
� '� ���= �"�3� �"� ���� %�"������ 0���
�"�3�1� 
� ��� %� ���� 	��� �"� 4��3�" �� ���������
�	 �"� �"������ 3��" ���4�� ��������� 
� ��������
���� �� 
�0* * *1 0@�4� *�� %�����1 �"�� �� ��.
����
�� 0@�4� *�� ������1� %�� ���� �� ��.
������
�"�� �� �.
������ 0@�4� *�� ���1� $������ ���.
������ �� @�4� *� ��� ��=�� �� >C� �5 ������ 	��
�.
������� 3"��� �"� ����������� �� ����
���	��� ��������� ��� �� ������ �������� 	�� ��.
��
���� ��� 
�0* * *1� %�� �"� ���� �����������
	����3 	��� �"� ����������� �	 ������� ��=�� ��
>C� �5.������ �������� 0��� �"�3�1 	�� %��"

������ ���	����� L� ��������� ��������� � ���.
���� �	 ��4��/������ "�4"�� ����� �"�� ��������� 
�
-"� 
� '� ���� "�� %��� /���� %� � ������ ���.

%������� �	 �"� �������� �������� ���=� � O�������
�����������4 �"� ��������4 ���4��.������� ���=

'B? $% 	�&����� �� ��% ' ���(�)� �)���)� *+, -,���. ,+*/0�*



@�4� *� 2$ ������� �	 0�1 
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������ ���
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G )� *)� ;C� AC� **) # �� >C� �5.������ �������� ��� �G )� ')� AC� *C)�
''C� ;))� ;AC # �� ������ �������� 0��������� 	��� %����� �� ���1� 6������� �	 (>)) # �� ���	����� �� >C� �5.������ �������� ���
��������� �� 4���� -"� ����� �"�3� � ������� /����4 �� �"� ���� �	 
� '� 0�.
������ �� **) # �	 �' ��������1�
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��� � ������ 	�������� �����������4 �"� ������ %��=.
4����� �	 �"� /���� �������� 0�"� ����� �� @�4� *�
�������� � ������ 	�� �������� �.
������1� -"�

� '� ���= �	 �"� ����� ���	��� "�� �� �������.
�������.%�������� 	���� �"������������ 	�� ������
:''�;)<� -"� ������.%��=4����� ��%������� ����.
���� �	 �"� ����� ���	��� 3�� ���� �� ��������� �"�
�������� ��%������ ��������� -"� ���������4 ����
�"�� ��� �"��� ������� ���"��4�� �����4 �"� ���.
������� "�� %��� ���� ������� �� ��"�� /����4 ���.
������� :'C�;*<�
@�� �"� ���������� �	 �"� 4��3�" �	 �"� ���4��F

����� ����� �"� �������4����� �	 �"� � *� ���= 3��
���	����� 0@�4� *%1� � *� ��� � ;�;�' ��� ����.
4�������� ���� ����� 0@�4� *%� ��� ��� ������1 ���
���" �������� 3�� /���� 3��" �"� �������� � ;�;�'
���=� � O������� �"��� 	�� � *� ��� � ������ %��=.
4������ -"� ������.%��=4����� ��%������� ����.
���� �	 �"� ����� ���	��� 3�� ���� �� � ;�;�' ���=
�� �"� /����4� � *� ������� �� �"� 
�0* * *1 ���	���
0@�4� *%� %�����1 3��� /���� 3��" � O������� 	���.
���� ��� � ������ %��=4������ 
�� ���������� ����
�� �"� /����4 ���������� �"���4"��� �"�� 3��= 3���
�����%���
���������4 �"� � ;� ������ �� �� =��3� 	���

�������� 3��= :(< �"��� ���� ���������� ���������
��������� ;� ����� %������ ��� �"�	� ��3����

"�4"�� %�����4 ����4���� -"� �������� �	 �"� �����.
���� ����� �� �"� ��.���	��� �� ������� �"�	��� %� '
�7 ��3���� "�4"�� %�����4 ����4��� 3��" ������� ��
�"� �������� �	 ��������� ���������� ��� ��������4
�� &�	� :B< �"� �������� ���������.������� �"�	� ��
��3���� ��3�� %�����4 ����4��� 	�� �"� ��.���	����
L� @�4� *� 3� �%����� � �������� �	 �"� ��.

��� ��������� �	 �"� � ;� ���� �	 �"� 
������
���	���� 3��" ���������4 ��������� �� ���4��� -"��
��4������� �"��� ��� �� �"� 4��3��4 ������4� �	 �"�
���4��F������ �"� � ��4��� 	��� �"� ����� ��.
������� 
 �"�	�� ������� �"�� )�' �7� ��3���� ��3��
%�����4 ����4��� ��� %� �������� ���� ����������
�� �"� ����������� �"���� 
�������4 �� &�	� :B<� �"��
�� �������� 	�� �"� �������� ���	���� %�� �� ��� ��
�4������� 3��" �������� ������� :(<� 3"��� � �"�	�
�	 )�* �7 ��3���� "�4"�� %�����4 ����4��� �� ���.
������ Q� �%����� �� �"��4�� �	 �"� ��������.����
3���"� �� ������������ -"� ������ ��������� �"��
�"� ��������� ������� �	 ������ ���� �"� @���� �����
���� ��� �"��4� ��4��/������ ��� �"�� �"��� ��
������������ �� �"��4� �	 �"� ����������� ��.
����� �� ���4�� %�����4 :;'<� -"� � ;� �"�	� �����
���� �������� � �"��4� �	 ����������� ��� �� �"�
��������� �	 ��"�� �������� �� �"� ������ L	 ���.
������ ��������� �"� ����������� �	 �"�� �5���
��� ����� 3��=G � ����� �"�	� �� �%������� %�� ��
��������.���� %��������4� -"�� �� �� �4������� 3��"
�"� ���������� 	���� ��������� �	 ���� ��������
��������� :(<� -"� �"��4�� �	 � ����� �� ��. ��� �.

������ ���	���� ��� �������%�� ��� �"� �����
�	 ��������� �� ��� ���� 3���� "��� �� ����� �� �"�
��"�� �� 3���� �������� �� �"� �������� ��������� �	
� ���� �� �"� �.�"��� :*)<�
�� �� ��.
������ ���� ��� ������� 	�� ��.

������� �� �� ;AC #� �"� �������� �������� ������
���������� ��=� �� �"� ���� �	 � 0@�4� *�� %�����1�
-"� ������� ����4 �"� � ����3 ��� �"�3 �%�����
�	 	������� �� �"� "�4"�� %�����4.����4� ���� �	
�"� �������� ���= 0@�4� *�� %�����1� #��� �"�	�� ��
�"��4�� �� �"� ���� �"��� "��� ��� %��� �������� L�
�.
�������� �������� �� � ���� "�4" ������G �"�
�������� �� ���� �������� �� ��������� ��� ����"��
���= 4��3� �� ��� "�4" %�����4.����4� ���� 	���
�"� ��3��� ��������� 0@�4� *�� ���� ����3 ������ ��
�"� ���4��.������� ���=1� -"� ���� ��������
��������� �� ������%�� 	�� 
� '� 0@�4� '1 3�� ��.
����� �� �"�� ����������

@�4� '� �������4�� �	 �������� 
� 0��1 �� ����� ������ �	 
�

0��1 ������ $��	���� �� ���������� -"� 
�0* * *1 ���	��� "��

���� %��� �������� �� ������ �������� ��� ������� �� 
����

�� �� %��" ������ ��� >C� �5.������ �������� ��� ���������
�� ����� �� "��� � ������������ ���������� 3��" %��" �.
����

�� ��� 
�0* * *1�

'B( $% 	�&����� �� ��% ' ���(�)� �)���)� *+, -,���. ,+*/0�*



$������ �� 4��� 0@�4� *1 �"�3 �"�� ���� ��.
������ �	 ��.
������ �� (>)) # �	 ���4��� 
�
�������� �� � 4���� ������ 0@�4� *�� ������1� � *�
���= 4��3� ������������4�� 0@�4� *% ������1�
��4�� �	 ��������� �	 �� ��� ����%�� 0@�4� *��
%�����1 ��� � ;� �"�	�� ���� �"�� 	�� �"� ���.
����� ��������� 0@�4� *�� %�����1� �� "�� %���
���������� ��� �� ������� �� ��� ����� DE7 ��
���� ����������� ��� ��� ���� �	��� �������� ��
��� 0�	 ��� ���� "����1 :(�*)<� Q� �"�3 ����.
%�4������ �"�� ��������� �	 �� "������ ���� ��
DE7 �� ���� ������������ 	�� ��������� ���4�
��������� 0@�4� *�� %������ �������� �� 4���1� -"�
����3 ������ �� �"� ���4��.������� 	������ ��.
������4 �� �"� ���� 3�� �� 	�� �"� �.���	��� 0@�4�
*�� ���1� ����� �"�� �"� �������� �"��� �� �"� ��4���
�	 �"� ����3 �"��4�� 	��� � ��3�3��� �� ��
��3��� ��������� ���� ����������
L� @�4� ' 3� ������� "�3 �"� ��������4� �	 �"�

������� 3"��" �� ��������� 3��"�� �"� ���%��4
����"� �"��4�� 3��" ��������� -"� ��������4� �	
�"� ������� 3"��" �� �������� �� ���������� �� �"�
����� �	 �"� ���������.������� �"������ ���� ���
�"� ����� ���= ����� 8����������� �������� 0@�4� '1
���/��� ��� �%���������� �	 �"� �"��4�� ����%��
�� �"� ��3 ������� 0@�4� *1� ���� �"�� C)P �	 ��
�������� �� �"� �.
������� ��������4 ��������4��
�	 �������� 
� �� %��" 
������ �"����� 
� ����
�������� ���� �� �"� ����������� �"�� �� �"� �����.
����������� �"���� @������� 
� �������� ���� �� �"�
����� �"�� �� 
�0* * *1� � 	��� �"�� �� ��� ������ �
����������� �	 ��� ���%��4 ����"� -"� 
� �������
�� �"� ������ ���%�� 3��" 2$ �	 �"� 
�0* * *1
���	��� �� "���4������� -"� ��������� �	 �"� ��.
���	��� �	 
������ �� ������%�� �� �"� ����� %�
O����� �� ��� :'?�'A<� 3"��" �� %���� �� �"� %��=
��������� �������� %� ������� �� ��� :;;< ��� ��
�������� :;><� L� �"� ���/�� �	 �"� ��.���	��� �� �"��
������ �"��� ��� 	��� ��5����� ����� �	 ������ ���
�"��� �	 �"�� ������� ���������� Q��"�� �"� /���
C �
 �"��� ��� ��4"� ������ ��� ���� ��� �	 �"��
3��"��� ���������� -"�� ������%����� ���������
��3� �� ') �
 ����"� 3"��" ����� �"�� �"� ������.
%����� �	 
� �� ���� "���4������ �� �"�� ������ ��
�� �"� %��= �	 �"� ������������� -"� ���� "���� 	��
�"� �.
������� ����� ��� �������� ���������
4��������� ���	��� ������%����� �	 ����� �	 ��	.
	����� �������� �� �"� ����� �	 �"� ����� �	 *) �


0���� 	��� ���" �	 2$1 �� ����� -"� 	��� �"�� 3�
�� ��� ���%� ���� �"� ������� 
�.���" ����� �	 �"�
��.���	��� ��� �"�� ��� �"� ���	���� "��� � ���	���
����������� �� �"� �������� ����" ������ ���%���
�"� ���������� �	 �"� �������� �	 �������� 
�
����4 �"� ��5����� ���	���� ���������
-"� 2� ������� ��=�� �� �"� ���4��  #';#';


�4�� ���������� ���� 0��� �"�3�1 ���� ��� �������
��� ����������� -"�� ���/��� �"� 	�������� �	 �
���������� ������ 2� �������� �	 �"� ����� �.
���	��� �"�3 ���������� �"������������ 	�� ��� ���.
��/� ��������� :?<� D��� �������� �� ���4��� �"���
�������� %����� %������ 	�� �"� 
� ��� � ����.
����� %�� ����%�� �� �� �"� "�4"��� ���������� ��
���4� ���������� �� ���� 	�� �"� �� �������� ��
�"� ����������� ���	��� �	��� **) # ���4�� ����.
����� 3"��" �� ���������� 3��" �"� "�4" ��4��� �	
��������� �	 �"�� ������� �� �"� ����������� �"����
-"� ����� ����������� 0@�4� ;1 "�� %��� �����.

����� �� ����� *))P 	�� 
�� � ��� ��� 3"��� �"�
��������4� �	 � ���� �� �"��� $��	��� ��4��4�����
�	 
� ������ �� %��" 
������ �"���� 0@�4� ;�1
��� ��4��4����� �	 �� ������ �� �.
������
0@�4� ;%1� -"� ������%����� �	 � �� ���������4 ��
%��" �"���� 0@�4� ;�1� �� 3��� �� �� �� �"� �����.
����������� �"��� 0@�4� ;%1� -"� ������������ �	
�"� ����� ��.
������ ��� �.
������ ��� ��	.
	������ %�� �������� �"��4�� ��� �����4�� �� �"�
����������� �"��� 0@�4� ;1� -"� ��������4� �	 �
0@�4� ;�1� 	�� ��������� �"��4�� %� ���� �"�� *)P ��
�"� ���������������� �"��� ��%I����� �� ���������
�� �� ;AC #+ 	�� �"� ����������� �"��� �"�� �"��4� ��
*CP 	�� �������� �	 **) #� L� �� =��3� �"�� �"�
��5������� �	 �����/� �������� �� �"� �������������
�� �� ����� ��� ����� �	 ��4������ ������� �"�� �"�
��5��������� �	 ��������� ������� �	 ��� ����������
:;C<� -"� ��5������� �� �"� ����������� �"��� �� ����
���4�� �"�� �"� ��� �	 �"� ���������������� �"���
:;?<� -"�� �� ���������� 3��" �"� ������� ����.����.
���� �"��4�� �� �"��� �"���� 	��� �"� %�4�����4
�	 $������ ;�*� ��44�����4 �"�� �"� ���������� �	
�"� ����������� �"��� ��� %��3��� �"� ���� �	 �"�
������������ ��� �"� ��������� ��������� -"�� 3�
�%����� �����4�� ��4��4����� �� �"� �.
������
�"�� �� �"� ��.
������� ���" ��������4�� �	 
�
��� �� "��� ��������� �� �"� ����������� ���	���
�����4 �"� ��������� �������� %�� �"� �������� ��.
������ �	 �� �� ���4��� -"� "���� �	 	�������� �	

$% 	�&����� �� ��% ' ���(�)� �)���)� *+, -,���. ,+*/0�* 'BB



�"� %��= ������ �	 
� ��� �� ��� �*?A? �� �*?CA
=,F��� 	�� 
�'�; ��� �*;(( =,F��� 	�� ��;�>�
������������� ���" ���4�� �"�� �(C =,F��� 	�� ��
:;A<� -"�� �������� 3"� %��" 
� ��� �� �����4��
������� ��� ��4��4��� �� �"� ���	���� ��������
�� �"� %�"������ �%������ �� �"� ����������������
�"����
L� �� ��������� �� ������ �"�� � �����.%�.�����

������������� ��������� �� �� �"� ���� �	 �"� ��.
���	���� 3��" �"� ����������� ����� �	 2$ �����.
������ 3��" ����" �� �"� ��%������� 3���� ��� �"�3
��� ��4��/���� ���	��� ��4��4����� �5��� �	 ���� �
������4� �	 ���4�� 0��3�� �"�� *C �
� 3"��" �� �"�
���� �� ��� ����������1 �� ����� �� ���� -"�� 4���
����4 3��" �"� ��������� "���4������ ������%�����
�	 �"� �������� �� �"� ������ �	 �"� ����� �	 ') �

��� �"� 2$ ���� 	��� ���"� �"�� ��� ���������
�%��� C�
� -"� �%������ 2$ ��������� �"��4�� ���
���� %� ��������� %� ��4��/���� ��4��4������ ����
��5����� �	 
�� 3"��" �� ���/���� %� �"� �%������

�.����� 	��������� L� �� ��9���� �� ��������

3"��"�� ��5����� �	 
� ���� 	��� �"� ������� �3�
������ �	 �"� ��.���	��� ���� �"� ���4�� ��������� ��
��9����� �� 4��� �"� �%������ ���� �	 
�.��4��4�.
����� �� 3"��"�� �"� ��5����� �	 ����� 	��� ������
������ �� �"� ��.���	��� �� �������
-"� ���������4 ��������4� �	 ���4��� ����� ��

������ �"� *))P �	 �"� �����.������ ������������
�� �"�3� �� @�4� ;�� -"� ������ �	 ���4�� ��
�"� ����������� �"��� �� �"� ���4���� -"� ���4��
��������4� �� 
�0* * *1 4��3� ���3�� ��� �������
%���3 �"� ��� �� ��.
������� �������"��4 �"�
����� �� 3"��" �"� ������������ "�� ���������� 

����������� �	 �"� ����=��4 ���9����� 	�� �"� �����
���	��� ' 4���� � ��� ����� ���4�� ����� 	�� �"�
������������ �"�� 	�� 
�0* * *1�
-"� ����������� �"��4�� �� 
������ ����.

���� ������������� ������ AC # �� �"� �����������

@�4� ;� ���%�� �	 ����� �	 0�1 
�� 0%1 ��� 0�1 � ��� 0�1 � �� �������� ���	����� �������4�� �	 �"� /��� �"��� ��� �� �� *))� ��.

�����4� �	 � �� 4���� �� �������� �	 �"� ����� ������ *))P ��� �� �"� ��������4� �	 ����� ������ ����� ������ ���=��� ��� ���������4

�"� ���������� ������G >) # 	�� �"� ��.
������ ��� AC # 	�� �"� �.
������� $��	���� �� ����������

' -"� ������������� �	 �"� ����=��4 ���9����� �� ������%�� ��

&�	� :;(<�

;)) $% 	�&����� �� ��% ' ���(�)� �)���)� *+, -,���. ,+*/0�*



��� ������ >) # �� �"� ���������������� �"��� 0@�4�
;1� ���������� 3��" �"� �������� ������� :A�B<� -"�
���������� ������ ��� ���=�� �� @�4� ;�� 3"��� �� ��
%��� �����
-"� ��������� �	 ���4��.������� ���=� ���

�"�	���4 ��3���� "�4"�� %�����4 ����4��� 3��" ��.
�������4 ���������� �� ���������� 	��� �"� /�.
���4 ���������� -"� � ;� ���%��� �"�	�� ��3����
��3�� %�����4 ����4���� L� %��"� ��.
������ ���

�0* * *1 �"� /��� �������� �	 � *� �� C;' �7 ��� �"��
�	 �"� 
� '� �"������ �� AC�' �7� �� �4������� 3��"
�"� ���������� ������ 	�� 
�'�; �� 
�0* * *1 :')�'C<�
$"�	�� �	 �"� 
� ��� �� ���4��.������� �"�������
��� ���� ���������� �� �"� ����������� �"���� ���.
������� 3��" �"� ���4�� ���4�� ����=� �� �"�� �"����

0%,% �	�

D��� �������� �� ���4�� �'� ������� 	�������
������ �� �"� ������� %��� ��4��� �	 
�0* * *1 ���
�"� 
������ ���	���� 0@�4� >���1� -"�� �������
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ANGLE-SCANNED PHOTOEMISSION ON YbHx:
RELEVANCE FOR SWITCHABLE MIRRORS

J. HAYOZ, C. KOITZSCH, D. POPOVIĆ, M. BOVET,

D. NAUMOVIĆ and P. AEBI∗

Institut de Physique, Université de Fribourg, Pérolles,
CH-1700 Fribourg, Switzerland

Yttrium, lantanum and rare earth elements can be loaded with hydrogen inducing a metal–insulator
transition and giving rise to optical switching from reflecting to transparent. We present angle-scanned
photoemission experiments characterizing thin YbHx films grown on W(110) at room temperature.
Hydrogen loading is performed in an ultrahigh-vacuum-compatible high pressure (1 bar) reaction cell.
Via full-hemispherical X-ray photoelectron diffraction and low energy electron diffraction, it is demon-
strated that these films grow well-ordered and single-crystalline. Ultraviolet photoemission reveals a
gap for the dihydride phase confirming a transition from reflecting to transparent as seen by visual
inspection. Ion implantation through additional H+ sputtering allows one to increase the hydrogen
content to x ≈ 2.4.

1. Introduction

The switchable optical properties of some metal

hydrides1 and also their hydrogen storage capabil-

ities are of strong interest with respect to applica-

tions. Mostly trivalent elements such as Y and La

have been used to induce optical switching at room

temperature (RT) and with hydrogen pressures of

the order of 1 bar. In Y, for instance, the metal-

lic dihydride phase is loaded with hydrogen where,

at x ≈ 2.85 H atoms per formula unit, the mate-

rial turns transparent. However, the physics behind

putting hydrogen into a material is still not well

understood. With hydrogen a proton and an elec-

tron are added to the metal host. This results in

doping the host material and the understanding of

doping is one of today’s central problems in solid

state physics. It has been realized that state-of-the-

art ab initio local density approximation calculations

do not reproduce the optical gap necessary to ex-

plain the transparent state in the tryhydride phase.2

Other models, based on strong electron correlations,

have been proposed to explain the metal–insulator

transition.3,4 There is an interesting and appealing

connection between these models and the Zhang–

Rice singlett5 in high temperature superconductors

(HTc’s). Hydrogen is suggested to be present in the

form of H−, one electron taken from the metal host.

The two electrons on H− are correlated but with

drastically different radii around the proton. One

electron is strongly bound to the proton whereas

the other overlaps heavily with the metal d-states

of the neighboring atoms. The two electrons form

a singlett analogous to holes in the HTc’s. On the

other hand, very recent GW calculations6,7 demon-

strate the formation of a sufficient gap to explain

the metal–insulator transition without the need for

strong electron correlations.

Indeed, detailed angle-resolved photoemission

(ARPES) experiments are needed to favor one or the

other model. However, practically all previous work

on metal hydrides has been done on polycrystals

and/or on samples that are capped with a protective

Pd layer. In order to perform ARPES experiments,

uncapped single crystalline material is needed. Fur-

thermore, preparation has to take place in situ since

Y, La and the rare earth used so far are extremely

reactive. It is therefore important to explore how

to prepare single crystalline hydrid films and to

∗Corresponding author.
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Fig. 1. Possibilities of close-packed layer stacking. Indi-
cated are the sequences for hexagonal close-packed (hcp)
face-centered cubic (fcc) and rhombic structures with
characteristic layers A, B and C (from Ref. 10).

characterize them with respect to both the geomet-

rical and the electronic structure. Recently, we were

able to prepare thin, single crystalline Y films on

W(110) and to load them with hydrogen.8,9 The

W(110) surface represents a quasihexagonal tem-

plate inducing the growth of close-packed layers.

Different sequences are possible (see Fig. 1) be-

tween the purely face-centered (fcc) and hexagonal

close-packed (hcp) stacking with ABCABC. . . and

ABAB. . . layers, respectively. The rhombic struc-

ture, for instance, can be viewed as a mixture of fcc

and hcp stacking.

Since it is necessary to apply significant H partial

pressures [compared to ultrahigh vacuum (UHV)] in

order to reach the different hydride phases, we con-

structed a UHV-compatible high pressure (1 bar)

cell.9

Here we present results on the preparation and

characterization of thin single crystalline Yb films.

Up to now switching to the transparent state has

been induced in trivalent materials while increas-

ing hydrogen pressure between the dihydride and

the trihydide phase. Yb is divalent and the local-

ized 4f electrons have a similar binding energy to

the valence bandwidth, giving rise to an unstable 4f

configuration.

The expectation is that it may be possible to have

a reversed behavior for Yb thin films, i.e. the dihy-

dride insulating and transparent and the transforma-

tion into the mirror (metallic) state induced by either

reducing or increasing the hydrogen concentration.

We find that thin Yb films grown at RT on

W(110) are single-crystalline and of hcp structure.

Hydrogen loading is more difficult than for Y. Upon

exposure to 1 bar of hydrogen the dihydride phase is

formed exhibiting a characteristic gap in the valence

band spectrum. Ion implantation via H+ sputtering

increases the near surface hydrogen concentration, x,

to x ≈ 2.4 and the spectra are indicative for a mixed

valent phase which is reported to be metallic again.11

2. Experimental

The experiments were performed in a VG ESCALAB

Mk II spectrometer with a base pressure ≤
5 · 10−11 mbar. The sample stage is modified for

motorized sequential angle-scanned data acquisition

over 2π solid angle.12,13 MgKa (1254.6 eV) and SiKa

(1740 eV) radiation is used for X-ray photoelec-

tron spectroscopy (XPS) and X-ray photoelectron

diffraction (XPD). The data acquisition mode to

collect full-hemispherical XPD data is described in

detail elsewhere.14 Ultraviolet photoemission mea-

surements were performed with monochromatized

HeIα (21.2 eV) and He II (40.8 eV) radiation. The

setup of the plasma discharge lamp with monochro-

mator is presented in Ref. 15. The W(110) surface

was prepared in UHV by flashing to 2500 K. After

flashing, the W crystal was left in UHV for at least

5 h to reach room temperature. Yb was then evap-

orated by resistive heating of a Ta basket. Approxi-

mately 200-Å-thick films were grown within 30 min.

The coverage was monitored with a quartz crystal

oscillator. During deposition the pressure did not

exceed 10−9 mbar. For all the films presented below

the oxygen contamination as measured with XPS was

below the detection limit and the W signal was not

detectable anymore. In order to vary the H concen-

tration, deposition was done under H2 partial pres-

sure and the films were exposed to 1 bar purified

H2. Details of the hydrogen pressure cell are pre-

sented elsewhere.9 Briefly, highest purity H2 for all

hydrogen treatments of the films was produced via

permeation through a Ag–Pd filter tube where the

downstream side never comes in contact with non-

UHV environment.

3. Results and Discussion

Figure 2 displays XPD patterns for differently

prepared films. The XPD patterns allow a very
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Fig. 2. Photoelectron diffraction patterns (sixfold-symmetry-averaged) for (a) a 200-Å-thick Yb film deposited on
W(110) at room temperature (RT); (b) same as (a) but deposition under 5× 10−3 mbar H2 partial pressure; (c) same
as (a) but deposited under 10−6 mbar H2 partial pressure and subsequently exposed to 1000 mbar H2. Photoelectron
kinetic energies and deposition conditions are labeled. Points X and W mark specific forward focusing maxima.

simple interpretation in the case, such as here, of

photoelectron kinetic energies above approximately

500 eV.16 Photoelectrons leaving the emitter atom

are strongly focused in the forward direction by the

neighboring atoms. The measured intensities are

therefore strongly enhanced along densely packed

atomic rows and crystallographic planes. In this en-

ergy regime, the so-called forward focusing is only

weakly dependent on the atomic number Z of scat-

terer atoms. Furthermore, it was shown in Ref. 13

based on a large data set that the final-state scatter-

ing produces patterns that are virtually independent

of the initial state angular momentum.

Due to the limited mean free path of photoelec-

trons, the angular intensity distribution measured in

the forward focusing regime is characteristic of the

near surface crystallography. Via comparison with

angular distributions taken from known structures,

the identification of unknown systems is possible.17

The intensity of the Yb 4d5/2 and 4f photo-

emission lines have been measured as a function of

emission angle and mapped stereographically in a lin-

ear gray scale representation (Fig. 2). High and low

intensities are drawn in white and black, respectively.

Normal emission corresponds to the center of the plot

whereas emission parallel to the surface, i.e. 90◦ po-

lar emission angle, is indicated by the outer circle.

For the measurement shown in Fig. 2(a), Yb was

deposited in UHV at RT, whereas for Fig. 2(b) the

film was deposited at RT but under a H2 partial pres-

sure of 5× 10−3 mbar. The patterns of the two films

look very similar and can be identified as Yb lay-

ers with hcp stacking. The XPD pattern of close-

packed layers with fcc stacking, as found in the case

of YH2 (not shown), is distinctly different.8 The find-

ing of hcp stacking for Yb deposition on W(110) at

RT is in contradiction to the fcc stacking reported

by Weschke et al.18 The reason might be that Yb

exhibits a transition from hcp to fcc below RT,19,20

and therefore is intrinsically unstable with respect to

different stackings. Note also that single crystalline

Yb films deposited at RT on saphire (11–20) exhibit

fcc stacking (not shown).

An additional exposure to 1 bar of H2 applied to

a film grown under 10−6 mbar H2 partial pressure

results in a pattern such as shown in Fig. 2(c). The

contrast is slightly degraded but the intensity distri-

bution is still very similar. Differences are due to a

roughening of the film (see below) and also to an ad-

mixture of non-hcp stacking, i.e. a rhombic structure.

From bulk polycrystals it is known that Yb forms a

nonmetallic, rhombic dihydride phase.11 Since pho-

toelectrons have a finite escape depth, several layers

are sampled and the exact stacking sequence, i.e. the

amount of ABC stacking admixture, cannot be iden-

tified with precision. In addition the situation is

complicated by the presence of differently oriented

domains. However, the measurement clearly indi-

cates strong hcp stacking character.

The distinct high intensity features in Fig. 2,

labeled W and X, originate from close-lying emitter–

scatterer directions characteristic of the stacking.

The corresponding emission angles are determined

by the c/a ratio, where a and c are the in- and out-of-
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Fig. 3. Polar scans across characteristic forward forcus-
ing maxima indicated in Fig. 2. The maxima shift for the
different films, indicating a change in interlayer spacing.

plane lattice constants, respectively. A closer analy-

sis, shown in Fig. 3, manifests a decreased emission

angle and therefore an increased c/a ratio for the

1 bar H2 exposed film [Fig. 2(c)]. The increase of

c/a amounts to roughly 8%.

In order to get information on the in-plane lat-

tice constant, a, and consequently on the interlayer

expansion, and also on the long range order quality

of the films, we performed LEED experiments. Fig-

ure 4(a) shows the diffraction spots of the Yb film

deposited at RT in UHV, recorded for a primary elec-

tron energy of 80 eV. The spots are sharp and well

defined, indicative of a well-ordered film. In Fig. 4(b)

we display the pattern for a Yb film deposited un-

der a H2 partial pressure of 5 × 10−3 mbar. The

film remains equally well ordered. For an exposure

to 1 bar H2, however, a certain loss of long range

order is observed in Fig. 4(c). The distance between

the diffraction spots (marked by a white arrow in

Fig. 4) gives a measure for the in-plane distance. Go-

ing from Fig. 4(a) to 4(b), no change is observed. In

Fig. 4(c), however, the distance between the diffrac-

tion spots slightly increases, indicating a decrease of

the in-plane lattice constant by approximately 2%.

Together with the result for the c/a ratio from

XPD (8% increase) we find an interlayer expansion

of approximately 6excellent agreement with the ex-

pansion of 6%, reported for YbH2.10 Therefore, XPD

and LEED together give evidence for the formation

of the dihydride. The films stay single-crystalline

(XPD) but there is a certain loss of long range order

(LEED). Note that a similar treatment applied to Y

films already induces the trihydride phase.9

The next step is to consider the photoemission

spectra of the Yb 3d emission line which is suscepti-

ble to the valence of Yb. The removal of a 3d electron

in the divalent case results in a single line, which is

only broadened by lifetime and instrumentals effects.

For trivalent Yb the hole in the 4f shell (induced

through the promotion of a 4f electron into the va-

lence band) together with the 3d hole created by the

photoemission process results in a rather broad mul-

tiplet structure. Figure 5 displays the spectra of the

different films. Labeled with (a) and (b) are films

deposited in UHV and under a H2 partial pressure

of 5× 10−3 mbar, respectively. No significant differ-

ences are noticed. The two ticks mark a bulk and

surface plasmon/band transition11,21 and are not

Fig. 4. Low energy electron diffraction pattern (E0 = 80 eV) for (a) a 200-Å-thick Yb film deposited on W(110) at
room temperature (RT); (b) same as (a) but deposition under 5× 10−3 mbar H2 partial pressure; (c) same as (a) but
deposited under 10−6 mbar H2 partial pressure and subsequently exposed to 1000 mbar H2. White arrows indicate the
distance between two diffraction spots indicative of in-plane lattice constant changes.



Angle-Scanned Photoemission on YbHx: Relevance for Switchable Mirrors 239

Fig. 5. SiKα excited Yb3d5/2 photoemission line for
(a) a 200-Å-thick Yb film deposited on W(110) at room
temperature (RT); (b) same as (a) but deposition under
5 × 10−3 mbar H2 partial pressure; (c) same as (a) but
deposited under 10−6 mbar H2 partial pressure and sub-
sequently exposed to 1000 mbar H2; (d) a 200-Å-thick
Yb film deposited on sapphire (11–20) at RT and subse-
quently H+-sputtered.

present anymore in the dihydride [spectrum (c)]

which is insulating (see below). For spectrum

(c) the film has been exposed, in addition to de-

position under 10−6 mbar H2, to 1 bar H2 for

2 min. The spectrum is very similar to spec-

tra of polycrystalline samples with a concentration

of x = 2.0.11,21,22 These polycrystalline samples

have been calibrated very carefully with volumetric

methods by dissolving them in dilute HCl.11 There-

fore, the films corresponding to spectrum (c) are

close to YbH2 confirming our findings with XPD

and LEED. Spectrum (d) represents a film de-

posited on sapphire (11–20) and, in addition, has

been sputtered with H+ (4.5 keV, 60 µA) for

5 min. The split shoulder at higher binding energy

Fig. 6. Normal emission photoemission spectra of 200-
Å-thick Yb films grown on W(110) at room temperature.
(Bottom) Pure Yb measured with HeI radiation, (middle)
Yb film deposited under 10−6 mbar H2 and subsequently
exposed to 1000 mbar H2, measured with HeI, (top) same
as (middle) but measured with HeII radiation.

is characteristic of f13 final state multiplets and

therefore of a mixed valent phase. A comparison

with data taken on polycrystalline samples11,21,22

indicates that we reached approximately YbH2.4, a

composition reported to be metallic.11 The film of

spectrum (d), however, becomes completely disor-

dered, as seen from XPD and LEED (not shown).

In order to access the electronic structure

directly, valence band spectra have been recorded.

Figure 6 shows normal emission data taken with

HeI (hν = 21.2 eV) (two bottommost spectra) and

HeII (hν = 40.8 eV) (topmost spectrum) radiation.

For Yb metal (bottommost spectrum) with a 4f14

ground state configuration, 4f13 photoemission final

state doublets are observed, split into 4f7/2 and 4f5/2
lines. Each line consists of two components due to

contributions from bulk and surface atoms separated
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by the so-called surface core level shift.23 The sharp

peak close to zero binding energy (Fermi level) is

the well-known surface state present on many close-

packed rare earth surfaces.24 For the film which is

evaporated under a H2 partial pressure of 10−6 mbar

and subsequently exposed to 1 bar of H2 (center and

top spectrum) the electronic states near the Fermi

level completely disappeared, indicating the opening

of the gap and the metal–insulator transition. A vi-

sual inspection of a film prepared under the same

conditions on (transparent) sapphire indicates that

it becomes transparent. Thus, the YbH2 films are

insulating and transparent.

In addition, the surface-induced splitting of the

4f states has disappeared but the binding energy po-

sitions of the maxima are centered at the surface-

shifted core levels. This behavior can be attributed

to a roughening of the surface induced by the loading

of the film under 1 bar of H2. A variety of different

Yb surface atom environments are created with dif-

ferent core level shifts, leading to the broadening.

This broadening is consistent with the loss of long

range order as observed by LEED in Fig. 4(c).

Furthermore a broad feature has appeared at

about 5.5 eV binding energy. This feature can be

attributed to hydrogen-induced states since the HeII

spectrum taken on the same films (topmost spec-

trum) shows a strong relative weight increase of the

f-states with respect to the 5.5 eV maximum. There-

fore it is not of 4f character, for example induced

through a valence change. It is also not a fingerprint

of oxygen contamination since it would also have ap-

peared in the O 1s XPS and O-contaminated films

exhibit a valence band feature centered at 6 eV.

4. Conclusions

In summary, we have demonstrated that Yb, at RT,

grows with hcp stacking on W(110). Loading with

1 bar of H2 results in the dihydride as indicated by

the increased interlayer spacing, the comparison with

published XPS data of polycrystalline samples and

the opening of the gap in the normal emission valence

band spectra. Deposition under a H2 partial pressure

of 5 × 10−3 mbar almost does not induce changes,

clearly indicating that hydrogenation of Yb is more

difficult than for example for Y. Ion implantation via

H+ sputtering results in a mixed valent YbHx phase

with x ≈ 2.4, which is metallic again. Therefore Yb

definitely offers the possiblity of inducing a metal–

insulator transition via both H content increase and

decrease.

The formation of the dihydride phase results in

a considerable roughening of the surface manifested

in broadened LEED spots and an increased intensity

and broadening of the surface component of the 4f

lines.
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C. Schüssler-Langeheine and C. Laubschat, Phys.

Rev. B51, 7920 (1995).
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Spin-orbit splitting and electronic localization of the surface state
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We present a detailed photoemission study of the surface state dispersion in 0–10 ML thin Ag films on
Au�111�. The dispersion of the L-gap Shockley-type surface state changes monotonically from the one of Au
towards the one of Ag with increasing layer thickness indicating an extension of the wave function into the
solid. High resolution photoemission �PES� enables an insight into decreasing spin-orbit splitting of the surface
state in Ag-covered-Au�111�. The photoemission data have been well reproduced by ab initio band structure
calculations using the WIEN2K code. The dependence of the binding energy on the increasing silver film
thickness is indicative of the localization of the surface state at the surface by comparing it with the calculated
electron density of the surface state. Measurements on 10 ML Ag/Au�111� reveal the d-band states of Ag, but
one still observes sp-related quantum well states of silver within the projected sp-band gap of gold.

DOI: 10.1103/PhysRevB.72.045419 PACS number�s�: 73.20.At, 79.60.Dp, 31.15.Ar, 73.20.�r

Shockley-type surface states in the L gap of noble metal
�111� surfaces provide a suitable model system for electronic
states in two dimensions. Since high-resolution photoelec-
tron spectroscopy �PES� has enabled a precise investigation
of the intrinsic line width and the spin-orbit �SO� splitting of
the surface state on Au�111�,1,2 it has become increasingly
interesting to study in which way adsorbates influence it. The
deposition of noble gases like Xe, Kr, or Ar in a monolayer
regime shows a decrease in surface state binding energy and
an increase in spin-orbit splitting up to 30% with respect to
the value of pure Au�111�.3 Thin epitaxial films of other
noble metals on Au�111� lead to different phenomena due to
the existence of an own surface state at the respective �111�
surface. The energetic positions of surface and bulk states
determine the binding energies of the observed states in thin
films in the vicinity of the Fermi level.4,5

Ag/Au�111� is an intermetallic system, exhibiting parallel
epitaxy due to a very small lattice mismatch �0.2%, aAu
=4.0782 Å, aAg=4.0853 Å�. Two peculiarities of Au�111� as
a substrate are the so-called herringbone reconstruction of
the topmost surface layer �visible also in PES,6 its influence
on the Ag film growth is discussed elsewhere7� and the spin-
orbit splitting of the Shockley state.1,2 The Shockley-state in
Au�111� exists in the inverted sp-band gap due to the bound-
ary conditions at the surface.8 Quantum-well states in inter-
metallic systems are confined within the same projected sp
bulk band gap.9 Complementary to that, the projected band
gap and the valence band carry information about the bulk or
the substrate. The interesting question of probing deep inter-
faces, has been investigated in the past by observing the
quantum-well states9 or core-level shifts.10 We show in this
paper that the projected band structure of gold is still visible
in the data after 10 ML of silver have been evaporated and

when the d band of silver is already completely formed. The
changes of the surface state are in accordance with the
slower development of the sp bands with layer thickness.
Whereas the d band develops together with the film, the sur-
face state and the quantum well states offer information
about the film thickness and the projected band gap enables a
direct visualization of the substrate.

The photoemission experiments have been performed
with a SCIENTA SES 200 analyzer in the angular mode in
the UHV chamber with the base pressure 5�10−11 mbar.
The energy resolution is �E=3.5 meV, the angular resolu-
tion ��� ±0.15°.11,12 The measurements have been per-
formed with a monochromatized GAMMADATA VUV lamp
at a photon energy of h�=21.2 eV �He I� at the sample tem-
perature 20–30 K �Saarbrücken, SB� or with a nonmonochro-
matized UVS-300 SPECS discharge lamp at the photon en-
ergy of h�=11.83 eV �Ar I� and the sample temperature of
80 K �Nancy, N�. The measuring time was approximately 15
min for one data set of the complete occupied surface state.

The surface of the Au�111� was prepared by repeated
cycles of Ar+ sputtering and subsequent annealing up to
700 °C �SB� or 350 °C �N�. Ag films were evaporated at
room temperature with triple-evaporator Omicron EFM 3T
�Ie=17 mA, flux=1 �A, HV=690 V�, at evaporation rate
of 0.3 Å/min �SB� or by a Knudsen cell at evaporation rate
of 0.5 ML/min �N� in the high 10−10 mbar pressure range.
The coverage was determined by a quartz-microbalance and
checked by STM �N�.7

Band structure calculations have been performed using
the WIEN2K package implementing the FLAPW �full-
potential linearized augmented plane-wave� method within
the framework of density functional theory �DFT�.14 For the
exchange-correlation potential the generalized gradient ap-
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proximation �GGA� was used.15 A basis set of 1600 LAPWs
and a 100 k-points mesh in the irreducible Brillouin zone
have been used. SO-coupling was included in a second varia-
tional step. The surface was modeled by a periodic slab of 23
Au and correspondingly from one to six Ag layers on the
each Au surface, separated by 20 bohr of vacuum. For
smaller slabs, the interaction of the two confining surfaces,
both via the “bulk” and via the “vacuum,”16 leads to an arti-
ficial splitting of the surface state. For a seven-layer slab this
splitting is much larger than the SO splitting of the Au�111�
surface state. The size of the system, i.e., 23 layers and 20
bohr vacuum, is chosen in order to reduce the artifact below
1 meV at k=0, which is two orders of magnitude smaller
than the SO splitting at EF ��100 meV�. The slab thickness
exceeds both decay lengths of the surface state in Au�111�
�3.6 ML� and Ag�111� �12 ML�.17 Finally, allowing for struc-

tural relaxation did not lead to changes observable within our
experimental uncertainty.

Figure 1 shows surface and bulk valence band states for
Au�111� �left� and 10 ML Ag/Au�111� �right� over a wide
binding energy �BE� range, from the Fermi level down to 7
eV. The upper panels show the surface states with their band
minima marked with white circles: The first two quantum
well states �at 688 and 1048 meV BE for a silver covered
surface� and, with higher intensity, the Shockley state �at 479
meV BE left and 84 meV BE right�. The surface and quan-
tum well states shift towards lower binding energies with
increasing silver coverage within the limits of the projected
bulk band gap of Au�111�. The gap is visible in Fig. 1 as the
light area. The black circles indicate the dispersion of the
uppermost calculated bulk band, shifted by 120 meV towards
EF, to match with the experimental position. The projected
band gap of Au does not change with coverage. On the other
hand, the calculated “band gap minimum” is the bulk mode
with the lowest binding energy. This corresponds for a
couple of monolayers to the lowest quantum well state of the
Ag film.

The lower panels in Fig. 1 show the energy range of the
4d and 5d bands of Ag and Au, respectively. Contributions
for the Au�111� surface �left� are identified according to Refs.
18 and 19 and overlayed by the band-structure calculations
from Ref. 13. The bulk bands are denoted by numbers 2–6,
whereas D1 and D2 are surface resonances. The valence band
of 10 ML Ag/Au�111� corresponds perfectly to the over-
layed band-structure calculations of pure Ag taken from the
Ref. 13. Both calculations for silver and gold are taken from
the Ref. 13 along �K direction, and He I radiation should
correspond to k� in the vicinity of �.20,21 However, the mea-
surement paths on Au and Ag are differently displaced from
�, which leads to different agreement between the calcula-
tion and the measurement for Au and Ag. The number and
the splitting of the Au-bands are observed experimentally,
their BEs are somewhat overestimated. One sees by compari-
son with the measurements that due to the small sampling
depth of PES �at He I �5–10 Å�22 the Au-bands are absent
for 10 ML Ag/Au�111� and that the measured valence band
corresponds completely to the one of bulk silver. Although
the d bands are already the ones of bulk silver, the upper
panel for the 10 ML system still shows the L gap of the
Au�111� substrate lying �30 Å below the surface. The pro-
jected sp-band structure of Ag will evolve from the quantum-

FIG. 1. Top: Surface state �lower binding energy� and quantum

well states �higher binding energies� along �̄K̄ marked by white
dots for Au�111� and 10 ML Ag/Au�111�. Band-structure calcula-
tions of the Au sp gap have been shifted to fit the measured binding
energy for the pure Au�111� and are shown as black circles. Bottom:
valence band; 2-6 are valence bands of the Au�111�, D1 and D2 are
the surface resonances. White dots represent band-structure calcu-
lations for pure Au �left� and Ag �right� by Smith �Ref. 13�. The
measurements have been taken with He I at T=20 K.

FIG. 2. Surface state dispersion changes with
silver coverage taken with Ar I. The grey-scale
maps represent the second derivative of the mea-
sured intensity. The calculations of the Shockley
state �black lines� have been shifted for each cov-
erage to fit the measured binding energies. The
replica at higher BEs is due to the Ar satellite.
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well states and reach the position of the Ag sp-gap BE mini-
mum after several tens of monolayers, according to the
previously reported “slower” development of the sp bands of
the adsorbate by comparison with the d bands.23 This is re-
lated to the highly localized character of the d bands and,
contrary to that, free-electron-like character of the extended s
states, which are thus sensitive to the projected gap and
quantum-well boundaries.

The evolution of the surface state with Ag coverage is
depicted in Fig. 2. The gray-scale maps represent the second
derivative of the measured intensity. The replica of the sur-
face state, appearing at higher binding energies, is due to the
Ar satellite. With increasing Ag layer thickness one can
clearly observe a shift of the surface state towards the Fermi
level and a decrease of the spin-orbit splitting. A fit of the
dispersion by two parabolas allows a more detailed analysis
and yields the values for the maximum binding energy, the
effective mass and the SOS given in Table I�. Obviously all

three parameters show a monotonous change from the values
of pure Au�111� towards the values of Ag�111�.

The black lines in Fig. 2 represent the result of our band
structure calculations. Because the exact position of the
Fermi level is often a problem in DFT results, it was neces-
sary to shift the calculated surface state dispersions in energy
to the position of the experimental result �values are given in
Table I�. The calculated effective masses and the spin-orbit
splitting are in agreement with the experimental values.

Figure 3 presents the dependence of the measured and
calculated BEs on the Ag film thickness. The squares repre-
sent the results of several measurements, obtained with dif-
ferent film preparation techniques and using He I or Ar I
radiation. Thus, one gets insight into the data spread which
could originate from different surface preparations or cover-
age calibrations. In spite of the observed differences, the BEs
of all measured surface states agree reasonably well. Beside
the measurements, the ab initio band structure calculations of
the surface state are presented �triangles�, scaled linearly be-
tween the two reference points at 0 ML �clean Au�111�� and
20 ML �for which we take the parameters of the clean
Ag�111� surface�. The calculated binding energies �triangles�
reproduce very well the changes of the measured binding
energy with the Ag coverage.

The observed changes in surface state dispersion can be
explained by closer inspection of the electron density as a
function of the distance from the surface. The inset in Fig. 3
displays the result of a nearly free electron approximation for
the electron density of a Au�111� surface covered by 12 ML
of Ag.25 Because the decay length is of the order of the
overlayer thickness, the displayed electron density represents
roughly the one of pure Ag�111�. The plot shows that more
than 80% of the surface state electrons are localized within
the first 5 MLs. The electron density distribution can be used
to illustrate the dependence of the BE on the layer thickness.
If we use the electron density, integrated over the Ag over-
layer thickness, as a weighting factor for the binding energies
of pure Au�111� and Ag�111�, we get the solid line in Fig. 3.
The good agreement shows, that the surface state properties
of the overlayer system can be decomposed in contributions
from the two components. It demonstrates the exponential
development of the Ag contribution in the BE of the surface
state, which is related to the silver contribution to the total

TABLE I. Binding energy �BE�, effective mass, and spin-orbit splitting �SOS� of the surface state for the
corresponding coverages of Ag on Au�111� as obtained from the band-structure calculations �superscript th�
and as measured �superscript exp�.

Surface BEth�meV� BEexp�meV� m* /me
th m* /me

exp SOSth��k���Å−1� SOSexp��k���Å−1�

Au�111� 429 487 0.23 0.26 0.030 0.023

+1 ML Ag 409 305 0.28 0.33 0.023 0.019

+2 ML Ag 334 222 0.32 0.34 0.019 0.015

+3 ML Ag 274 184 0.35 0.38 0.014 0.013

+4 ML Ag 235 158 0.36 0.40 0.011 0.013

+5 ML Ag 223 98 0.36 0.41 0.009 0.010

+6 ML Ag 194 77a 0.37 0.007 	0.010

Ag�111� 178 64 0.37 0.42 0.004 	0.010

aMeasured at 90 K �Refs. 7 and 24�.

FIG. 3. Ag-coverage dependent surface state binding energy:
Experimental data using He I �shaded squares� and Ar I �white
squares� radiation, band-structure calculations �triangles� and elec-
tron density of the surface state �see the inset� distributed over
discrete numbers of monolayers �circles and line� both scaled be-
tween the binding energies of clean Ag�111� and Au�111� as refer-
ence points. The inset shows NFE calculations of the surface-state
electron density perpendicular to the surface by Beckmann �Ref.
25� for 12 ML Ag/Au�111�.
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number of atoms within the decay length of the surface state.
It describes the measured binding energies perfectly.

We have presented high-resolution photoemission data of
the L-gap Shockley states for 0–10 epitaxially grown ML of
silver on Au�111�. The Shockley state exhibits gradual
changes with the layer thickness and the values of the rel-
evant surface state parameters, describing the band disper-
sion, evolve from the ones of gold into the ones of silver.
High-resolution photoemission has enabled the direct obser-
vation of the decrease of the spin-orbit splitting of the sur-
face state with silver coverage. Good agreement is achieved
between ab initio band structure slab-layer calculations em-
bedded in the WIEN2K code and the photoemission data: The
surface state band parameters are well reproduced by the
theory, except for the value of the Fermi level, which is too
high in the calculations. However, the relative shifts depend-
ing on the overlayer thickness are described by the calcula-
tions and can intuitively be explained by the distribution of
the electron density decaying into the crystal volume.
Whereas the localized d-bands are already bulk-like for 10
ML, the sp gap of the system is still the one of the substrate,

thus influencing the surface state which forms within the
gap, even if the coverage thickness exceeds the photoelec-
tron mean free path significantly. On the other hand, the good
agreement of the slab-layer calculations with the experiment
shows that this method is able to reproduce details of the
surface electronic structure and can therefore be used to in-
vestigate interface systems theoretically. Furthermore, the
characteristic changes of the surface state due to modifica-
tions of the surface and thus induced different changes of the
d or sp bands, together with the possibility of a numerical
reproduction by ab initio methods make the surface related
states capable of providing important information about sur-
face processes and interfaces.
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Abstract

Ultra-thin magnesium and magnesium–nickel films grown on Mo(110) under ultra-high vacuum (UHV) conditions are hydrogenated
at room temperature with atomic H and studied by high-resolution core-level photoelectron spectroscopy (PES). For the Mg-film a layer
of hydride is formed at the Mg/Mo interface and a sub-mono layer of hydride is formed at the surface, while an intermediate region
remained non-hydrogenated. For the Mg–Ni-film a thick layer of surface hydride was detected, showing that Ni enhances formation
of Mg-hydride at the surface. During the heat-up of the hydrogenated Mg–Ni-film hydrogen desorption started at 400 K.
� 2007 Elsevier B.V. All rights reserved.

Keywords: Hydrogen storage; Magnesium; Nickel; Hydride; Photoelectron spectroscopy

1. Introduction

The change to a renewable energy source in moving
vehicles is no longer only an environmental issue, but an
economic matter and a scientific challenge as well. Hydro-
gen is a perfect fuel, but its safe storage is an unsolved
problem. Materials which can absorb hydrogen are being
extensively studied because their implementation reduces
the potential danger related to high-pressure vessels in
moving vehicles (for a review see e.g. [1]). One of them is
Mg(MgH2), which has good weight to absorbing capacity
ratio, but is nevertheless only scarcely studied by means
of photoelectron spectroscopy (PES). Sprunger and Plum-
mer report about surface hydride formation upon hydro-
gen deposition on a Mg single crystal at low temperature
[2] and its irreversible transition to a chemisorbed and
desorbing hydrogen at the surface upon annealing [3]. They
notice that the hydride formation is facilitated by pre-dis-
sociation of H2. The techniques that they implement are

X-ray photoelectron spectroscopy (XPS), electron energy
loss spectroscopy (EELS) and thermal desorption spectros-
copy (TDS). On the other hand, Ostenfeld et al. [4] have
investigated hydrogenation of ultra-thin Mg-films on a
Mo(111) substrate, as Mg-films appear to be more appro-
priate than single crystals considering the scientific ques-
tions and future application issues. The techniques that
they implement are XPS, low energy ion scattering
spectroscopy (LEISS) and temperature programmed
desorption (TPD). Their study focuses on the influence of
Mg-film thickness, its deposition temperature or the atom-
ic/molecular hydrogen used for the hydrogenation to the
formation of the hydride. They conclude that the forma-
tion of magnesium hydride with H2 is only possible when
evaporating Mg in a hydrogen background at temperatures
below 363 K [4].

In this paper, we investigate a more appropriate mate-
rial candidate for hydrogen storage by synchrotron light
based high-resolution core-level PES. Considering parame-
ter space attractive for mobile hydrogen storage (1–10 bar,
0–100 �C) [1], Mg compounds have been preferred to pure
Mg, first of all Mg–Ni alloys. Theoretical studies [6] show

0039-6028/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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that Mg–Ni has relatively low hydride formation energy.
Here we present a comparative PES study of hydrogen
absorbtion and desorption in ultra-thin Mg and Mg–Ni-
films grown on Mo(110). Our investigation reveals differ-
ent mechanisms of hydride formation in these two films
never reported before and more desirable properties of
Mg–Ni-film in terms of applications.

2. Experimental

The Mo(110) crystal was cleaned by Ar ion sputtering
(1 keV) followed by annealing at 1300 K and flash up to
maximum of 1400 K. The photoelectron spectra were mea-
sured at beamline I311 at the MAX-lab synchrotron radia-
tion facility in Lund, Sweden. This beamline which
includes a modified SX-700 plane grating monochromator
and a Scienta SES-200 electron energy analyzer is well suited
for high-resolution electron spectroscopy at high-photon
energies (up to hm = 1500 eV). The base pressure in the vac-
uum chamber was in the low 10�10 mbar range. The experi-
mental energy resolution was 600 meV for spectra measured
with hm = 810 eV, 200 meV for spectra measured with
hm = 350 eV and 50 meV for spectra measured with hm =
150 eV. FITXPS2 software [10] was used for core-level fits.

Mg was evaporated from a Ta-boat heated by a tung-
sten filament. Ni was evaporated from a Ni rod at
+1250 V which was e-bombarded from a hot filament at
zero potential. In two different experiments, dissociated
hydrogen was deposited on a Mg-film and on a Mg–Ni-
film. Atomic H was produced with a hot tungsten filament
�5 cm from the sample. The sample was actually exposed
to a mixture of H and H2, but it is the H exposure which
is relevant for the experiment as it will be discussed in
the next section. The deposition was done at room temper-
ature and the pressure in the preparation chamber was
1 · 10�5 mbar for 5 min.

In the first experiment the Mo(110) surface was contam-
inated with small remains of C in spite of several oxygen
treatments up to 1250 K, yielding nevertheless almost
1 · 1 low energy electron diffraction (LEED) pattern (very
weak additional spots were seen). However, these impuri-
ties do not induce any conceptual changes. A 36 Å thick
unordered Mg-film was evaporated on the Mo crystal at

an evaporation rate of 2.4 Å/min. After the evaporation
the LEED pattern disappeared. The derivation of the nom-
inal thickness of the deposited films is explained in the next
section.

In the second experiment no impurities are seen in PES
and the LEED pattern was a sharp 1 · 1. A 16 Å thick
unordered Mg–Ni-film was evaporated in 7 min at a rate
of 2.3 Å per minute and the LEED pattern disappeared.
The Ni to Mg ratio in the film was 1:4.6 in the upper half
of the film and slightly higher close to the Mo crystal, as
will be determined in the next section of this paper. Minor
oxygen impurities appeared after the H dosing. The crystal
was eventually heated-up and the Mg 2p peak was moni-

tored by PES. The temperatures given during the warm-
up of the Mg–Ni-film were obtained by means of a infra-
red thermometer, with error less than 5%.

3. Results

The thicknesses of the Mg and Mg–Ni-films are calcu-
lated according to the inelastic mean free path (see Ref.
[8]) from core-level intensities of the Mo 3d (substrate)
and the Mg 2p (adsorbate) peaks as formulated in the fol-
lowing equation:

Iadsorbate
I substrate

¼ kadsorbateradsorbateð1� e�t=kadsorbateÞ
ksubstratersubstratee�t=ksubstrate

; ð1Þ

where I is intensity of core-level peaks, k is mean free path,
r is the photoionization cross-section and t is the thickness
of the film. Mean free path values from the universal curve
and cross-sections from Ref. [9] are used. All beamline and
analyser parameters were identical for all compared peaks
and changes in the radiation flux have been taken into ac-
count. The thicknesses were determined to be 36 Å for the
Mg-film and 16 Å for the Mg–Ni-film. Consistent results
are obtained when film thickness was determined from
the attenuation of the Mo 3d signal before and after Mg
or Mg–Ni deposition. The difference between the universal
curve and the actual mean free path causes an uncertainty
of about 20%. Formation of islands is excluded due to the
very low-intensity of the Mo 3d peak after the Mg or
Mg–Ni deposition.

The proportions of Mg and Ni in the Mg–Ni-film were
found by comparing Mg 2p and Ni 3p core-level spectra
measured at different settings (810 eV at normal emission,
350 eV at normal emission and at a polar emission angle
h = 60�). In the upper half of the film there is �17–18%
of Ni and slightly more close to the Mo crystal.

Fig. 1a shows Mg 2p spectra from the Mg-film before
(dashed line) and after H deposition (full line) and
Fig. 1b shows Mg 2p spectra from the Mg–Ni-film before
(dashed line) and after H deposition (full line). The peak
at high-BE is attributed to Mg-hydride [3] and Fig. 1
clearly shows that the Mg-film is either poorly hydroge-
nized or that the hydride is lying deeper from the surface.
Mg in the Mg–Ni-film is much more hydrogenated than
Mg in the Mg-film. Another hydride formation character-
istics (not shown here and visible only in pure Mg-films)
are disappearance of the Mg surface plasmon loss peak
at 57.0 eV and attenuation of the Mg bulk plasmon at
60.3 eV.

In Fig. 1a the spin–orbit splitting of the Mg 2p peak is
clearly visible, while this is not the case in Fig. 1b due to
the Mg–Ni interaction influenced broadening of the Mg
2p level in the Mg–Ni-film. Mg–Ni interaction also causes
both the bulk peak and the hydride peak to appear at lower
BEs for the Mg–Ni-film, which indicates that Ni donates
electrons to Mg (chemical shift). While bulk Mg signal
originates from all Mg atoms, it will be shown later that
the hydride signal originates predominantly from those
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Mg atoms which are surrounded by Ni. The hydride peak
is therefore subject to a larger chemical shift than the bulk
peak. The effects of the hydrogenation are visible in the Ni
3p level as well (not shown), which reveals that Ni takes
part in the hydride formation.

We also tried to form hydride in the Mg–Ni-film by H2

exposure. No hydride was formed in this way, as noticed
in the previous studies in the case of aMg-film [4]. This indi-
cates that in order to produce large amounts of hydride, one
would have to use atomic hydrogen. Luckily, atomization
of H2 is not an unsolved problem for the applications: in
Ref. [7] for instance, a Pd layer was used to dissociate H2.

In Fig. 2 we present core-level fits of Mg 2p spectra of
the hydrogenated Mg-film measured at normal emission
with different photon energies: 150 eV in (a) and 810 eV
in (b). The core-level fit in Fig. 2a reveals that the Mg peak
from the Mg-film contains two spin–orbit doublets. The
high-BE doublet is more surface sensitive and is attributed
to surface atoms. The shift between the surface and the
bulk peak is 0.1 eV. A low-intensity peak at the high-BE
side (2 eV shift) is attributed to Mg hydride. The hydride
peak increases when higher excitation energy (which
probes deeper) is used (Table 1), and with a photon energy
of 810 eV the intensity of the hydride peak and the metallic
Mg peak are about the same (Fig. 2b). Unfortunately, the
increased photon energy implies worse energy resolution
(see Section 2) and the components of the Mg 2p peak
are not resolved in Fig. 2b. In spectra measured at
h = 60� the hydride peak also increases (Table 1).

This indicates a thick layer of hydride bordering to the
Mg/Mo interface and a sub-monolayer of hydride at the
surface, while an intermediate region remains non-hydro-
genated as schematically presented in Fig. 3a. Reduction
of the surface to bulk Mg 2p component ratio between
the clean and the hydrogenized surface is in agreement with
this model.

The Mg 2p level from the Mg–Ni-film is broader and
the inclusion of a spin–orbit split in the fitting procedure
is not obvious. A fit shown in Fig. 4 reveals that the
Mg 2p level can be fitted with three peaks. These are a
Mg–Ni peak at 49.1 eV (marked 1 in Fig. 4) which origi-
nates from Mg bonded to Ni, a Mg peak at 49.6 eV (2)
originating from Mg which is not bonded to Ni and

Fig. 1. Mg 2p spectra measured with 150 eV photon energy before
(dashed lines) and after H deposition (full lines) on the Mg-film (a) and
the Mg–Ni-film (b).

Fig. 2. The data points (dots) of Mg 2p spectra together with a fitted curve
(full line) from the hydrogenated Mg-film: (a) Normal emission spectrum
measured with hm = 150 eV is fitted with three spin–orbit doublets. (b)
Normal emission spectrum measured with hm = 810 eV is fitted with two
peaks.

Table 1
Results from fit of the Mg 2p core-level spectra from the hydrogenated
Mg-film

hm (eV) h (�) kcosh (Å) Ibulk Isurface Ihydride

150 60 2.75 23.6 48.8 27.6
350 60 3.9 32.1 37.9 30.6
150 0 5.5 41.8 42.8 15.4
350 0 7.8 58.5 21.1 20.4
810 0 11.5 52.5a 47.7

The table shows intensities of bulk, surface and hydride peaks, in percents
of total emission.
a The surface and bulk components are not resolved in the hm = 810 eV

spectrum. Therefore we give the total emission of these peaks (52.5).
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a hydride peak at �50.9 eV (3). Peaks 1 and 2 are already
present in the Mg 2p spectrum of the clean Mg–Ni surface.
Upon hydride formation they experience H-induced chem-
ical shifts similar to the Ni induced one described with
Fig. 1. The binding energy of the hydride peak varies from
50.8 eV to 51.0 eV. This indicates that at least two hydride
components are present in this peak. As they are not re-
solved, we keep one component (3 in Fig. 4) for all our fits.

One of those two components originates from the very sur-
face, while the other one originates from bulk hydride.
Their relative contributions in peak 3 in Fig. 4 change
with photon energy and angle-induced surface sensitiv-
ity changes. As they have slightly different binding ener-
gies the total binding energy of component 3 is also
changing.

In Fig. 4 the Mg 2p spectra after H deposition are fitted
with these peaks and a summary of how the intensities
change with hm and h is given in Table 2. The hydride peak
increases with lower photon energy and with an increased
h. This indicates that hydride is formed at the surface.
The simplest model is that down to a certain depth, d,
the Mg–Ni-film is hydrogenated and between the hydride
and the crystal a layer of non-hydrogenated Mg–Ni-film re-
mains, as schematically shown in Fig. 3b.

The thickness of the hydride layer is calculated using the
equation:

IHydride

IMg–Ni

¼ 1� e�d=k

e�d=k � e�t=k
; ð2Þ

where IHydride and IMg–Ni are intensities of photoemission
peaks. The total thickness of the film is t and the term
e�t/k compensates for finite thickness of the film. The thick-
ness of the hydride layer d is found by solving the equation.
The Mg peak (at 0 eV) is not included in these calculations,
because we believe that it originates from Mg atoms which
are not bonded to Ni and these atoms play a minor role in
the hydrogenation of the Mg–Ni-film. Also, by excluding

Fig. 3. Schematic representation (not to scale) of the hydrogenated Mg-
film (a) and the hydrogenated Mg–Ni-film (b) on Mo(110) surface.

Fig. 4. The data points (dots) of Mg 2p spectra from hydrogenated Mg–Ni-film together with a fitted curve (full line). Measurements were taken at (a)
hm = 150 eV and h = 0�, (b) hm = 150 eV and h = 60�, (c) hm = 350 eV and h = 0� and (d) hm = 350 eV and h = 60�.
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this peak a more consistent result in terms of hydride
thickness (d) was found. The universal curve is used to find
the mean free path parameter, k, which is corrected by a
factor of cosh = 0.5, for spectra obtained at h = 60�.
The mean value of d thus obtained is 10.0 Å (standard
deviation = 1.4 Å).

The hydrogenated Mg–Ni-film was finally heated. Mg
2p spectra recorded at different temperatures are shown
in Fig. 5a. They reveal a general trend of the hydride films
upon annealing: the hydride peak at the higher BEs
(�51 eV) is disappearing and Mg peak is recovering to
the state it has in a pure Mg–Ni-film. The measurements
have been performed with a photon energy of 150 eV and
each spectrum took 15 s to measure. A contour graph
which displays all these spectra is shown in Fig. 5b. The

temperature raise was 1.8 K/s, which is similar to Ref. [4]
(3 K/s). The intensity map in Fig. 5 shows that at 400 K
the hydride peak rapidly decreases in intensity and a peak
corresponding to non-hydrogenated Mg–Ni-film appears.
At higher temperature this peak starts to dominate the
spectrum and reaches its maximum intensity at 500 K.
The integrated intensity of the Mg 2p spectrum shows a
small increase at around 450 K, probably due to surface
segregation of Mg atoms [11]. After warming to tempera-
tures above 500 K the intensity of the Mg 2p peak drasti-
cally decreases. The interpretation is that the hydrogen
desorption starts at 400 K, and that the Mg–Ni-film is de-
stroyed at 550 K. However, the temperature raise in this
experiment was quite swift. Therefore about 20% of the hy-
dride content remained in the film when Mg segregation
started (see topmost spectrum in Fig. 5a).

4. Discussion

According to our high-resolution PES study the Mg-film
on Mo(110) develops a sub-monolayer of hydride at the
surface and a much thicker hydride layer bordering the
Mg/Mo interface, while an intermediate region remains
non-hydrogenated. This can explain two peaks seen in tem-
perature programmed desorption spectra Ref. [4]. Mo
plays a significant role for the Mg-film hydrogenation, as
is clear from the enhanced hydride formation in Mg close
to the Mg/Mo interface. We conclude that both Ni and
Mo enhance the hydride formation in Mg. However Ni en-
hances the hydride formation more strongly, which is why
the hydride forms at the surface and not at the Mg–Ni/Mo
interface.

Ni is a catalyst for formation of surface and sub-surface
hydride, which is clear from the stronger hydride intensity
in core-level spectra from Mg–Ni compared to Mg-films.
Sprunger and Plummer achieved Mg hydrogenation at
low temperatures [2,3]. We have accomplished a �10 Å
thick layer of surface hydride by room-temperature H-
deposition on the Mg–Ni-film, which is clearly an advan-
tage if applications are considered. For the Mg–Ni we do
not find any indication of hydride formation close to the
Mg–Ni/Mo interface. The hydride formation is thus totally
determined by the geometrical distribution of Ni, which
proves to be a better catalyst than a neighboring Mo crys-
tal. During warm-up the hydrogen desorbs from the Mg–
Ni-film well before the film is irreversibly changed by
Mg-segregation on top and Ni-segregation at the bottom,
which would be followed by desorption of the Mg-film.
This is why Mg–Ni-films are better candidate for hydrogen
storage than Mg-films, in which hydrogen desorbs simulta-
neously with Mg. [4]. In Ref. [5] it is shown that a multi-
layer capping of MgO also gives this effect, but it also
enhances the desorption temperature. In our study we have
the same difference between hydrogen desorption and film
destruction. However, as our films contain much less
oxygen, this temperature difference in our experiment can
be assigned to the Ni content in the film.

Table 2
Results from fit of the Mg 2p core-level spectra from the hydrogenated
Mg–Ni-film

hm (eV) h (�) kcosh (Å) IMg–Ni (1) IMg (2) Ihydride (3)

150 60 2.75 1.1 8.4 90.5
350 60 3.9 5.5 15.4 79.1
150 0 5.5 8.4 12.1 79.5
350 0 7.8 21.0 15.6 63.3

The table shows intensities of Mg–Ni (1), Mg (2) and hydride peak (3), in
percents of total emission.

Fig. 5. Mg 2p spectra from the hydrogenated Mg–Ni-film measured with
150 eV photon energy during warm-up (a) at selected temperatures or (b)
over the entire temperature range from 300 K to 500 K (contour-plot
representation with high-intensity in yellow and low-intensity in black).
(Yellow hot is changed to gray scale in the printed version.)
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5. Conclusion

In this paper, we present a comparative high-resolution
PES study of two potential candidates for the hydrogen
storage materials: Mg and Mg–Ni. Our chemically-shifted
core-level components-analysis shows that Ni acts as a cat-
alyst for the Mg-hydride formation and influences both the
magnitude of the hydride building as well as its distribution
within the Mg-film. Under the influence of Ni a thick sur-
face hydride layer is formed, which furthermore can be des-
orbed from the film, leaving it unchanged. Different effects
of mixed Ni or interfacing Mo on the hydride film geome-
try opens the possibilities for structural hydrogen storage.
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Abstract

In this paper we present evidence for a surface resonance on the ð6
ffiffiffi

3
p

� 6
ffiffiffi

3
p

Þ–R30�-reconstruction obtained on 5 monolayers (ML) of
Au deposited on the ð

ffiffiffi

3
p

�
ffiffiffi

3
p

Þ–R30�-4H–SiCð0001Þ and subsequently annealed. We use synchrotron radiation-based angle resolved
photoelectron spectroscopy to show that this resonance has no k?-dispersion, but a parabolic-like kk-dispersion of 0.4 eV around C.
Its electronic localization in the ð6

ffiffiffi

3
p

� 6
ffiffiffi

3
p

Þ–R30� surface reconstruction is documented by comparison with the ð2
ffiffiffi

3
p

� 2
ffiffiffi

3
p

Þ–R30�
structure, obtained at a slightly lower annealing temperature after 5 ML Au deposition on the ð

ffiffiffi

3
p

�
ffiffiffi

3
p

Þ–R30�-4H–SiCð0001Þ substrate.
� 2007 Elsevier B.V. All rights reserved.

Keywords: Gold; Silicon carbide; Surface electronic phenomena; Surface resonance; Surface structure; Synchrotron radiation angle resolved photoelec-
tron spectroscopy; Low energy electron diffraction (LEED)

1. Introduction

Since the early studies of the valence band structure of
Au(111) by Smith [1–3] and Stöhr et al. [4] the positions
of the direct transitions from the uppermost d-band have
been established. Later measurements of Courths et al.
[5] and Kevan and Gaylord [6] have shown that the valence
band of Au(111) contains features dispersionless with the
change of photon energy. One of them is a well-known
Shockley-type surface state (SS in Fig. 1), which appears
in the L-gap of all noble metal (111) surfaces. The others
were shown by Paniago et al. [7] to be herringbone recon-
struction related surface resonances (D1,D2 in Fig. 1). The
existence of yet another surface resonance (S in Fig. 1) was
discussed by Zimmer and Goldmann [8].

The electronic structure changes if thin films of Au are
observed instead of bulk Au(111). Reconstruction related
resonances (D1,D2) can appear there [9] and the shoulder

S develops with the Au coverage on W(110) [9], Si(111)-
2 · 1 [10] or cleaved Si(111) [11], which questions its rela-
tion to the surface potential. On the other hand, a new
dispersionless state related to the surface potential appears
for �2 ML Au/W(110), although it is not identified as a
surface resonance [9]. Surface resonances are states degener-
ate with the bulk bands, which is why they are rather diffi-
cult to identify experimentally. They can disperse in kk, but
not in k?. One very good example of surface resonances is
presented by Courths [12] in the ordered alloy Cu3Au(111).

In this paper we present evidence for a reconstruction
related surface resonance in ð6

ffiffiffi

3
p

� 6
ffiffiffi

3
p

Þ–R30� surface of
5 ML Au on ð

ffiffiffi

3
p

�
ffiffiffi

3
p

Þ–R30�-4H–SiCð0001Þ by inspec-
tion of its kk- and k?-dispersion, as well as the comparison
with the valence band of a different reconstruction at the
same Au coverage.

2. Experimental

The experiments have been performed at the beamline
33 at the MAX-lab synchrotron in Lund. Beamline 33 is

0039-6028/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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bending magnet based and allows for photon energies in
the range between 15 eV and 200 eV. The end station is
an angle resolving VG analyzer (ARUPS 10), which was
used in this study with angular resolution of ±2� and en-
ergy resolution of 6100 meV. The detector is rotatable in
two angular degrees of freedom: in the horizontal and in
the vertical plane. The sample is also rotatable around
two axis: the polar and the azimuthal axis. The polar angle
was set to give an incidence angle of the light of 45�. The
azimuthal orientation of the sample was monitored by
low energy electron diffraction (LEED). The base pressure
of the analysis chamber was 4 · 10�11 mbar, while that of
the preparation chamber was in the lowest 10�10 mbar
region.

The 4H–SiC(0001) wafer with 8� miscut in the ½11�20�
direction was purchased from Cree. It is high quality
(low micropipe) N-type wafer polished on both sides. Prec-
leaning was performed in methanol and by HF (5%) etch-
ing before the introduction in the UHV-chamber. In situ
preparation started with outgassing at T < 600 �C. A well
ordered (3 · 3) surface was obtained after 30 min anneal
of the sample at 800 �C in �2 ML/5 min Si flux [13–15].
The ð

ffiffiffi

3
p

�
ffiffiffi

3
p

Þ–R30�-reconstruction was obtained by
annealing the sample for additional 30 min at 1000 �C with
no Si flux [13–15]. For temperature reading a pyrometer
was used, with the emissivity 0.85 [15] and accuracy better
than 10�.

Two ends of the sample were clamped onto two electri-
cally isolated parts of the sample holder. Heating of the
sample was achieved by running a current through the sam-

ple. Because of the different contact resistances a tempera-
ture gradient of �50� develops over the sample. This was
also visible by eye at the anneal temperatures at which
the sample glows. This temperature gradient might have
led to the onset of ð6

ffiffiffi

3
p

� 6
ffiffiffi

3
p

Þ–R30�-reconstruction at
the highest temperature end of the sample.

Five monolayers of gold were deposited on the
ð

ffiffiffi

3
p

�
ffiffiffi

3
p

Þ–R30� surface of 4H–SiC(0001) from a W-fila-
ment carrying a piece of gold at �0.5 ML/min. Deposited
film was post-annealed at 650–700 �C (due to the already
mentioned temperature gradient) during 5 min. The same
emissivity value has been used for the pyrometer readings
as in the case of the clean surface. The appearance and
the quality of the reconstructions was checked by low en-
ergy electron diffraction (LEED). The sample was then
cooled with liquid nitrogen for the photoelectron spectros-
copy measurements. Prepared film consists predominantly
of unreacted gold, which is expected to grow with (111)
orientation following the hexagonal substrate with �6%
lattice mismatch. Film structure and morphology will be
discussed in more detail elsewhere. The Au coverage was
estimated from the core-level intensities.

Fermi level correction has been performed according to
Fermi edge measurements on a tantalum foil under the
same experimental conditions as in the Au/SiC experiment.
The intensities have been calibrated with respect to the syn-
chrotron ring current and the number of sweeps.

3. Results and discussion

Fig. 1 presents the development of the valence band
(VB) with gold coverage. Spectrum from the ð

ffiffiffi

3
p

�
ffiffiffi

3
p

Þ–R30�-4H–SiCð0001Þ is shown at the bottom with
the dashed line. Surface state characteristic for this surface
is clearly visible at 1.3 eV binding energy in agreement with
Ref. [17]. With the deposition of gold the electronic struc-
ture changes from the one of SiC, towards the one of Au
(grey spectrum on the top, measured with angular resolu-
tion of ±0.15� and energy resolution of 63.5 meV [16]).
At �5 ML of gold, the d-bands of gold are almost fully
developed. D1 and D2 mark herringbone reconstruction
related surface resonances in Au(111) [7] which are not ex-
pected to appear on our sample. Surface state of SiC is
being replaced by a surface state at the binding energy close
to that of the SS in pure gold (see arrow at the bold spec-
trum). Its appearance suggests that the gold has (111) ori-
entation, as this is the only crystallographic direction in Au
exhibiting projected band gap around the C point (normal
emission) [18] and thus allowing for the appearance of the
surface states there.

A sharp peak at 2.6 eV binding energy (marked by a
long vertical line in Fig. 1) appears at 5 ML Au on
ð

ffiffiffi

3
p

�
ffiffiffi

3
p

Þ–R30�-4H–SiCð0001Þ with ð6
ffiffiffi

3
p

� 6
ffiffiffi

3
p

Þ–R30�-
reconstruction (bold line). In the Au bandstructure, this
feature lies clearly on the occupied side of the projected
sp-gap (parabolic with minimum at �1.13 eV at C [16]),
as well as at the higher binding energy side of the last VB

Fig. 1. Normal emission valence band of ð
ffiffiffi

3
p

�
ffiffiffi

3
p

Þ–R30�-4H–SiCð0001Þ
(dashed), ð6

ffiffiffi

3
p

� 6
ffiffiffi

3
p

Þ–R30� 5 ML Au on ð
ffiffiffi

3
p

�
ffiffiffi

3
p

Þ–R30�-4H–SiC-
ð0001Þ (black bold line) and Au(111) (grey; taken from Fig. 1 in Ref.
[16] at normal emission). The reconstructions are marked. All spectra are
measured with photon energy of 21 eV. Au(111) was measured at 20 K,
the rest at 100 K.
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features (the shoulder S at �2 eV). Furthermore, it lies
energetically below the SiC valence band maximum
(VBM, �2.3 eV [17], marked on the SiC spectrum in
Fig. 1). This all suggests that this state lies within the bulk
bands of both substrate and adsorbate.

However, this sharp peak in the valence band of the
ð6

ffiffiffi

3
p

� 6
ffiffiffi

3
p

Þ–R30�-reconstructed 5 ML Au on ð
ffiffiffi

3
p

�
ffiffiffi

3
p

Þ–R30�-4H–SiCð0001Þ has two-dimensional character.
In Fig. 2 its photon energy dependent dispersion is pre-
sented in the photon energy range between 17 eV and
25 eV. All spectra were measured at normal emission.
The lack of k?-dispersion, as can be seen from its con-
stant binding energy at different photon energies, confirms
its two-dimensionality. Although it is two-dimensional,
this state cannot be a true surface state, because it does
not lie within any of the relevant gaps defined by SiC
and Au.

In Fig. 3 a dispersion of this sharp VB peak in the CK
direction of the substrate is presented. The emission angle
is indicated on the right side. The angular region which
was investigated is between �10� and 15�, where this state
disappears. We see that apart from the clear intensity
change, a downwards parabolic-like dispersion (marked
by ticks) around C can be seen. The bandwidth of this state
in this angular region is thus �0.4 eV.

As we have shown that this state is two-dimensional and
therefore not a bulk state, but that it is degenerate with the
bulk states, it can be only a surface resonance (SR). For the
quantum well state (QWS) one would rather expect much
less intense and, in case of Au/SiC interface [19], a much
broader peak, which would have to lie at the lower binding
energy side of the SiC valence band maximum. To investi-
gate this issue more thoroughly, we present a VB scan over
the sample at normal emission in Fig. 4. The sample has
been exposed to 5 ML of Au and post-annealed. As de-
scribed earlier, the anneal temperature has a gradient of
�50 �C over the sample. The anneal temperatures corre-
sponding to each measured spectrum are stated on the left.
On the right side, the measured LEED patterns are shown.
We see that the high-anneal-temperature side of the sample
reconstructed to give ð6

ffiffiffi

3
p

� 6
ffiffiffi

3
p

Þ–R30� structure, while
the low-anneal-temperature side of the sample recon-
structed to give ð2

ffiffiffi

3
p

� 2
ffiffiffi

3
p

Þ–R30� structure. The identical
ð6

ffiffiffi

3
p

� 6
ffiffiffi

3
p

Þ–R30�-LEED pattern as shown here has been
shown to correspond to a mixture of reconstructions on
pure 6H–SiC(0001), which is still called ð6

ffiffiffi

3
p

� 6
ffiffiffi

3
p

Þ–
R30� for practical reasons [20–23]. However, the ð6

ffiffiffi

3
p

�
6

ffiffiffi

3
p

Þ–R30�-reconstruction on pure SiC has very different
valence band structure than what we report here and no
k?-dispersionless features [24].

Fig. 2. Photon energy scan of the ð6
ffiffiffi

3
p

� 6
ffiffiffi

3
p

Þ–R30� 5 ML Au on ð
ffiffiffi

3
p

�
ffiffiffi

3
p

Þ–R30�-4H–SiCð0001Þ. Photon energies are marked on the right. All spectra
are measured at normal emission at 100 K.

Fig. 3. Valence band dispersion of the ð6
ffiffiffi

3
p

� 6
ffiffiffi

3
p

Þ–R30�-reconstructed 5 ML Au on ð
ffiffiffi

3
p

�
ffiffiffi

3
p

Þ–R30�-4H–SiCð0001Þ in the CK direction of the
substrate. Emission angles are marked on the right. All spectra are measured with photon energy of 23 eV at 100 K.
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The sharp peak at 2.6 eV is present in the ð6
ffiffiffi

3
p

� 6
ffiffiffi

3
p

Þ–
R30�, but not in the ð2

ffiffiffi

3
p

� 2
ffiffiffi

3
p

Þ–R30�-reconstruction on
the same surface. This is another indicator that this state
is not a QWS. Both parts of the sample were exposed to
the same amount of Au and the annealing temperature dif-
ference of �50 �C cannot contribute to significantly flatter
surface and therefore appearance of the QWS only on one
part of the surface. Core-level measurements indicate
slightly more Au (�6 ML) at the ð2

ffiffiffi

3
p

� 2
ffiffiffi

3
p

Þ–R30�-
reconstructed surface. This is an even stronger indication
that the sharp peak at 2.6 eV is not a QWS. If it was a
QWS, it would have to be visible at the ð2

ffiffiffi

3
p

� 2
ffiffiffi

3
p

Þ–
R30�-reconstructed surface as well. Furthermore, the
disappearance of the sharp peak with the change of recon-
struction indicates that this peak is clearly reconstruction
related, i.e. a surface resonance.

4. Conclusions

We identify a surface resonance on ð6
ffiffiffi

3
p

� 6
ffiffiffi

3
p

Þ–R30�-
reconstructed 5 ML Au on ð

ffiffiffi

3
p

�
ffiffiffi

3
p

Þ–R30�-4H–SiC-
ð0001Þ. We show that this state is degenerate with bulk
bands, but that it has a two-dimensional character. It exists
between �10� and +15� along CK direction of the substrate
and its dispersion is shown to be parabolic-like around C
with 0.4 eV bandwidth. Its presence is directly related to
the surface reconstruction. Our investigations of films with
1–5 ML Au deposited on the ð

ffiffiffi

3
p

�
ffiffiffi

3
p

Þ–R30�-4H–SiC-
ð0001Þ surface show that the reconstruction formation is
very sensitive to the annealing temperature. It is therefore
important to notice that the surface resonance observed
here is characteristic for 700 �C post-anneal temperature,
but probably not for 5 ML of Au deposited.
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Abstract
We present a systematic study of different reconstructions obtained after
deposition of Au on the (

√
3 × √

3)-R30◦-4H-SiC(0001) surface. For 1–
2 monolayers (ML) Au and annealing temperature Tanneal ∼ 675 ◦C, a 3 ×
3 reconstruction was observed. For 4 ML Au and Tanneal ∼ 650 ◦C, a
(2

√
3×2

√
3)-R30◦ reconstruction appeared, while 5 ML Au annealed at 700 ◦C

reconstructed to give a (6
√

3 × 6
√

3)-R30◦ pattern. From the Si 2p and Au 4f
core-level components, we propose interface models, depending on the amount
of Au on the surface and the annealing temperature. For 1–4 ML Au annealed
at 650–675 ◦C, gold diffuses under the topmost Si into the SiC and forms a
silicide. An additional Si component in our Si 2p spectra is related to the
interface between the silicide and SiC. For 5 ML Au annealed at 700 ◦C, silicide
is also formed at the surface, covering unreacted Au on top of the SiC substrate.
The interface Si component is also observed in the Si 2p spectra of this surface.
The key role in Au/

√
3-4H-SiC(0001) interface formation is played by diffusion

and the silicon-richness of the surface.

1. Introduction

Au on Si has been one of the most interesting systems for both applications in electronic devices
and fundamental studies of interface formation and diffusion in the past decades. It has been
clear since the earliest studies that strong interdiffusion of both Au in Si and Si in Au drives a
complex interface formation in Au/Si [1, 2]. In the case of Si(111) as a substrate, the result is
silicide (Au3Si) at the surface covering some unreacted gold on top of the Si substrate [3, 4]. In
contrast, Au on a Si(100) surface gives a silicide embedded between the Si at the surface and
the bulk Si sample [5].

The interest in the Au/SiC interface has been growing during the past decade, as SiC
started replacing Si in high-temperature, high-speed, high-power and high-voltage sensor
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and electronic devices [6]. Investigations of Au/4H-SiC(0001̄) reveal silicide at the surface,
covering unreacted gold on top of the SiC sample [7], which is very similar to the interface
formation between gold and Si(111). On the surface of 4H-SiC(0001), more silicon-rich (3×3,
(
√

3 × √
3)-R30◦) or more carbon-rich reconstructions ((6

√
3 × 6

√
3)-R30◦) can be obtained

after different surface preparations [8], and they can serve as substrates for gold deposition.
Studies of gold deposition on the 3 × 3 surface show the appearance of several different
reconstructions depending on the post-anneal temperature [9]. For the (2

√
3 × 2

√
3)-R30◦

reconstruction, an interface consisting of Si at the surface followed by silicide layer followed
by SiC has been proposed [9]. This is clearly different than the observed Au/4H-SiC(0001̄)
interface, but essentially the same as the one for Au/Si(100). A similar interface has been seen
in 3 × 3-reconstructed Au on (

√
3 × √

3)-R30◦-4H-SiC [9].
In this paper we present a systematic study of different reconstructions obtained after

deposition of Au on the (
√

3 × √
3)-R30◦ SiC surface. We correlate coverages and post-

annealing temperatures with different reconstructions. Using synchrotron radiation based
photoelectron spectroscopy we analyse the emission angle dependence of the intensities of
different core-level components, to obtain information about their surface character or bulk
character. Finally, we propose models for interfaces, depending on the amount of Au on the
surface and the annealing temperature.

2. Experimental details

The experiments were performed at beamline 33 at the MAX-lab synchrotron in Lund.
Beamline 33 is bending magnet based, and it allows for photon energies in the range between
15 and 200 eV. The end station is an angle-resolving VG analyser (ARUPS 10), which was used
in this study with angular resolution of ±2◦ and energy resolution of �100 meV. The detector
is rotatable in two angular degrees of freedom: in the horizontal and in the vertical plane. The
sample manipulator is also rotatable around two axes: the polar axis and the azimuthal axis.
The polar angle was set to give an incidence angle of the light of 45◦. The azimuthal orientation
of the sample was monitored by low-energy electron diffraction (LEED). The base pressure of
the analysis chamber was 4 × 10−11 mbar, while that of the preparation chamber was in the
lowest 10−10 mbar region.

The 4H-SiC(0001) wafer with 8◦ miscut in the [1120] direction was purchased from Cree.
It is a high-quality (low micropipe) n-type wafer polished on both sides. Precleaning was
performed in methanol and by HF (5%) etching before the introduction in the UHV chamber.
In situ preparation started with outgassing at T < 600 ◦C. A well-ordered 3 × 3 surface was
obtained after 30 min anneal of the sample at 800 ◦C in ∼2 ML 5 min−1 Si flux [8, 10, 11].
The (

√
3 × √

3)-R30◦ reconstruction (short
√

3) was obtained by annealing the sample for
an additional 30 min at 1000 ◦C with no Si flux [8, 10, 11]. For temperature reading a
pyrometer was used, with the emissivity 0.85 [11]. The temperature gradient over the sample
was ∼50 ◦C, which might have led to the onset of (6

√
3 × 6

√
3)-R30◦ reconstruction at the

highest-temperature end of the sample.
Gold was deposited on the (

√
3×√

3)-R30◦ surface from a W filament carrying a Au piece
at ∼0.5 ML min−1. Deposited films were post-annealed at 650–700 ◦C (due to the already-
mentioned temperature gradient) for 5 min. The same emissivity value has been used for the
pyrometer readings as in the case of the clean surface. The appearance and the quality of the
reconstructions was checked by LEED. The sample was then cooled with liquid nitrogen for
the photoelectron spectroscopy measurements. The Au coverages were estimated from the
core-level intensities and quartz microbalance measurements.

Fermi level correction was performed according to the Fermi edge measurements on a
tantalum foil under the same experimental conditions as in the Au/SiC experiment. The

2
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Figure 1. LEED patterns of (a) (
√

3 × √
3)-R30◦-4H-SiC(0001) (short

√
3-4H-SiC); (b) (3 × 3)

1–2 ML Au/
√

3-4H-SiC; (c) (2
√

3 × 2
√

3)-R30◦ 4 ML Au/
√

3-4H-SiC; (d) (6
√

3 × 6
√

3)-R30◦
5 ML Au/

√
3-4H-SiC. The post-anneal temperatures applied on the sample after gold deposition

are marked on top. The LEED beam energy is marked in the lower-left corner.

Table 1. Acronyms used throughout this paper for different surfaces.

Surface Reconstruction Tanneal (◦C) Acronym

4H-SiC(0001) (
√

3 × √
3)-R30◦ —

√
3-4H-SiC

1 ML Au/
√

3-4H-SiC 3 × 3 675 1 ML Au-3 × 3

2 ML Au/
√

3-4H-SiC 3 × 3 675 2 ML Au-3 × 3

4 ML Au/
√

3-4H-SiC (2
√

3 × 2
√

3)-R30◦ 650 4 ML Au-2
√

3

5 ML Au/
√

3-4H-SiC (6
√

3 × 6
√

3)-R30◦ 700 5 ML Au-6
√

3

intensities were calibrated with respect to the synchrotron current and the number of sweeps.
The FITXPS2 software [12] was used for core-level fits.

3. Results

In figure 1(a) the LEED pattern of the substrate SiC surface, which was used for all gold
depositions, is shown. It depicts the (

√
3 × √

3)-R30◦ reconstruction on the 4H-SiC(0001)
(
√

3-4H-SiC). In figures 1(b)–(d) three different surface reconstructions are shown, which
can be obtained by depositing and post-annealing gold on the

√
3-4H-SiC. In figure 1(b)

a 3 × 3 reconstruction characteristic for small Au coverages (1–2 ML) and post-annealing
temperatures of 675 ◦C (see figure 2) is presented. The one shown in the image was obtained
for 2 ML Au. This reconstruction has been reported in similar conditions in [9]. In figure 1(c)
a (2

√
3 × 2

√
3)-R30◦ (short 2

√
3) reconstruction is shown. It appears for coverages of 4–

5 ML and post-anneal temperatures of 650 ◦C (see figure 2). The one shown in the image
was obtained for 4 ML Au. On the other hand, the (6

√
3 × 6

√
3)-R30◦ reconstruction (short

6
√

3) is characteristic for 2–5 ML of Au on
√

3-4H-SiC post-annealed at 700 ◦C (see figure 2).
The pattern shown in the image was obtained for 5 ML Au. A certain role for appearance of
this reconstruction is played by the slightly higher annealing temperature of the 4H-SiC(0001)
at one part of the sample, which may induce onset of (6

√
3 × 6

√
3)-R30◦ reconstruction

already on the pure substrate. We have not, however, observed the 6
√

3 LEED pattern prior to
gold deposition. Between these three reconstructions badly defined LEED patterns have been
observed in figure 2 (shaded area). These will not be considered in further analysis. Acronyms
which will be used for different coverages, instead of the full names describing the substrate,
adsorbate and the reconstruction, are summarized in table 1.

The LEED patterns in figures 1(a)–(c) correspond exactly to the given reconstruction. In
contrast, an identical 6

√
3 LEED pattern as shown in figure 1(d) has been shown to correspond

3
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Figure 2. Schematic representation of gold coverage and anneal temperature dependent
reconstructions on Au/

√
3-4H-SiC.

to a mixture of reconstructions on pure 6H-SiC(0001) [13–16]. Scanning tunnelling
microscopy (STM) studies [13] show the presence of 5 × 5 and 6 × 6 patterns superimposed
on to (2.1

√
3 × 2.1

√
3)-R30◦, with or without the

√
3 structure. Comparison with our LEED

pattern reveals that
√

3 spots are not present in our case.
In figure 3, Si 2p core levels at normal emission (NE) and 45◦ off normal for 1, 2 ML Au-

3 × 3 and 4 ML Au-2
√

3 are presented. The spectra correspond to the LEED patterns shown
in figures 1(b) and (c). All spectra can be decomposed into three spin–orbit split doublets4.
The doublet with the highest binding energy (dashed grey line) corresponds to SiC. At low
coverages it is very similar to the Si 2p core level of the

√
3-4H-SiC surface (not shown), but

it experiences a chemical shift of −0.7 eV upon Au exposure. Its intensity decreases with Au
coverage, as expected.

The second doublet (bold grey line) is rather broad for all investigated coverages (total
width of ∼0.5 eV) and exhibits a −0.8 eV shift with respect to the SiC peak in Au/

√
3-4H-SiC.

This is the same as reported for silicide on Au/4H-SiC(0001̄) [7] and for silicide on Au/4H-
SiC(0001)-(3 × 3) [9]. We also assign this doublet to the silicide.

The third doublet (grey line) is sharper than the previous ones (total width of ∼0.3 eV) and
has a binding energy at −1.1 eV from the SiC peak. For the lowest coverages it shows angular
behaviour of a surface component, i.e. it increases in intensity at higher emission angles. At
higher coverages, it shows angular-dependent intensity typical for an interface component. Due
to its low width we attribute it to the Si at the surface or at the interface between Au–Si and
SiC.

In figure 4, Au 4f core levels at normal emission for 1, 2 ML Au-3 × 3 and 4 ML Au-2
√

3
are presented. Only one spin–orbit split doublet is resolved in all Au 4f spectra. All spectra
are thus fitted consistently with similar parameters for this doublet5. The binding energies are
shifted by ∼0.54 eV towards the higher binding energies compared to reference values for pure
gold (84/87.7 eV). The doublets are relatively broad (total width ∼0.9 eV), but the inclusion
of another doublet is not supported by the spectral shape. This suggests that there is only
one chemical species of Au, which according to the silicide component in the Si 2p spectra
and according to the shift of the measured Au spectrum with respect to the bulk Au binding
energies can only be attributed to the silicide.

4 Si 2p spin–orbit split doublets were fitted with following parameters: 0.61 eV spin–orbit splitting, 0.5 branching
ratio, 0.06–0.08 eV Lorentzian width and variable Gaussian width, 0.04–0.17 asymmetry parameter.
5 Au 4f spin–orbit split doublets were fitted with following parameters: 3.67 eV spin–orbit splitting and 0.07–0.25
asymmetry parameter.

4
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Figure 3. Si 2p core-level measurement (dots) and fit (black line) consisting of three spin–orbit
split doublets (grey) and a linear background (dashed black line) at normal emission (NE) and 45◦
off normal for 1, 2 ML Au-3 × 3 (annealed at 675 ◦C) and 4 ML Au-2

√
3 (annealed at 650 ◦C). All

spectra were measured with photon energy of 130 eV.

Figure 4. Au 4f core level measurement (dots) and fit (black line) consisting of one spin–orbit split
doublet (grey) and a linear background (dashed black line) at normal emission (NE) for 1, 2 ML
Au-3 × 3 (annealed at 675 ◦C) and 4 ML Au-2

√
3 (annealed at 650 ◦C). All spectra were measured

with photon energy of 130 eV.

In figure 5, both Si 2p and Au 4f core levels at normal emission and 45◦ off normal
for 5 ML of Au/

√
3-4H-SiC annealed at 700 ◦C are presented. This surface shows the 6

√
3

reconstruction from figure 1(d). As mentioned earlier, this reconstruction may be triggered by
the slightly higher annealing of the clean SiC at that part of the sample, and thus the induced
onset of the 6

√
3-SiC reconstruction. This was not seen by LEED, but some similarities

between 5 ML Au-6
√

3 and 6
√

3-SiC exist in core levels. The Si 2p core level in figure 5
at NE covers similar binding energies as the one of the 6

√
3-SiC in figure 3(a) of [17].

5
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Figure 5. Si 2p and Au 4f core-level measurement (dots) and fit (black line) consisting of spin–orbit
split doublets (grey) and a linear background (dashed black line) at normal emission (NE) and 45◦
off normal for 5 ML Au-6

√
3 annealed at 700 ◦C. All spectra were measured with photon energy of

130 eV.

However, the electronic structure of the 6
√

3 reconstruction on pure or gold-covered SiC is
very different [18].

Our spectrum can be decomposed in four spin–orbit split doublets. Two of them (dashed
grey lines) show bulk character. While one of them (dashed grey line) is at the same binding
energy as the SiC component seen at 1–4 ML of Au, the second bulk-like peak (bold dashed
grey line) appears at ∼1 eV higher binding energy than the SiC peak. This peak is similar to
the one observed in [17] for 6

√
3-SiC, with a shift of 0.6 eV towards higher binding energies.

Therefore, we also attribute it to the onset of 6
√

3 reconstruction (slightly higher annealing
temperature) on the clean SiC [17].

The most pronounced doublet (bold grey line) is a surface component (see off normal
emission) and is attributed to the silicide. At its lower binding energy side a surface peak
due to interface Si is seen (grey line). Their binding energy shifts are similar to the ones
on the previously discussed surfaces (−0.5 and −0.9 eV). The width of the silicide peak is
still ∼0.6 eV, while the width of the Si peak is now ∼0.6 eV. This suggest less well-defined
coordination of interface Si, contrary to the sharp Si peak at 1–2 ML Au originating from the
well-ordered surface atoms.

In the Au 4f spectra in figure 5, two different doublets can be clearly resolved. The higher
binding energy one (bold grey line) is at approximately the same binding energy as the doublet
in 1–4 ML Au, and it has a similar width of ∼0.85 eV. It has been assigned to the silicide
and at 5 ML it has a surface character. On the lower binding energy side a much more intense
doublet is observed (grey line). Its binding energy is 83.8/87.4 eV, very close to the reference
Au values (84/87.7 eV) and its width is ∼0.68 eV. This doublet is assigned to a thick layer of
unreacted gold below the surface. The shift between the two doublets is ∼0.65 eV, similar to
that in [3, 7, 9].

6
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Figure 6. Schematic representation (not to scale!) of
interface formation for (a) 1–4 ML Au annealed at
Tanneal = 650–675 ◦C and (b) 5 ML Au-6

√
3 annealed

at Tanneal = 700 ◦C.

4. Discussion

In figure 6, models for the Au/
√

3-4H-SiC interface have been proposed based on the core-level
results presented in previous figures. In these models, only SiC, Au–Si and Au have been taken
into account, for simplicity. All the interface or surface Si components have been left out. For
1–4 ML and annealing at 650–675 ◦C (figure 6(a)), gold diffuses under the surface and forms
a silicide layer. An additional component in the Si 2p spectra suggests that an interfacial Si
layer develops between the surface silicide and buried SiC. In figure 6(b) the interface of 5 ML
Au-6

√
3 annealed at 700 ◦C is shown. Silicide is at the surface, but underneath it is unreacted

Au. Below them is SiC, which contributes with two bulk-like peaks to the Si 2p lineshape.
With increasing amount of gold, an increasingly large layer of silicide is formed at the

surface at annealing temperatures of 650–675 ◦C. While the annealing temperature is crucial for
the reconstruction at the surface, variations between 650 and 675 ◦C do not seem to play a role
for interface formation. Both diffusion of gold and silicon is relevant for the silicide formation.
As the surface that we measured was always liquid nitrogen cooled after preparation, we made
sure that the diffusion was stopped and that we were looking at the non-changing system.
For a bit higher annealing temperatures (700 ◦C), gold aggregation replaces silicide formation.
Specific interface formation at 5 ML Au-6

√
3 is also related to the 6

√
3 reconstruction. At the

clean SiC surface, this reconstruction is carbon-rich. Higher annealing temperatures lead to
silicon depletion at the surface and this depletion can be responsible for smaller amount of Si
available for silicide formation.

Finally, photoelectron spectroscopy from a well-ordered surface is not free of
photoelectron diffraction effects. These could influence the core-level intensity changes at
45◦ emission angle, which were used in this study. It is therefore important to notice that
identification of the surface components in our spectra has been done based on the core-level
shifts, peak widths and comparisons with the literature. The core-level spectra recorded at 45◦
emission angle agree very well with these findings. However, one conclusion could be affected
by photoelectron diffraction. The placement of silicide on the surface within the interface
model for 5 ML Au-6

√
3 annealed at 700 ◦C (figure 6(b)) was based on the observation that the

silicide component in the Au 4f core level becomes stronger at 45◦. If this was influenced by
the photoelectron diffraction, the order of Au and Au–Si would simply change in figure 6(b):
Au would be lying on top, while silicide would be at the interface between Au and SiC. In the
absence of photoelectron diffraction data, we leave figure 6(b) as it is, because it is in good
agreement with already reported interfaces of Au/Si(111) [3, 4] or Au/4H-SiC(0001̄) [7].

5. Conclusions

A systematic study of different reconstructions obtained after deposition of Au on the (
√

3 ×√
3)-R30◦-4H-SiC(0001) is presented. For 1–2 ML Au and Tanneal ∼ 675 ◦C a 3 × 3-

7
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reconstruction was observed. For 4 ML Au and Tanneal ∼ 650 ◦C, a (2
√

3 × 2
√

3)-R30◦
reconstruction appeared, while 5 ML Au annealed at 700 ◦C reconstructed to give a (6

√
3 ×

6
√

3)-R30◦ pattern. From the Si 2p and Au 4f core-level components, we propose interface
models, depending on the amount of Au on the surface and annealing temperature. For 1–
4 ML Au annealed at 650–675 ◦C, gold diffuses under the topmost Si into the SiC and forms
a silicide. An additional Si component in our Si 2p spectra is related to the interface between
the silicide and SiC. For 5 ML Au annealed at 700 ◦C, silicide is also formed at the surface,
covering unreacted Au on top of the SiC substrate. An interface Si component is also observed
in the Si 2p spectra of this surface. Diffusion and silicon-richness of the surface are determining
factors behind this interface formation.
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Abstract
Thin magnesium–nickel films grown on Mo(110) under ultra-high vacuum
conditions were hydrogenated with atomic H and studied by high-
resolution core-level photoelectron spectroscopy (PES) and thermal desorption
spectroscopy (TDS). We show spectroscopic evidence for reversible hydrogen
storage and clear evidence that no Mg segregation or desorption occurs when
hydrogen is desorbed from the film. During the heat-up of the hydrogenated
Mg5Ni1 film (0.7 K s−1) TDS shows that hydrogen desorption starts at 350 K
and reaches its maximum at 420 K. Mg desorption starts at 450 K. The stability
of the storage can be enhanced by cooling.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Hydrogen-absorbing materials are of great interest for potential applications as hydrogen stor-
age in moving vehicles (for a review see e.g. [1]). One of them is Mg (MgH2), which has a good
weight to absorption capacity ratio. Photoemission studies of the hydrogenation of Mg single
crystals have been done by Sprunger and Plummer [2, 3]. Hydrogen absorption and desorption
have been further studied on thin Mg films by Ostenfeld et al [4], as they are experimentally
easier to handle and more relevant for applications. However, the bonds between Mg and H
are too strong in pure Mg. For reaching the parameter space needed for mobile hydrogen stor-
age regarding compressibility, desorption temperature and reusability [1], Mg compounds have
been preferred to pure Mg, primarily Mg–Ni alloys. The hydrogen is stored in a hydride phase;
in this case the hydrogen atoms are chemically bonded to Mg. Theoretical studies [5] show
that Mg–Ni has relatively low hydride formation energy. Nevertheless, hydrogen absorption in
Mg–Ni alloys has only rarely been studied by means of photoelectron spectroscopy (PES).

Our previous comparative study [6] of the hydrogenation of both Mg and Mg–Ni films
revealed different mechanisms of hydride formation, and we found that Mg–Ni is more
desirable for applications than Mg. For the Mg film a layer of hydride was found to form
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at the Mg/Mo interface (due to the catalytic properties of Mo) and a sub-monolayer of hydride
at the surface, while the intermediate region remained non-hydrogenated. For the Mg–Ni film
a thick layer of surface hydride was detected, showing that Ni enhances the formation of Mg-
hydride at the surface. Ni was thus found to act as a catalyst for the Mg-hydride formation
and to influence both the magnitude of hydrogenation and its distribution within the Mg film.
Under the influence of Ni a thick surface hydride layer was formed, which furthermore could
be desorbed from the film.

In this paper we present a study based on PES and thermal desorption spectroscopy (TDS)
of hydrogen absorption and desorption in thin Mg–Ni films grown on Mo(110). We focus on
the reversibility of hydrogenation, i.e. the possibility to hydrogenize and dehydrogenize a Mg–
Ni film, without altering the host material. This capability is crucial for hydrogen storage, and
in this paper we show spectroscopic evidence for it.

2. Experimental details

The photoelectron spectra were measured at beamline I311 at the MAX-lab synchrotron
radiation facility in Lund, Sweden. This beamline has a modified SX-700 plane grating
monochromator and a Scienta SES-200 electron energy analyser and is therefore well suited
for high-resolution electron spectroscopy at high photon energies (up to hν = 1500 eV). The
base pressure in the vacuum chamber was in the low 10−10 mbar range. The experimental
energy resolution was 600 meV for spectra measured with hν = 810 eV, 200 meV for spectra
measured with hν = 350 eV, and 50 meV for spectra measured with hν = 150 eV. The
FitXPS2 software [7] was used for core-level fits.

The Mo(110) crystal was cleaned by Ar-ion sputtering (3 keV) followed by annealing at
1300 K. Surface cleanliness was checked by PES and surface ordering by low-energy electron
diffraction (LEED), which showed a sharp 1 × 1 pattern. Mg was evaporated from a Ta boat
heated by a tungsten filament, and Ni was evaporated from a Ni wire which was wound around
a tungsten filament. A 17 Å thick unordered Mg–Ni film was evaporated in 40 min at a rate of
∼0.4 Å min−1. The Ni to Mg ratio in the film was 1:5. After the evaporation the LEED pattern
disappeared and ∼2% of oxygen contamination was detected by PES.

The Mg–Ni film was hydrogenized using atomic H, which was disassociated on a hot
tungsten filament ∼5 cm from the sample. The sample was actually exposed to a mixture of
H and H2, but it is the H exposure which is relevant for the experiment because H2 will not be
absorbed [6]. By using a tungsten filament to disassociate H2 we circumvented the use of an
additional surface layer (e.g. Pd to disassociate H2 [8]). This is a big experimental advantage,
because PES is a surface-sensitive technique. Hydrogen was dosed for 5 min at the preparation
chamber pressure of 1 × 10−5 mbar at room temperature.

The Mg–Ni film was both charged and discharged with hydrogen. The hydrogen
charging is described above and the discharge was done by heating. The sample was heated
up by running a constant current through the tungsten wire holding the Mo(110) crystal
(substrate) while the hydrogenated Mg–Ni film was pointed towards a mass spectrometer
(MKS, MicroVision Plus) to monitor the hydrogen (m/e = 2) and magnesium (m/e = 24)
signals (i.e. no linear programming). The sample was ∼15 cm from the mass spectrometer.
The temperature was measured with a K-type (Cr/Al) thermocouple.

3. Results and discussion

The thicknesses of the Mg and Mg–Ni films were estimated from the attenuation of the Mo 3d
(substrate) signal according to the following equation (see [9]):
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Figure 1. Mg 2p spectra from a clean Mg–Ni film (i), after H
deposition (ii), after H2 desorption (iii), after H redeposition (iv) and
11 h later (v). The spectra were measured at normal emission with a
photon energy of 150 eV.

Iafter

Ibefore
= e−t/λ, (1)

where I is intensity of Mo 3d peaks before and after evaporation of the Mg–Ni film, λ is the
inelastic mean free path and t is the thickness of the film. Mean free path values from the
universal curve were used. The thickness of the film was found to be 17 Å (the estimated error
is less than 20%). All beamline and analyser parameters were identical for the measurements
used for this evaluation, and changes in the radiation flux have been taken into account.

The proportions of Mg and Ni in the Mg–Ni film were found by comparing Mg 2p
and Ni 3p core-level spectra and taking photoemission cross-sections [10] into account, as
formulated in the following equation:

Niconc.

Mgconc.
= INi 3p/σNi 3p

IMg 2p/σMg 2p
, (2)

where I is intensity in core-level peaks and σ is the photoemission cross-section. Because of
the similar kinetic energy of photoelectrons from Mg 2p and Ni 3p, the mean free paths, λ,
were approximately the same and did not have to be included in equation (2). The Ni to Mg
ratio in the film was found to be 1:5 (estimated error ∼10%). To check the Ni to Mg ratio in
the whole film we measured spectra at different settings (810 eV at normal emission, 350 eV
at normal emission and at a polar emission angle θ = 60◦) and used equation (2). The same Ni
to Mg ratio was obtained through the whole film (1:5).

All beamline and analyser parameters were identical for all compared peaks, and changes
in the radiation flux have been taken into account (the Mg 2p peak and the Ni 3p peak were
measured in the same spectrum).

Figure 1 shows the Mg 2p spectrum during two cycles of hydrogen being stored in and
emptied from a Mg–Ni film. The clean Mg 2p spectrum (spectrum (i) in figure 1) changes
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Table 1. Results from fit of the Mg 2p core-level spectra from figure 1. The spectra were measured
with a photon energy of 150 eV at normal emission. The table shows the intensities of the Mg–
Ni (peak 1), Mg (peak 2) and hydride peak (peak 3), as a percentage of the total emission.

Spectra (i) (ii) (iii) (iv) (v)

IMg−Ni (peak 1) 73% 17% 70% 14% 19%
IMg (peak 2) 27% 28% 21% 25% 29%
IHydride (peak 3) — 55% 14% 62% 52%

when the film becomes hydrogenated in such a way that metallic emission decreases, while the
hydride peak at the higher binding energy increases (spectrum (ii) in figure 1), in accordance
with [6]. When the hydrogenated film was warmed up, H2 left the sample and the hydride
peak decreased. During the absorption/desorption cycles the heating was stopped at 420 K.
Furthermore, it was possible to refill the sample again with hydrogen (see spectrum (iv) in
figure 1). This is spectroscopic evidence for reusable hydrogen storage in Mg–Ni films. At
these conditions (ultra-high vacuum (UHV) and room temperature) a slow dehydrogenation
of the hydrogenated Mg–Ni film was detected. This is clear from spectrum (v) in figure 1
measured 11 h after spectrum (iv).

The Mg 2p spectra in figure 1 were analysed with a peak-fitting software [7]. The Mg 2p
level from the Mg–Ni film was broad and the inclusion of a spin–orbit split in the fitting
procedure was not obvious. We showed that it is possible to fit the Mg 2p level with three
peaks [6]. These peaks are a Mg–Ni peak at 49.1 eV with a full width at half maximum
(FWHM) of 0.65 eV (marked 1 in figure 1), a Mg peak at 49.6 eV with a FWHM of 1.0 eV
(marked 2 in figure 1) and a hydride peak at ∼50.8 eV with a FWHM of 1.2 (marked 3 in
figure 1). Peak 1 originates from Mg bonded to Ni, peak 2 originates from Mg which is not
bonded to Ni, and peak 3 originates from Mg bonded to hydrogen atoms. The deconvolution
is shown for spectra (i) and (ii) in figure 1. Peak 1 and peak 2 were already present in the
Mg 2p spectrum of the clean Mg–Ni film (spectra (i) and (iii) in figure 1), while peak 3 is
significant only on hydrogenated surfaces (spectra (ii), (iv) and (v) in figure 1). For the clean or
dehydrogenated surface (spectra (i) and (iii) in figure 1), peak 2 was at 49.5 eV and less wide.
This is caused by a different surrounding i.e. metal and not hydride. The intensities of peaks
1, 2 and 3 were obtained by core-level fitting of all five spectra presented in figure 1 and are
summarized in table 1.

By comparing the intensities of fitted core-level peaks corresponding to metal (peak 1 in
figure 1) and hydride (peak 3 in figure 1), the thickness of the hydride layer was found to be
∼8 Å (peak 2 should not be included while calculating the thickness of the hydride layer; this is
further explained in [6]). In the photoelectron spectrum measured at a polar angle of 60◦, (not
shown) the hydride peak is stronger; this confirmed that the hydride was on top of the metal.
During the absorption/desorption cycles the heating was stopped at 420 K. At this temperature,
most of the hydrogen had desorbed from the film, but Mg segregation and desorption had not
yet started, in accordance with [6]. The Mg 2p core-level spectrum after hydrogen desorption
(spectrum (iii) in figure 1) is very similar to the one of the clean surface (spectrum (i) in
figure 1). But core-level fits revealed emission from the hydride peak (compare spectra (i)
and (iii) in table 1). But this hydride peak (peak 3 in spectrum (iii) in figure 1) is not surface
sensitive, and therefore the remnant of the hydride seemed to be homogeneously distributed
in the film. It is possible that with a slower temperature rise the dehydrogenation would be
more complete. In the case of oxidation, peak 3 in spectrum (iii) could be a core-level shift
from MgO. However, this can be excluded, because we had about the same amount of oxygen
impurities (∼2–3%) on the surface as on the clean film, and the clean film showed no MgO
emission (spectrum (i) in figure 1). Also this peak (peak 3 in spectrum (iii)) was not surface
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Figure 2. Valence band spectra from a clean Mg–Ni film (i), after H
deposition (ii), after H2 desorption (iii), after H redeposition (iv) and
11 h later (v). The spectra were measured at normal emission with a
photon energy of 150 eV.

Table 2. Peak position and FWHM of the peak in the valence band (figure 2).

Spectra (i) (ii) (iii) (iv) (v)

Peak position (eV) 1.31 1.59 1.28 1.56 1.47
FWHM (eV) 1.42 1.93 1.40 1.97 1.82

sensitive, which one would have expected for oxygen impurities. In spectrum (iv) in figure 1
the hydride peak is larger than in spectrum (ii) of the same figure. This is because the film was
already partly hydrogenated when the H deposition started. Table 1 can also help to quantify
hydride losses from the hydrogenated film over time. Spectrum (v) in figure 1 was measured
11 h after spectrum (iv) in the same figure, and according to table 1 the hydride peak had lost
10% of its intensity. This desorption at room temperature is related to UHV conditions, because
a vacuum environment pulls out hydrogen from the film, while the surrounding of H2 stabilizes
the hydride. Therefore, this would not be an issue in future applications with a surrounding
pressure of 1–10 bar [1].

Figure 2 shows the valence band spectra during the same two cycles of hydrogenation
of the Mg–Ni film shown in figure 1. The spectra are dominated by a (mainly Ni 3d) peak
centred at ∼1.5 eV below the Fermi energy. This peak shifts towards higher binding energy
and increases in width when the film is hydrogenated. The peak positions and the values of
full width half maxima (FWHMs) are compiled in table 2. Spectrum (i) in figure 2 (clean)
is very similar to spectrum (iii) in the same figure (after H desorption). And spectrum (ii) in
figure 2 (after the first H deposition) is very similar to spectrum (iv) in the same figure (after the
second deposition). After 11 h (spectrum (v) in figure 2) the peak had shifted to an intermediate
position, due to a slow dehydrogenation of the hydrogenated Mg–Ni film. This confirms that
valence band changes are in agreement with the observations of the core levels. The peak in the
valence band shifted towards higher binding energies because of new states in the hydrogenated
parts of the film. In the hydrogenated film (spectrum (ii) and spectrum (iv) in figure 2) the
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(b)(a)

Figure 3. (a) Mg 2p spectra from a clean Mg–Ni film (i), after H deposition (ii) and the Mg 2p level
from a completely hydrided Mg–Ni film (iii), constructed from a linear combination (subtraction)
of (i) and (ii). (b) Valence band spectra from a clean Mg–Ni film (i), after H deposition (ii) and the
valence band from a completely hydrided Mg–Ni film (iii), constructed from a linear combination
(subtraction) of (i) and (ii).

valence band peak becomes broader. This is because the film is not completely hydrogenated
and the peak is a superposition of contributions from both hydrogenated and metallic parts of
the film.

We to constructed a hypothetical spectrum from a fully hydrogenated Mg–Ni film by a
linear combination. In figure 3(a) the Mg 2p spectra before (i) and after (ii) hydrogenation
(same as in figure 1) are combined to construct a Mg 2p spectrum from a completely
hydrogenated Mg–Ni film (spectrum (iii) in figure 3). Spectrum (iii) is found by taking
(iii) = (ii) − (i), where (i) is the flux normalized spectrum of the clean Mg–Ni film multiplied
by 0.30 and (ii) is the flux normalized spectrum after the hydrogenation. The same procedure
was used for the valence bands in figure 3(b), i.e. the spectrum before hydrogenation was
multiplied by the same factor (0.30) before a hypothetical valence band spectrum of a
completely hydrogenated Mg–Ni film (spectrum (iii) in figure 3(b)) was constructed by
subtraction ((iii) = (ii) − (i)). For the Mg 2p spectrum the factor 0.30 was found by
eliminating the metallic peak (peak 1). For the valence band, the factor 0.30 was found by
having very low emission close to the Fermi edge in the valence band spectrum.

When the Mg–Ni film was hydrogenated the environment changed also for Mg atoms
which were not directly bonded to hydrogen; therefore the metal peak before (see spectrum
(i) in figure 3(a)) and after (see spectrum (ii) in figure 3(a)) hydrogenation are a bit different
and cannot be completely subtracted from each other. This is why spectrum (iii) in figure 3(a)
shows some irregularities in the lineshape. The hydride peak has a shoulder on the low binding
energy side which originates from Mg atoms not bonded to Ni atoms (peak 2 in figure 1 and
table 1).

The peak in the valence band of the completely hydrogenated Mg–Ni film (spectrum (iii) in
figure 3(b)) is shifted further towards higher binding energies. The binding energy of the peak
is 2.0 eV and the FWHM becomes 1.4 eV. The emission at the Fermi level disappeared and a

6
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Figure 4. TDS spectra of (a) H2 (m/e = 2) and
(b) Mg (m/e = 24). The temperature of the sample
was raised by a constant current of 7.5 A through the
tungsten wire which held it.

gap of 0.7 eV opened up. This peak is more narrow than the peak in the spectrum from the
hydrogenated film (figure 3(b) (ii) FWHM = 1.9 eV) which consisted of contributions from
two (unresolved) peaks (metal and hydride). The previously reported optical band gap for a
hydrogenated alloy with this Ni to Mg ratio (1:5) is 3.2 eV [8]. But the optical band gap is
between the valence band maximum (lowest binding energy) and the lowest unoccupied states,
while the gap we observed (0.7 eV) is between the valence band maximum and the Fermi level.

Figure 4 shows TDS spectra from (a) H2 (m/e = 2) and (b) Mg (m/e = 24) during the
final heat-up. We were probing m/e = 2 and not m/e = 1 because, despite the fact that
hydrogen is stored as atomic H, it desorbs in its molecular form. Figure 4(a) shows that at
350 K the H2 signal started to increase, and it reached its maximum signal at 420 K after 3 min.
When desorbing hydrogen (from spectrum (ii) to spectrum (iii) in figures 1 and 2) we stopped
there. Up to this point the temperature rise was almost linear (0.7 K s−1). Figure 4(b) shows
that at 450 K the Mg signal starts to rise, which indicates that Mg desorption has started.

When heating up a Mg–Ni film, Mg segregation could occur. This is a known problem
with Mg–Ni alloys [11], and we have therefore performed a detailed comparison of spectra
from the clean film and spectra from the film after hydrogen desorption. We have measured
Mg 2p and Ni 3p spectra at different photon energies and angles before and after the first cycle
of hydrogen absorption–desorption. The Ni to Mg intensity ratio from core levels remained
unchanged for all spectra (hν = 810 eV at normal emission, hν = 350 eV at normal emission
and hν = 350 eV at 60◦), which showed that no segregation occurred. This means that it is
possible to desorb hydrogen while leaving the film intact, because the hydrogen desorbs from
the Mg–Ni film well before segregation sets in or before the film is irreversibly changed by
desorption. This is why Mg–Ni films are better candidates for hydrogen storage than Mg films,
in which hydrogen desorbs simultaneously with Mg [4].

Figure 5 presents live spectra (time-resolved) from a film with a Ni to Mg ratio of 1:4 at
room temperature (figure 5(a)) and at LN2-temperature (figure 5(b)). Each contour plot comes
from 12 spectra measured over 3 min for 15 s each. The spectral intensity is shown by a
yellow hot (grey) colour scale. The difference between figures 5(a) and (b) became very clear.
While the film underwent a fast dehydrogenation at room temperature, it was totally stable at
liquid-nitrogen temperature.

The stability of the hydrogenated film was not only dependent on the environment, but also
on the Ni to Mg ratio in the film. By increasing the Ni content in the film from 1:5 to 1:4 one
gets a much faster spontaneous dehydrogenation at room temperature, as shown in figure 5(a).
The low binding energy metallic peak is recovered, while the hydride peak disappeared already

7



J. Phys.: Condens. Matter 19 (2007) 446010 S E Stoltz and D Stoltz

(a) (b)

Figure 5. Mg 2p spectra from a more Ni-rich hydrogenated Mg–Ni film measured with 150 eV
photon energy at (a) room temperature or (b) liquid-nitrogen temperature. The spectra are
represented by a contour plot with high intensity in yellow and low intensity in black. The yellow
hot colour scale is changed to greyscale in the printed version.

after a couple of minutes under the beam. However, spontaneous desorption or instability
under the beam can be stopped by cooling the sample to liquid-nitrogen temperature, as shown
in figure 5(b). While this experiment was performed at liquid-nitrogen temperature, which was
the only one lower than room temperature which could be achieved under stable conditions at
our beamline, some preliminary investigations showed that significantly higher temperatures
would suffice to stabilize the hydrogenated film, presumably around 0 ◦C.

4. Conclusion

In this paper we have presented a high-resolution photoemission and thermal desorption study
of the reversible hydrogenation of Mg–Ni films. We showed spectroscopic evidence for
reversible hydrogen storage in a Mg5Ni1 film. We also showed that stored hydrogen can be
desorbed from the Mg–Ni film without Mg segregation or desorption. Hydrogen desorption
was found to start at 350 K, and it reached its maximum at 420 K at 0.7 K s−1 heating rate. And
by following the Mg signal from the mass spectrometer we found that Mg desorption started
at 450 K for this film. Spontaneous hydrogen desorption at room temperature was shown to
depend on the Mg:Ni ratio in the film, and could be stopped by cooling.

Acknowledgments

We want to thank J Andersen (Lund University) for the Mo(110) crystal and beamtime at I311.
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[9] Hüfner S 2002 Photoelectron Spectroscopy 3rd edn (Berlin: Springer) p 12

[10] Yeh J J and Lindau I 1985 At. Data Nucl. Data Tables 32 1
[11] Stefanov P 1995 Vacuum 47 1107

8

http://dx.doi.org/10.1038/35104634
http://dx.doi.org/10.1016/0009-2614(91)90436-D
http://dx.doi.org/10.1016/0039-6028(94)90380-8
http://dx.doi.org/10.1016/j.susc.2005.01.065
http://dx.doi.org/10.1016/j.jallcom.2004.03.143
http://dx.doi.org/10.1016/j.susc.2007.01.016
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://www.sljus.lu.se/download.html
http://dx.doi.org/10.1088/0953-8984/16/43/008
http://dx.doi.org/10.1016/0092-640X(85)90016-6
http://dx.doi.org/10.1016/0042-207X(96)00131-5
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We present the atomically resolved room temperature scanning-tunneling microscopy study of bias depen-
dent images of charge density waves �CDWs� in 1T-TaSe2. With the help of angle-resolved photoemission of
the CDW-split Ta dz2 band in 1T-TaSe2, we determine the electronic location of Ta dz2 subbands on inequiva-
lent atoms of the reconstructed Ta plane. We thus demonstrate the atomic origin of the CDW-formation related
effects observed in the band structure of this material.

DOI: 10.1103/PhysRevB.76.073410 PACS number�s�: 73.20.Mf, 68.37.Ef, 71.20.�b, 79.60.�i

The charge-density-wave �CDW� formation has been one
of the most popular topics of the last decades due to interest
in the mechanism behind the interplay of the complex struc-
tural and electronic changes. One of the convenient hosts of
the CDWs are the layered transition metal dichalcogenides
�TMDs� of the 1T type. The quasi-two-dimensionality of
these materials allows straightforward interpretations of the
band mapping in terms of the mapping of the initial bands of
the crystal and it promises conditions for the Fermi surface
nesting—one of the most popular mechanisms proposed to
be responsible for the CDW formation. Furthermore, recent
investigations reveal similar mechanisms behind the elec-
tronic instability driven pseudogap in high-temperature
superconductors1,2 and the pseudogapped Fermi surface in
1T-TMDs: TaSe2 and TaS2.3,4

The advantage of studying 1T-TaSe2 originates from the
fact that it is in commensurate CDW phase already at room
temperature �RT�. Scanning-tunneling microcopy �STM� on
this compound has revealed so far the CDW wavelength
�CDW=12.6 Å �Ref. 5� and the image of the CDW
reconstruction,6–10 stating that the atomic modulation gives
minor contribution to the overall z deflection, which is domi-
nated by the CDW. Kim et al.6 were the first to apply
scanning-tunneling spectroscopy �STS� to investigate finger-
prints of the CDW-reconstructed band structure.

In this Brief Report, we present atomically resolved RT
STM measurements on 1T-TaSe2 in its CDW phase. By tun-
ing the bias voltage of the STM image, we tunnel into dif-
ferent CDW-split subbands of the Ta dz2 band. These sub-
bands are identified by band mapping. We demonstrate that
they are spatially located on three groups of inequivalent
atoms by visualizing those atoms when tunneling at a bias
voltage same as the subband binding energy.

STM experiments on 1T-TaSe2 have been performed
in a UHV system equipped with a UHV atomic force
microscopy/STM scanning probe microscope from Omicron
NanoTechnology operating at RT described elsewhere.11 The
images were taken in a constant height mode. Bias voltages
are given with respect to the sample, i.e., positive bias means
tunneling from occupied states. Band-mapping experiments
have been performed using Vacuum Generators ESCALAB

Mk II spectrometer at room temperature with monochroma-
tized He I �h�=21.2 eV� photons12 by means of computer
controlled sequential sample rotation.13 The energy and an-
gular resolution were 20 meV and 0.5°, respectively. The
accurate position of the Fermi level �EF� has been deter-
mined on a polycrystalline copper sample. Surface recon-
struction was checked by low energy electron diffraction.
X-ray photoelectron diffraction was used to determine the
sample orientation in situ with an accuracy of better than
0.5°. Samples of 1T-TaSe2 have been prepared from the el-
ements by reversible chemical reaction with iodine as a
transport agent, between 950° �hot zone� and 900° �cold
zone�.14 They were cleaved in situ at pressures in the lower
10−10 mbar region.

Figure 1 shows experimental results obtained, implement-

ing angle-photoemission spectroscopy along the �̄M̄ �a� and

�̄K̄ �b� directions and up to a binding energy of 2 eV. Spec-
tra cover the range between �a� 0° and 50° or �b� −5° and 20°

FIG. 1. �Color online� Band mapping along �a� �̄M̄ and �b� �̄K̄
of the cleaved 1T-TaSe2 with a photon energy of 21.2 eV at RT.
Dark circles represent the band splitting and folding with the new
periodicity. Black markers highlight the schematic position of the
unreconstructed band. High intensity in white.
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in a given polar direction �converted to k� in the image�. The
images depict dispersion of the Ta dz

2 band, which exhibits a
large electronlike pocket around the M̄ point. At the higher
binding energies, the Se 4p band appears energetically close
to the Ta dz

2 band primarily in the vicinity of �̄ point.
Figure 1 shows that the Ta dz

2 band �expected to disperse
along ticks in Fig. 1�a�� is instead split into three subbands
�circles�. According to the Star-of-David model15 of the
��13��13�R13.54° reconstruction in the Ta plane �Fig. 1�b�,
inset�, the three subband manifolds are expected in the CDW
phase. The formation of the stars breaks the hexagonal sym-
metry of the undistorted lattice and introduces three types of
inequivalent atomic positions: the atom in the center �1�, the
six atoms constituting the first hexagon around it �2�, and the
six atoms constituting the outmost hexagon of the starlike
cluster �3�. These groups are assumed to correspond to dif-
ferent subband manifolds of the CDW-split Ta dz

2 band
�marked also as 1, 2, and 3 in Figs. 1�a� and 1�b��. As the
bands within the manifolds are not resolved, we will con-
tinue addressing the subband manifolds just as subbands.

The photoemission intensities follow the unreconstructed
band structure16 and thus highlight the three new subbands
along the 1�1 dispersion:4 high intensity of bands 1, 2, and
3 in Fig. 1�a� is mainly along the ticks marking the unrecon-
structed band. The new subbands are furthermore clearly
backfolding: circles in Figs. 1�a� and 1�b� are following pe-
riodic functions with the periodicity of the new, recon-
structed BZ and they describe the measured dispersion of the
subbands astonishingly well. Both the band splitting and the
backfolding of the subbands are CDW-related effects. A
splitting of the Ta d band into oscillating subbands was con-
firmed by the ab initio band-structure calculations for the
similar material—1T-TaS2 �Ref. 4� with the CDW-induced
atomic positions.

The periodic lattice distortion introduced by the CDW
lock-in can be visualized by an STM. Figure 2 shows �a� 7
�7 nm2, �b� 8�6 nm2, and �c� 7�6.6 nm2 of the in situ
cleaved 1T-TaSe2 surface measured with different bias volt-
ages and a tunneling current of 1.2 nA.

Figure 2�a� at a bias voltage of 0.4 eV �tunneling from the
occupied states� shows arrays of white flowerlike patterns.
Their periodicity is �12 Å, which corresponds to the diam-
eter of one star drawn schematically in Fig. 1�b� �inset� and
reproduced on the left side of Fig. 2. The periodic repetition
of this pattern confirms the presence of the charge density
waves. If we look at Fig. 1, the 0.4 eV binding energy cor-
responds mainly to the second subband. It is thus clear that
by tunneling from the occupied states of one of the subbands,
we achieve highest intensity on those atoms that electroni-
cally contribute to the chosen band. The resolution of Fig.
2�a� allows us to assign this subband to the first six atoms
surrounding the central atom of the reconstruction �see ar-
rows�. It is clear from the image that the central atom as well
as the outer six atoms are much less intense than the inner
hexagon.

Figure 2�b� at a bias voltage of 0.2 V �tunneling from the
occupied states� shows similar CDW pattern as in Fig. 2�a�.
In this image, the central atoms of the Star of David start to
become the most intense, while the hexagon formed by the

first six atoms around the central one is still visible but much
less intense than in Fig. 2�a�. This can be explained by the
correlation between the tunneling current and the electronic
structure. The topmost subband is lying closest to 0.2 eV,
which explains the intensity enhancement at the central atom
�see arrows�. However, even subband 2 contributes to the
total intensity at this binding energy, which is why we see
atoms of the first hexagon around the central atom, although
less intense. Consequently, the outmost atomic hexagon in
the Star of David is electronically responsible for the Ta dz

2

subband with the largest binding energy.
Finally, in Fig. 2�c�, a bias voltage of −0.4 V has been

implemented to obtain the image. The image is dominated by
triangularly shaped groups of atoms which still have the pe-
riodicity of the CDW-induced superstructure. There are sev-
eral possible explanations for this. The lowest lying unoccu-
pied bands are of dx2−y2, dxy character and should also
undergo splitting due to the CDW �see calculations for TaS2
�Ref. 4��. If tunneling occurs into these bands, the spatial
distribution of high intensity in the STM image should reveal
their symmetry. Another possibility is that tunneling outside
the Ta dz2 band leaves most of the Star-of-David atoms in
low intensity �dark areas in Fig. 2�c��, enhancing most out-

FIG. 2. �Color online� STM images of the cleaved 1T-TaSe2

surface taken at RT with 1.2 nA and �a� 0.4 V, �b� 0.2 V, and �c�
−0.4 V. Images are �a� 7 nm, �b� 8 nm, and �c� 7 nm wide. High
intensity in white.
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most atoms �compare triangles marked in Figs. 2�a�–2�c��.
This would be similar to the contrast reversal reported earlier
in purple potassium molybdenum bronze.17 In one previous
study,9 images with similar triangular atomic groups have
been reported and explained by the changes in the electronic
structure of the tip. In our study, these images have appeared
only at a bias of −0.4 V.

Sacks et al.18 have made an attempt to resolve the STM
images of the CDW materials �such as 2H-NbSe2� by con-
sidering CDW effects on the band structure and thus on the
tunneling. They state that several bands define the Fermi
surface and that it will thus be tunneled from them all. Band
degeneracy is taken to originate from band folding, while
band splitting is disregarded. In our study we start from the
band-mapping data which show energetically localized sub-
bands of the Ta dz2 band and which are interpreted in agree-
ment with the band-structure calculations. Both band split-
ting and backfolding have influence on the formation of such
subbands. Tunneling occurs thus primarily from a subband,
in which the binding energy is the same as the bias.

In 1T-TaSe2 at room temperature, the slope of the
temperature-dependent resistivity is metallic. Although
1T-TaSe2 does not show any metal-insulator transitions
�MIT� at low temperatures, the surface MIT in 1T-TaSe2 has
been recently reported at 200–250 K.19,20 The CDW-induced
band-structure changes lead to reduced bandwidth �W� and
reduced W /U �U measures electron-electron interaction�,
which trigger a Mott-type transition.19 Our measurements
were performed at room temperature, in the electron-phonon
interaction determined CDW ground state, which is also ac-
cording to our STS measurements �not shown� metallic.

On the search for the driving mechanism of the CDW, the
idea of the Peierls transition in a quasi-one-dimensional sys-
tem has many times been considered even for a quasi-two-
dimensional system such as 1T-TaSe2. However, this system
is quasi-two-dimensional with threefold symmetry and the
Peierls transition is not very likely. If we consider energetics
of the CDW transition, the CDW-induced band splitting
leads to new subbands which are energetically lower than the
original Ta 5d band of the unreconstructed lattice.4 The en-

ergy gained in this way can be used for elastic lattice distor-
tion.

Our STM results support this idea. The conduction charge
would be equally distributed over all Ta atoms in the unre-
constructed lattice. Upon CDW transition, small changes in
the atomic positions of all Ta atoms lead to periodic lattice
distortion. In the CDW phase, we see that the conduction
charge is mainly located on the central atom of the Star-of-
David cluster, meaning that only 1 out of 13 atoms is con-
tributing to the topmost band, which straddles the Fermi
level. This can explain the resistivity jump related to the
CDW transition in a rather obvious way. More than that, the
stability of the CDW phase and the compensation of the
lattice distortion energy clearly originate from the energeti-
cally lowered bands, which are spatially located on the re-
maining 12 atoms of the Star-of-David cluster and which are
completely filled.

To conclude, band mapping of 1T-TaSe2 along �̄M̄ and

�̄K̄ reveals CDW-induced splitting and folding of the Ta dz
2

band into three subbands. Tunneling from separate subbands
allows direct visualization of the atoms contributing to
CDW-split electronic states. We thus assign the atoms of the
Star-of-David cluster to the Ta dz

2 subbands as follows: the
topmost subband is electronically located on the central
atom, the outer hexagon is the principal charge carrier of the
second subband, and the outmost hexagon is thus related to
the third subband. The relevance of this result is discussed in
terms of driving mechanisms for CDW formation: as the
conduction band has weight only on 1 out of 13 atoms in the
CDW phase, all remaining atoms contribute to the formation
of the energetically lowered bands, which could energetically
compensate the lattice distortion.
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Abstract

We present scanning tunneling microscopy of an octahedral (B) plane terminated ð
ffiffiffi

2
p

�
ffiffiffi

2
p

ÞR45�-reconstructed surface of a natural

magnetite (1 0 0) crystal. Implementing a W-tip we achieve the same resolution on Fe rows as was reported in the past either with the use

of antiferromagnetic tips or on magnetite (Fe3O4) films. We show images of Fe or O sublattices of Fe3O4 with atomic resolution.

r 2007 Elsevier B.V. All rights reserved.

PACS: 68.47.Gh; 68.37.Ef

Keywords: Scanning tunneling microscopy; Magnetic oxides; Surface structure

1. Introduction

Magnetite (Fe3O4) has been the subject of intensive
studies by the scientific community during the last decades
due to its potential for spin electronics applications, its
metal–insulator transition (Verwey transition) at �125K
[1] and its interesting reconstructions at room temperature
[2]. It is an inverse spinel material with a unit cell ða ¼

8:3963 ÅÞ containing 32O2� anions and 24Fe2þ and Fe3þ

cations. There are eight Fe3þ cations in tetrahedral sites,
eight Fe3þ cations in octahedral sites and eight Fe2þ

cations in octahedral sites. In the (1 0 0) direction of the
magnetite crystal layers of tetrahedrally coordinated Fe3þ

cations (A-layers) and layers of octahedrally coordinated
Fe2þ and Fe3þ cations and O2� anions (B-layers) alternate.
The separation between neighboring planes (A–B) is
1.05 Å, while the separation between planes of the same
type (A–A or B–B) is 2.10 Å. B-plane cations form rows
that run along the [1 1 0], ½1 1̄ 0�, [1 0 1], ½1 0 1̄�, [0 1 1] and
½0 1 1̄� directions, the rows being 90�-rotated in successive
octahedral planes [3,4].

A ð
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ÞR45�-reconstruction has been observed by
several groups on natural/synthetic single crystals and thin
films grown by molecular beam epitaxy (MBE) and is

generally accepted as a signature of a clean surface [3–7]. A
surface preparation procedure for obtaining A-, B- or
mixed termination of the surface has been given recently
by Ceballos et al. [4]. The first explanation of the
ð
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�
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p

ÞR45�-reconstructed B-surface of Fe3O4(0 0 1)
originates from electrostatic considerations of Voogt et
al. [8] and scanning tunneling microscopy (STM) results of
Stanka et al. [3] on Fe3O4 films on MgO(0 0 1). They have
proposed that charge compensation is achieved by an array
of oxygen vacancies accompanied by a change in the
valence state of the Fe. Contrary to that, Mariotto et al. [9]
and Shvets et al. [10] have attributed the ð

ffiffiffi
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p

�
ffiffiffi

2
p

ÞR45�-
reconstruction on Fe3O4(1 0 0) to charge ordering of Fe
cations in octahedral positions, and not to an ordered array
of vacancies as proposed by previous studies.
While Stanka et al. [3,11] have succeeded to obtain

atomic resolution of Fe-rows using a W-tip, Jordan et al.
[12], Mariotto et al. [9,13] and Shvets et al. [10] argue that
antiferromagnetic MnNi-tips are necessary for obtaining
the same resolution. One important difference is that the
study of Stanka was performed on a 5000 Å thick film of
Fe3O4, while the other group used synthetic and natural
crystals.
In this paper, we present a STM study of a contaminant-

free B-terminated magnetite surface of a natural crystal,
prepared as described in Ref. [4]. A W-tip was used
for imaging. Our images of iron-rows show the same
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resolution as the images obtained with antiferromagnetic
tips. For the first time, oxygen at this surface has been
imaged. Atomic resolution is achieved on both Fe- and O-
rows using negative bias voltage.

2. Experimental

STM experiments have been performed in a UHV
system equipped with a variable temperature (VT)-STM
from OMICRON NanoTechnology. Images were taken in
a constant current mode with a W-tip. Bias voltages are
given with respect to the sample, i.e. positive bias means
tunneling from occupied states. The sample was kept at
room temperature. WSxM 3.0 [14] was used for processing
of STM images.

The natural magnetite (Fe3O4) single crystal of (1 0 0)
orientation was purchased from Surface preparation
laboratory. It was cleaned in ethanol and dried in N2

before it was introduced in the UHV-chamber. In situ

preparation consisted of long time (7–13 h) outgassing up
to a temperature of T�720 �C (measured with a pyrometer
with the emissivity 0.63). A clean surface was achieved by
repeating the following preparation cycle [12] several times:
(i) sputter with Arþ for 15min (min) at 1 kV, (ii) anneal at
720 �C in 2:3� 10�6 mbar O2 for 30min and (iii) continue
annealing at 720 �C in UHV for 2–7 h. According to
previous study [4], principal differences between natural
crystals and films of magnetite originate from contami-
nants (sulphur, potassium and calcium) and defects.

3. Results

Fig. 1 presents the low energy electron diffraction
(LEED) pattern of the Fe3O4(1 0 0) natural single crystal

surface which was cleaned as described in the previous
section. It shows the ð

ffiffiffi
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p

�
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p

ÞR45�-reconstruction. This
reconstruction appears quite early in the cleaning process—
already after the first preparation cycle. However, surfaces
investigated by STM have been prepared by several
preparation cycles.
Fig. 2 shows a representative STM image of a

Fe3O4(1 0 0) surface with a LEED pattern as shown in
Fig. 1. The step edge directions lie along the [1 1 0] and
½1 1̄ 0� crystallographic axes. The step heights are integer
multiples of 2.1 Å, which corresponds to the separation
between two crystallographic planes of same type (A–A or
B–B). Monoatomic steps equal to 1.05 Å were never
observed, ruling out the possibility of both tetrahedral
and octahedral atomic planes coexisting on the surface.
This result is in agreement with earlier STM results on
Fe3O4(0 0 1) using both nonmagnetic and magnetic tips [9].
The higher resolution and smaller scale image presented

in Fig. 3a reveals atomic structure on Fe rows running
along the [1 1 0] crystallographic axis. A zoom into this
structure is presented in Fig. 3b. Fe rows are separated by
6 Å and consist of atoms at 3 Å distance. This is typical for
the octahedral (B) plane of Fe3O4(0 0 1). As already stated,
we do not observe any A–B steps on the surface, which is
why we conclude to an octahedral surface termination. It
is worth mentioning that the topography maps from
Figs. 3a,b have been subject to mirror-transformation
and rotation in order to be directly comparable with other
results from the literature (see Fig. 3 from Ref. [12]).
Jordan et al. [12] have also investigated a B-terminated

plane of Fe3O4(0 0 1) with a MnNi and a W-tip. The
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Fig. 1. LEED image taken with an incident electron beam energy of 90 eV

showing the ð
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ÞR45� reconstruction of the clean Fe3O4(1 0 0)

surface.

Fig. 2. STM image of a ð
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ÞR45�-reconstructed Fe3O4(1 0 0)

surface taken with a bias voltage of 1.4V and a tunneling current of

0.26 nA. The size of the image is 200 nm� 200nm.
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authors conclude that twice better resolution is achievable
if an antiferromagnetic MnNi tip is used, because W-tips
do not distinguish between the Fe-dimers which are

presumably formed on the surface [12]. By comparison of
our Fig. 3b with Fig. 3 in Ref. [12] we can conclude that
our W-tip has enabled the same resolution in the imaging
of the magnetite surface as the MnNi tip has in the case of
Jordan et al. [12]. Our observations from topography maps
in Figs. 3a,b can be confirmed by inspection of line profile
along the ½1 1̄ 0� direction presented in Fig. 3c. While only a
12 Å periodicity was observed earlier using a W-tip (Fig. 3
from Ref. [12]), two shorter periodicities have been
measured with an antiferromagnetic MnNi-tip (Fig. 3
from Ref. [12]) which were assigned to the dimer formation
at the surface. Our measurement with a W-tip (Fig. 3c)
reveals here, as well as in the topography image, the same
resolution and the same periodicities of 5 and 7 Å as in the
previous results with a MnNi-tip.
In Figs. 4a,b we see another image of the same surface

achieved with different tunneling parameters. While the
previous STM images were obtained using a positive bias
voltage, as in most previous studies, the STM scan
presented in Figs. 4a,b was obtained using a negative bias
voltage, i.e. tunneling into unoccupied states. Figs. 4a,b are
part of the same scan, but a spontaneous tip change led to
differences between them. In Fig. 4a atomic rows in the
[1 1 0] direction are visible. Their periodicity in the ½1 1 0�
direction is �6 Å. Within this distance along the ½1 1 0�
direction one iron row and two oxygen rows are expected
according to the oxygen vacancy model of this surface [15]
(see schematic representation in Fig. 4c). As the image
shown in Fig. 4a reveals only one row per 6 Å in the ½1 1 0�
direction, we assign it, in consistence with our previously
shown data, as well as those from the literature, to iron
rows on the magnetite (1 0 0) surface.
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Fig. 3. (a, b) STM images of a ð
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ÞR45�-reconstructed Fe3O4(1 0 0)

surface taken with a bias voltage of 1V and a tunneling current of 0.25 nA

with a W-tip. (c) Line profile along ½1 1̄ 0� direction (marked in b).

Fig. 4. (a,b) STM image of a ð
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2
p

ÞR45�-reconstructed Fe3O4(1 0 0) surface taken with a bias voltage of �0:8V and a tunneling current of 0.2 nA.

(c,d) Schematic representation of the oxygen vacancy model of a ð
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ÞR45�-reconstructed Fe3O4(0 0 1) surface. Large silver circles represent oxygen

atoms and small dark gray circles represent octahedral Fe2þ. Small grey circles represent tetrahedral Fe3þ below the surface. Empty circles are oxygen

vacancies, which are positioned on top of octahedral Fe from the second layer under the surface and which constitute the ð
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ÞR45�-reconstructed

unit cell (dashed square).
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Iron rows are imaged with atomic resolution. They
contain Fe atoms at a separation of �3 Å (see arrows in
Fig. 4a). Between the iron rows, double oxygen rows
should appear. However, they are not as well resolved as
the iron rows. The only difference between Figs. 3a,b
(taken with a positive bias voltage) and Fig. 4a (taken
with a negative bias voltage) is that more corrugation on
O-atoms is visible in Fig. 4a.

In Fig. 4b we present the same scan as shown in Fig. 4a
before a spontaneous tip change. Atomic resolution in this
image is achieved along O rows at 45� angle from the Fe-
rows. The direction of these ‘‘rows’’ in Fig. 4b is marked by
a vertical line in Fig. 4d. The rows are separated
horizontally by 2.25 Å. Along each row, we see character-
istic spacings of 2.25 and 4.5 Å, which correspond very well
to the atomic structure of this surface (see markings in
Figs. 4b,d).

Vertical rows of oxygen atoms are cut by dark areas
along the [1 1 0] direction. These ‘‘dark rows’’ correspond
to missing Fe-rows, as can be seen when comparing
Figs. 4a,b. As distances typical for oxygen atoms appear in
Fig. 4b, it is certain that we are tunneling into oxygen
atoms. In that case, not-tunneling into Fe would make
these rows appear dark in Fig. 4b. This also demonstrates
that a spontaneous tip change can lead from tunneling into
Fe to tunneling into O at negative bias values.

4. Discussion

Different tips have been used for STM imaging of
magnetite (0 0 1) surfaces in the past. Atomically resolved
images of Fe rows have been obtained with W-tips only on
magnetite films of various thicknesses. Stanka et al. [3]
present STM images of Fe-rows on a 5000 Å thick epitaxial
film of Fe3O4(0 0 1) grown by oxygen-plasma assisted
molecular-beam epitaxy on MgO(0 0 1). Subagyo et al.
[16] have used similar samples and also show zigzag Fe-
rows in accordance with the oxygen vacancy model. Larger
difficulties appear when imaging of a natural or synthetic
crystal is attempted. A W-tip proved unable of atomic
resolution imaging of Fe3O4(1 0 0) [12]. Instead, a MnNi-
tip [12,9,13] or even a Fe-tip [17] was used, although the
latter one gave no better results regarding the atomic
resolution.

We show that a W-tip is capable of delivering atomic
resolution images on a natural magnetite crystal. However,
our W-tip was subject to an unusual treatment, due to
another experiment. It was subject to sulfur dioxide and
water exposures and was only cleaned by high-voltage
pulses during scanning. This could have affected the
electronic structure of the tip, but atomic resolution does
not necessarily have to be a consequence of this. In the
oxygen vacancy model [8] or the Jahn–Teller stabilized
model [18] of the clean Fe3O4(0 0 1) surface, the
ð
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ÞR45�-reconstruction is explained without invok-
ing Fe-dimer formation [9]. According to these models,
atomic imaging of the Fe3O4(0 0 1) surface should be

possible with a W-tip. And even within the charge-ordering
model [9], it is not clear that the dimer formation should be
an obstacle for obtaining atomic resolution with a W-tip.
We have also noticed that better STM images were
achieved after increased number of cleaning cycles. Finally,
the investigation of our experimental findings suggests that
no clear fingerprints of oxygen vacancies are present, but
that different corrugations and periodicities in Fig. 3c
speak in favor of the charge-ordering model.
Scanning tunneling spectroscopy (STS) results [19] reveal

a band-gap of 0.2 eV on the (0 0 1) surface of magnetite,
consistent with our own STS and valence-band photoemis-
sion measurements (not shown). This is a rather small gap,
but it still makes the surface semiconducting at room
temperature. However, tunneling at various different bias
voltages is possible and we have collected images at both
positive and negative values of bias voltage, unlike some
previous reports claiming that no stable tunneling current
could be obtained under negative bias conditions [4].
Photoelectron spectroscopy of the valence band of

magnetite reveals both O 2p and Fe 3d states [20–25].
The Fe 3d states are closer to the Fermi level than the O 2p
states (centered at 7.3 eV [23]) and the intensity contribu-
tion closest to the Fermi level is thus of the octahedral-
Fe2þ-character [20–22]. Accordingly, mostly octahedrally
coordinated Fe2þ-atoms have been resolved by tunneling
from occupied states in the past.
Band-structure calculations [26] confirm that dt2g and deg

states of Fe cations with both valencies contribute the most
to the empty states in the vicinity of the Fermi level as well.
Although the iron and oxygen contributions can be
identified, O 2p–Fe 3d hybridization is considerable in
Fe3O4 [23]. This overlapping or hybridization of the
iron and oxygen states in the valence band could be
considered responsible for tunneling possibilities into
both oxygen and iron atoms. The reason why we are the
first to resolve oxygen on the magnetite surface could thus
lie in the changed electronic structure of our tip (as
discussed earlier), but also in the general fact of existing O
2p–Fe 3d hybridization (which could allow tunneling into
both O and Fe by tunneling into any valence band state). It
is also possible that the O 2p empty states lie closer to the
Fermi level than the occupied O 2p states do, thus making
it more probable to tunnel into O using a negative bias
voltage.

5. Conclusions

We present STM scans on a ð
ffiffiffi
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p

ÞR45�-recon-
structed Fe3O4(1 0 0) surface using a W-tip. The resolution
achieved compares with the previous studies where an
antiferromagnetic tip was used. We discuss this in terms of
exposure of our tip to sulfur dioxide and water, but more
importantly in terms of imaging of the surface as described
by different ð
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2
p
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p

ÞR45�-surface models. We also show
imaging of Fe or O sublattices with atomic resolution at a
negative bias voltage.
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We use photoelectron spectroscopy, low energy electron diffraction, scanning tunneling microscopy,
and density functional theory to investigate coverage dependent iodine structures on Pd(110). At
0.5 ML (monolayer), a c(2 × 2) structure is formed with iodine occupying the four-fold hollow site.
At increasing coverage, the iodine layer compresses into a quasi-hexagonal structure at 2/3 ML, with
iodine occupying both hollow and long bridge positions. There is a substantial difference in electronic
structure between these two iodine sites, with a higher electron density on the bridge bonded iodine.
In addition, numerous positively charged iodine near vacancies are found along the domain walls.
These different electronic structures will have an impact on the chemical properties of these iodine
atoms within the layer. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4768165]

INTRODUCTION

Palladium is one important transition metal used in both
homogeneous and heterogeneous catalysis. Organo-halides
are often used to form reactive carbon fragments,1 which
leave a halogen coordinated to the catalyst metal. Depending
on the coordination site and charge transfer between surface
and adsorbate, the surface halide may act as a catalyst poison2

or as a key factor in controlling chemical selectivity.3 This ef-
fect on selectivity is related to the strength of the palladium-
halide interaction and the surface bond geometry. Moreover,
halogens are used to etch metals4 and semiconductors5 and
a fundamental understanding of halogen surface properties is
crucial. Iodine/iodide is often used as redox couple in dye sen-
sitized solar cells (the Grätzel cell).6 It was recently reported
that the concentration of iodine in the electrolyte affects the
output from the solar cell.6 The results were discussed in
terms of ionic mobility of tri-iodide, chemical availability, re-
combination losses, and light absorption interference with the
dye.6 However, the iodine chemistry on the metal electrode
was not discussed in detail. In order to gain a broader under-
standing of iodine chemistry, structures, and charge transfer
processes, we have studied iodine sub-monolayer structures
on various metals (Pd, Pt, Au, Cu, Zn) using scanning tun-
neling microscopy (STM), photoelectron spectroscopy (PES),
and density functional theory (DFT). Here, we report an in-
vestigation of iodine-induced structures on Pd(110).

Iodine was previously studied on Pd(110) where two or-
dered structures were found: c(2 × 2) at 0.5 ML (monolayer)
iodine coverage and a flat quasi-hexagonal (q-hex) structure
at higher coverage.7 A similar scenario was observed for io-
dine on Cu(110), where the quasi hexagonal phase was ob-
served at ∼0.67 ML co-existing with an ordered CuI phase.8

a)Authors to whom correspondence should be addressed. Electronic
addresses: gothelid@kth.se and c.sun1@uq.edu.au.

The quasi hexagonal phase was explained by a compression of
the iodine layer along the 〈−110〉 direction.8 The idea of the
formation of a compressed quasi hexagonal phase was earlier
proposed by Bardi and Rovida from their work on Ag(110)-I,9

and by Erley for Cl on Pd(110).10 One possible iodine adsorp-
tion site in the c(2 × 2) structure is the four fold hollow posi-
tion as proposed in Refs. 7–9. On Ag(110), it was instead pro-
posed from density functional theory (DFT) that short bridge
adsorption is preferred over top, hollow, and long bridge, in
order of decreasing preference.11 What are the electronic and
chemical properties of iodine sitting in different sites? We find
that iodine occupies hollow sites up to 0.5 ML coverage and
then gradually also fills long bridge sites. The electronic prop-
erties differ significantly in these two sites, and consequently
their chemical properties.

EXPERIMENTAL METHODS

The photoemission experiments were performed at beam
line I511, at MAX-lab, in Lund, Sweden. The beam line is
undulator based using a modified SX-700 monochromator.12

The photoemission spectra were recorded in normal emission
with a Scienta SES200 electron spectrometer.13 Pd 3d5/2 spec-
tra were acquired at 405 eV and 453 eV photon energies.
The I4d core level spectrum was recorded at 134 eV. The to-
tal experimental resolution was ca. 40 meV for the I4d and
120 meV for the Pd3d spectra. STM experiments were done
in a RHK 3500 UHV STM using cut PtIr tips in constant cur-
rent mode.

The sample was prepared in preparation chambers con-
nected to the photoemission and STM chambers via gate
valves. These chambers are equipped with low energy elec-
tron diffraction (LEED) optics, Ar-ion sputter gun, and sam-
ple heating. The samples were mounted on Ta-sample holders.
Sample temperatures were measured with chromel-alumel
thermocouples, spot-welded on the side of the sample or by a

0021-9606/2012/137(20)/204703/7/$30.00 © 2012 American Institute of Physics137, 204703-1
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FIG. 1. LEED patterns from the (1 × 1) (upper left) at 95 eV and c(2 × 2)
(upper right) at 78 eV. Lower row are photographs from the quasi-hexagonal
structure at 72 eV and 66 eV, respectively, and finally a (3 × 2) pattern in
the low right hand picture. The (0,0) spot is the spot just low-left of the
electron gun.

pyrometer. The Pd(110) sample was prepared by argon sput-
tering and oxygen treatment at high temperatures (PO2 = 2–5
× 10−7 Torr, 530 ◦C), followed by flashing to 830 ◦C in order
to obtain a clean and well-ordered surface. The cleanliness of
the surface was checked by PES and LEED.

Iodine was deposited onto the surface at room temper-
ature from an electrochemical cell, consisting of an AgI
pellet heated to ∼100 ◦C.14 Exposures were measured in
μA.minute, i.e., the ionic current going through the cell
(10 μA in this case) times the duration of the evaporation.
On Pd(110) deposition of 200 μA.min, I2 at room temper-
ature resulted in the q-hex structure, which transformed to
c(2 × 2) after annealing at 350 ◦C. The iodine coverage on the
c(2 × 2) surface was estimated to be 0.52 ± 0.03 ML from
the I4d intensity compared to the Pd(111)-I (

√
3x

√
3)R30◦

surface with 0.33 ML coverage.15 The coverage in the quasi
hexagonal structure cannot be accurately determined using
this method due to photoelectron diffraction effects that ren-
ders different results at different photon energies. However,
based on the previous study on Cu(110)-I8 and our STM, we
believe that the q-hex coverage is close to 2/3 ML.

COMPUTATIONAL METHODS

Spin-polarized density functional theory (DFT) calcula-
tions have been performed within the generalized-gradient
approximation (GGA),16 with the plane-wave basis (cutoff
energy: 380 eV) and the exchange-correlation functional
of Perdew-Burke-Ernzerhof (PBE),17, 18 as implemented in
the Vienna ab initio simulation package (VASP).19, 20 To-
tal energy and maximum force are converged to 10−4 eV
and 0.05 eV/Å, respectively, and the k-space is sampled
by a Monkhorst-Pack mesh with the distance between any
neighboring k-points less than 0.025/Å. Atomic populations
are analyzed based on the Bader approach,21 and Mulliken
analysis22 has also been carried out using another plane-
wave DFT code–CASTEP23 and similar results are obtained.
Pd(110) is modeled by slab models (11 Pd layers, with a

FIG. 2. Optimized structure models at different iodine coverage; green balls
represent Pd and red balls represent iodine. The left hand figure is the c(2 × 2)
structure at 0.5 ML coverage and the right hand figure is a 3 × 2 structure
at 0.67 ML iodine coverage. Iodine atoms are shown as red spheres, and
palladium atoms at the top and second layers are shown as cyan and blue
spheres, respectively.

thickness of 14.30 Å) for two supercells, (2 × 2) and (3 × 2),
based on which five coverages θ for iodine adsorption have
been investigated with θ = 1/6, 1/4, 1/2, 2/3, and 1 mono-
layer (ML). The use of a (3 × 2) cell is motivated by the fact
that this is one possible structure following compression in the
〈−110〉 direction. It was also occasionally observed in LEED.

RESULTS AND DISCUSSION

Representative LEED pictures are shown in Figure 1 be-
low. The original (1 × 1) pattern is shown in the top left image
while a picture from the c(2 × 2) structure is displayed in the
top right hand picture. The two lower images from the q-hex
structure were recorded at different electron energies. At in-
creasing energy, the spots in the centre of the zone split and
move apart. A similar behavior was observed for Cu(110)-I8

and was interpreted as a compression of the iodine layer in the
〈−110〉 direction. This compression resulted in a non-uniform
domain wall structure with a quasi hexagonal atomic struc-
ture. Occasionally, we also observed a (3 × 2) LEED pattern.
This pattern was only observed irregularly, but it proves that
the (3 × 2) structure indeed exists.

Our theoretical calculations were first done in order to
find the energetically most stable structures at different io-
dine coverage. At low coverage, iodine prefers to stay at the
hollow site, and with increasing coverage, iodine starts oc-
cupying bridge sites. In Figure 2 optimized geometries for
θ = 1/2 ML and θ = 2/3 ML are present, corresponding
to c(2 × 2) and (3 × 2) patterns. Adsorption energies and
atomic population (AP) for iodine adsorbed at different sites
are given in shown in Table I. As indicated by the adsorp-
tion energies, hollow sites offer stronger adsorption capacity
because each iodine at hollow site bonds with five Pd atoms.

In Figure 3, we present atomically resolved STM images
from Pd(110)-I c(2 × 2), recorded at 4 mV tunnel bias and
0.2 nA tunnel current. The atomically resolved structure is in

TABLE I. Calculated adsorption energies and atomic populations (Bader
analysis) for iodine in hollow and bridge positions on the c(2 × 2) and (3 × 2)
structures.

Eads hollow (eV) Eads bridge (eV) API hollow (e) API bridge (e)

c(2 × 2) 3.33 7.01
(3 × 2) 3.26 2.96 7.01 7.10
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FIG. 3. Atomically resolved STM images from the Pd(110)-I c(2 × 2) phase
together with atomic structure models. Atomic distances are 5.5 Å in 〈−110〉
and 4.8 Å in 〈−111〉.The long red arrow points along 〈−110〉.

splendid agreement with the atomic model in Figure 2(a). In
Figure 3(a), a (2 × 2) unit cell has been added together with
crystallographic directions. The atomic distances are 5.50 Å
in the 〈−110〉 direction and 4.76 Å along the 〈−111〉 di-
rection, which is the shortest distance between iodine. The
height corrugation is 0.2 Å. Figure 3(b) contains two terraces
separated by a step running along the 〈−111〉 direction. The
atomic corrugation in this image is ∼ 0.1 Å.

Figure 4 was recorded at an intermediate coverage with
the c(2 × 2) phase in the lower left and upper right corners co-
existing with the compressed phase in the central part of the
image. While the c(2 × 2) structure nicely follows the terrace
edges, the compressed phase comprise domain walls rotated
away from the terrace edge direction. The angle between the
two arrows, a and b, in the image is ∼30◦. From the LEED
pattern and the discussion in Ref. 8, the compression should
be in the 〈−110〉 direction. The angle between 〈−110〉 and
〈−111〉 is 35◦, in fair agreement with the measured angle in
the image. Furthermore, the atomic lines perpendicular to the
step edges are still straight, in agreement with a unidirectional
compression. A close look at the wave structure, along arrow
b, gives that the lines are not perfectly straight, but has local
variations. This is similar to observations on Cu(110)-I.8 The
corrugation is believed to originate in a compression of the
iodine layer, which shifts iodine away from the hollow posi-
tion into long bridge.8 The long bridge and hollow (and transi-
tions between them) are the only available sites if the c(2 × 2)
structure is compressed along 〈−110〉. On Cu(110), c(8 × 2)
structures were observed, including domain walls with locally
higher iodine coverage. In order to relieve strain on the iodine,
there is a shift of the domain walls out of phase along the short
end of the unit cell. In our case, we do not observe a c(8 × 2)
ordering, but we do observe a large number of vacancies in
the structure, which also relieve the local pressure.

Figure 5 was recorded from the fully developed q-hex
phase, where the atomic structure is resolved between the do-
main walls. The structure resembles the c(2 × 2) structure,
but the atomic distances are compressed and it also contains
defects around which the distances are different. Atoms near
defects appear higher, due to an increased density of elec-
tronic states near the Fermi level. Interestingly, the domain

FIG. 4. STM image of mixed the c(2 × 2) and q-hex phases.

walls appear brighter on defects rich areas. Furthermore, the
atomic distances are different in areas with different amounts
of defects. These observations suggest that the iodine over-
layer is rather flexible, both in terms of atomic geometry
and electronic structure. Our model in Fig. 2(b) is made of
equal amounts of hollow and long bridge adsorbed iodine.
The model is not exactly representing the structure observed
in the STM image, but by compressing the c(2 × 2) structure
along 〈−110〉, the only possible atomic positions for iodine
are hollow, long bridge and transitions between them. We be-
lieve that a model with hollow and long bridge will represent
this system fairly well.

CORE LEVEL SPECTROSCOPY

Electronic structure variations are reflected in site depen-
dent core level binding energies. Pd3d5/2 spectra from Pd(110)
(1 × 1) and Pd(110)-I c(2 × 2) are presented in Figure 6; the
two upper spectra from (1 × 1) and the two lower spectra
from c(2 × 2). Photon energies are indicated in connection
to respective spectra. We present two different line profile

FIG. 5. STM image from the q-hex phase, recorded at 4 mV negative tip
bias.
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FIG. 6. Pd3d5/2 core level spectra recorded at 405 eV and 453 eV photon energies from the (1 × 1) and c(2 × 2)-I structures. Numerical fitting of the spectra
were done using two different methods; (a) with Doniach-Sunjic lines and in (b) with a built-in loss feature.

analyses giving the same result: a surface core level shift
0.52 ± 0.02 eV to lower binding energy on the clean surface
and a 0.22 ± 0.02 eV shift to higher binding energy on the
c(2 × 2)-I surface.

Curve fitting using Doniach-Sunjic line profiles24 has
failed to properly describe the Pd3d core level spectrum, in
particular on the high binding energy side, due to the rapidly
varying density of states around the Fermi level.25–27 For this
reason, very few fitted high resolution spectra from clean
palladium surfaces are found in the literature. Close inspec-
tion often reveals a small “hump” in spectra at very high
resolution.26–29 This apparent problem disappears upon ad-
sorption, since many adsorbates induce core level shifts on
that side of the spectrum, and therefore fitted spectra are much
more often seen after adsorption.

In the left-hand figure, we present results of a fit where, in
addition to the bulk and surface contributions, an extra com-
ponent X has been introduced. With this component added,

stable and reproducible fits of all four spectra are obtained us-
ing exactly the same line profile for all components: Gaussian
width 0.15 eV, Lorentzian width 0.41 eV, and asymmetry pa-
rameter 0.13. The X component is shifted 0.51 eV from the
bulk peak position and the relative intensity is 15% indepen-
dent of photon energy. On the clean unreconstructed surface,
the surface component is identified from the reduced inten-
sity on the low binding energy side in the 453 eV spectrum
in which the electron mean free path can be expected to be
longer than at 405 eV photon energy.26 The surface to bulk
intensity is 0.51 in the top-most spectrum and 0.16 in the
453 eV spectrum. Having a surface shift to lower binding en-
ergy is in good agreement with previous reports on this and
other low index Pd surfaces.26–31

After the formation of the c(2 × 2) structure, new spec-
tra were recorded. They are presented in the two lower panels
of Figure 6. We again use three components to reproduce the
experimental spectra: bulk (B), surface (S1), and extra (X).
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FIG. 7. (a) Pd3d5/2 and (b) I4d core level spectra recorded from the (1 × 1), c(2 × 2)-I, and quasi hexagonal (q-hex) structures.

The need for the surface peak is seen on the width and shape
around the peak maximum of the spectrum. Again, the sur-
face contribution is identified from the variation in relative
intensity between the two photon energies. Here, the surface
to bulk ratio is 0.94 at 405 eV photon energy, while it is 0.16
at 453 eV. The iodine induced surface core level shift is 0.22
± 0.02 eV to higher binding energy, while the X peak remains
on the same 0.52 eV from the bulk peak. It has a lower inten-
sity in this structure.

An alternative method to extract surface core level shifts
in these spectra is based on the idea of Nyholm et al.26 who
identified Pd3d surface and bulk contributions from Pd(100)
by using a subtraction procedure utilizing the adsorption of
hydrogen to take out the surface core level shift on that sur-
face. We applied a similar analysis of the Pd(111) (1 × 1)
and Pd(111)-I (

√
3x

√
3) surfaces.15 The resulting surface core

level shift and relative intensities compared very well with
other literature (see Ref. 15). Here, we apply a similar method
to the Pd(110) surface with and without iodine in a c(2 × 2)
structure. The model function is a main line and a “built-in”
loss feature in each component, the relative intensity, and en-
ergy separation from the main peak is adjusted in the fit. The
separation was optimized to be the same 0.47 eV in all four
spectra and the relative intensity is 11% of the host peak. The
results are presented in Figure 6(b). The surface core level
shift on the clean surface is 0.53 ± 0.02 eV. At 405 eV pho-
ton energy, the surface to bulk intensity ratio is 0.49 while it
is 0.17 at 453 eV. Analyzing Pd3d from the c(2 × 2)-I struc-
ture reveals a 0.22 eV surface core level shift to higher bind-
ing energy compared to the bulk. The surface-to-bulk ratio is
0.91 and 0.16, respectively. Thus, the energy shifts and rela-
tive intensities are practically the same in the two methods of
analysis, except for the X-component. Each component in a
fit should represent separate chemical or electronic species on

the surface; i.e., atoms in different sites or bonding configura-
tions. We believe that the X-component does not represent a
group of atoms on the surface, but reflects excitations across
the Fermi level made by the outgoing photoelectron, and the
fit using built in loss is a better representation.

Pd3d spectra recorded from three surfaces; (1 × 1),
c(2 × 2), and quasi hexagonal, are presented in Figure 7. The
difference between (1 × 1) and c(2 × 2) is rather large, as
already seen in Figure 6. The surface shifted component on
the unreconstructed surface (S) is replaced for a new compo-
nent (S1) on the c(2 × 2). The shift to higher binding energy
in c(2 × 2) indicates a slightly oxidative effect of iodine on
Pd. Unexpectedly, the S/B ratio is larger on c(2 × 2) than
on (1 × 1), both structures hold 1 ML of chemically shifted
surface Pd atoms. However, at 453 eV (Figure 6), the ratios
are closer. This indicates significant photoelectron diffraction
effects.

Spectral changes between c(2 × 2) and quasi-hexagonal
are not directly obvious. However, the surface shifted com-
ponent in the c(2 × 2) phase has disappeared as seen in the
curve fit. We kept the line profile the same in all spectra ex-
cept for the position and the width. The single component in
the q-hex phase is slightly broader, but in all other respects it
has the same line profile. The binding energy also coincides
with the bulk binding energy on the (1 × 1) and c(2 × 2) sur-
faces. Thus, we conclude that Pd3d from q-hex is nicely fit
with one single component. This finding may seem surprising
at first since there still is one monolayer of Pd atoms beneath
the iodine layer. One possible explanation is that the compact
iodine layer adapts several slightly different adsorption ge-
ometries that render small but slightly different surface shifts,
leading to broadening rather than clear components.

The I4d spectra recorded from the Pd(110)-I c(2 × 2)
and quasi hexagonal surfaces at hν = 134 eV are presented
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in Figure 7. One single component at 51.51 eV is sufficient
to reproduce the experimental c(2 × 2) spectra, which sup-
ports a single chemisorption site on the surface. The spectrum
from the quasi hexagonal phase is spectacularly different in-
corporating three components. We take I1 to represent iodine
in hollow sites, the same as in the c(2 × 2) phase. The re-
maining two components are, based on the relative intensities,
tentatively assigned to; iodine near defects (I2) and iodine
in bridge sites (I3). The chemical shift between I1 and I3 is
0.89 eV and indicates that there is a rather serious electronic
difference between the two sites. We calculated the chemical
shift from the (3 × 2) model giving a 0.80 eV energy separa-
tion, in good agreement with our experiment. Thus, although
the model does not perfectly represent the actual atomic struc-
ture on the surface, it captures the main features of our core
level spectra and we believe that hollow and long-bridge ad-
sorption sites are most common on this surface.

Typically, a shift to lower binding energy is interpreted
as being due to a more electron rich environment, while a
shift to higher binding energy is typical for oxidation, i.e.,
a reduced electron density on those atoms. Such interpreta-
tion is perhaps over simplified; one has to take final state ef-
fects into account. What happens when the photoelectron has
left? The positive core hole attracts the surrounding electron
cloud, and the more available those electrons are in terms of
density and mobility the better screened is the hole. A poorer
screening leads to a higher apparent binding energy and bet-
ter screening leads to lower binding energy. Our observation
thus suggests that bridge bonded atoms have access to more
electrons, either in the initial and/or the final state, which
agrees well with the calculated atomic populations shown in
Table I.

This discussion would also suggest that the iodine re-
sponsible for the I2 component has a reduced electron den-
sity. STM indicated a fair amount of defects, atomic vacan-
cies in the iodine layer. Neighboring atoms appear higher in
the empty state STM image. A majority of those defects are
located on the domain walls, which can be associated with
the bridge site iodine. Thus, from the combined core level
and STM results, we suggest that vacancies appear more fre-
quently on the bridge site, and neighboring atoms are charge
positively. The relative I1/I3 intensity indicates a higher oc-
cupation of hollow than bridge sites. This is in line with
the removal of some bridge bonded iodine and also a core
level shift on neighboring atoms (to I2), both reducing the I3
intensity.

The different geometrical and electron densities on atoms
within the iodine monolayer will translate to different chem-
ical properties and charge transfer abilities. Our findings
demonstrate the importance of both surface structure and sur-
face concentration of iodine on the properties and perfor-
mance of a monolayer. It also shows that I4d core level spec-
troscopy can be a useful tool to identify chemical differences
within an iodine layer.

CONCLUSIONS

We have used core level PES, LEED, STM, and DFT
to investigate iodine induced c(2 × 2) and quasi hexagonal

structures on Pd(110). Two adsorption sites dominate; hol-
low and long-bridge, with a higher electron density on bridge
bonded iodine, leading to a large chemical shift I4d spectra
as observed both experimentally and theoretically. Moreover,
the surface layer hosts a number of vacancies, preferentially
at the bridge-bonded sites, that are charged positively. These
variations within the iodine layer underline the importance of
surface structure and surface density on chemical and elec-
tronic properties.
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Photoelectron spectroscopy has been used to study room temperature adsorption of sulfur dioxide on clean
and water exposed (0001) surfaces of zinc and zinc oxide. Water has no significant effect either on clean or
on SO2 exposed Zn(0001) at the low water pressures used (pb10−7 mbar). In the case of the zinc-terminated
ZnO(0001) surface, however, water adsorbs dissociatively and OH groups are shown to have a considerable
effect on SO2 surface reactions. A strong oxidation reaction occurs between Zn(0001) and SO2 giving various
sulfur containing species. On ZnO(0001), SO2 interacts mainly with oxygen sites giving SO3 or SO4 species. It
is shown that the ZnO(0001) sample preparation procedure can have large effects on surface chemical and
physical properties. Samples cleaned by four different preparation procedures are investigated, namely
sputtering only and sputtering followed by annealing at 450 °C, 530 °C and 600–650 °C. Annealing at
600 °C leads to a transition from a partly OH-terminated surface to a triangularly structured surface free
from OH groups. Adsorption of SO2 on the latter surface leads to a decreased surface conductivity, which
hampers photoemission measurements. Water is shown to block SO2 adsorption sites on both 450 °C and
530 °C annealed samples. On the latter sample, SO2 reduction has been observed to a small extent on the
clean surface and to a larger extent when the surface is prehydroxylated. Here, we speculate that water, sim-
ilar to hydrogen, generates surface zinc clusters on ZnO(0001). Zinc clusters could enable charge transfer to
the antibonding LUMO of the SO2 molecule and subsequent dissociation.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Zinc is well known for its use in corrosion protecting layers on steel
(galvanization). At atmospheric conditions, zinc reacts immediately
with air to form a layer of zinc oxide and in a humidified atmosphere,
a layer of zinc hydroxide is subsequently formed [1]. A protective film
of zinc carbonate is then formed [1]. This layer is only stable in a small
pH range and gaseous pollutants such as sulfur dioxide or particles
that acidify the water layer covering the surface can highly influence
the degradation of zinc.

The interest in zinc oxide as a material has got an extensive up-
swing in the literature the latest decade, mostly because of its semi-
conducting and optical properties. Zinc oxide surfaces are very
useful in catalysis and gas sensing. One of the most important techno-
logical applications of zinc oxide surfaces is in the chemical industry,
where Cu/ZnO/Al2O3 catalysts are used in e.g. methanol synthesis and
in the water gas shift reaction for production of hydrogen.

Sulfur dioxide (SO2) is an aggressive pollutant that is mostly created
in the combustion of fuels derived from coal and oil, since these fuels
usually contain a small amount of sulfur containing impurities. When
water is present in the atmosphere, SO2 forms acid rain, which is
known to cause environmental problems and to accelerate corrosion.
There is consequently a need of developing efficient methods for the

removal or destruction of SO2 (DeSOx). Moreover, metal oxides such
as CaO and ZnO are often used as sorbents in SO2 removal processes.
In industry, SO2 is useful in e.g. the manufacture of sulfuric acid, but it
can also cause problems due to its poisoning effect on catalysts [2]. Re-
search on the interaction between SO2 and solid surfaces is thus of large
interest to get a fundamental understanding of surface reactions in
various fields such as catalysis, corrosion and DeSOx processes.

A large amount of studies focus on the interaction of SO2 with single
crystal surfaces. It has been found that SO2 dissociates either partly or
completely on most metal surfaces with the exceptions of Ag and Au
[3,4]. When coming to the more inert oxide surfaces, the reaction is
very much dependent on the type of oxide and on the sample prepara-
tion procedure [5,6], which influence the amount of surface defects.
Generally, SO2 can either react with oxygen sites of the oxide, forming
SO3 and SO4 species or interact with metal sites. S\O bond breaking
leading to SO2 dissociation has been shown to occur only at metal
sites of an oxide surface [5,7]. S\O bond cleavage demands charge
transfer from the surface to the antibonding LUMO of the SO2 molecule
[5]. Since the charge density at metal sites on oxide surfaces usually is
too low, SO2 dissociation is not favored on these surfaces.

Most studies on the reaction of SO2 with single crystal surfaces have
been performed in ultrahigh vacuum(UHV). At atmospheric conditions,
the air that surrounds a surface has a large amount of constituents and
SO2 represents only a very small part of all gases (0.3–65 ppb) [1]. Fur-
thermore, at normal air pressures, most surfaces are covered with a
water layer. The thickness of this layer depends on the relative humidity
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of the air [1]. Even at UHV conditions (b10−9 mbar), water and hydro-
gen are to some extent present in the residual gas. It has been shown in
UHV studies of ZnO [8] and TiO2 [9] surfaces that what was believed to
be “clean” surfaces, actually contained OH or H species. It is quite likely
that water or hydrogen has unintentionally participated in many
surface science studies. Coadsorption with water is thus of great
importance both to understand fundamental surface reactions and to
approach the state of the surface under atmospheric conditions.

In the present study, room temperature adsorption of SO2 on clean
and water exposed Zn(0001) and ZnO(0001) surfaces has been studied
with photoelectron spectroscopy (PES). We compare these results to
previous studies on SO2 adsorption on polycrystalline zinc [10,11] and
on ZnO(0001) [12] and discuss differences with respect to our results.
The influences of sample preparation and water adsorption on the sur-
face structure and SO2 chemistry are also discussed in detail.

2. Experimental details

All PESmeasurementswere performed at beamline I511 atMAX-lab
in Lund, Sweden. The beamline is undulator based giving photon ener-
gies in the range of 100–1200 eV and the energy is selected by a modi-
fied SX-700 monochromator. The end station analysis chamber is
equipped with a rotatable Scienta R-4000 electron analyzer. In connec-
tion to this chamber is a preparation chamberwhichhouses LowEnergy
Electron Diffraction (LEED) apparatus, sputter and annealing equip-
ment as well as leak valves and a quadrupole mass spectrometer. A
more detailed description of the experimental set-up can be found else-
where [13].

All experiments were performed at room temperature and the
base pressure in both chambers was below 2·10−10 mbar. The spec-
tra were acquired at grazing incidence at an angle of approximately
80° off-normal and at normal emission. The experimental energy reso-
lutions were 30–40 meV for S 2p spectra (hv=260 eV), 130–150 meV
for O 1s spectra (hv=619 eV) and 11–14 meV for VB spectra (hv=
113 eV). All core level spectra were normalized to the background in-
tensity at the low-binding energy side of the core level line and the
binding energy was referenced to the Fermi level, which wasmeasured
on a grounded tantalum foil in electrical contactwith the sample. After a
Shirley-type background subtraction, some of the spectra were numer-
ically fitted with Voigt (Gaussian–Lorentzian) functions. A small asym-
metry (αb0.03) was allowed in order to improve the fittings.

The Zn(0001) crystal was purchased from Surface Preparation Labo-
ratory and cleaned by cycles of argon ion bombardment (500 eV) and
“annealing” in vacuum at room temperature (30 min–3 h) until no sig-
nals of oxygen or carbon was detected with XPS. The 1×10×10 mm3

sized ZnO crystal was purchased from Surface Preparation Laboratory
(SPL) and was cut into three 1×3×10 mm3 sized samples. These
three equivalent samples, named sample A, B and C were used in this
study. According to information received from SPL, the ZnO crystal
was produced with the flame fusion method. The ZnO(0001) samples
were cleaned through Ar+ sputter (1 keV) and annealing cycles until
no carbon was detected and a (1×1) LEED pattern was obtained. The
samples were heated by running a current through a thin Ta foil at-
tached at the backside of the sample. For samples A and B, the Ta foil
was thin (0.03 mm) and 1 mm wide and parallel to the long side
(10 mm) of the sample, while for sample C, the foil was thicker
(~0.1 mm) and as wide as the sample. When annealing, the major
part of the IR radiation from the filament was transmitted through the
samples. Therefore a pyrometer would measure the temperature of
the foil and not the sample. For samples A and B, it is likely that the fil-
ament temperature was significantly higher than the temperature of
the sample. The maximum annealing temperatures for these samples
have therefore been estimated from a plot of the temperature, mea-
sured with a pyrometer as a function of the filament current. This plot
was obtainedwhenmeasuring the temperature of an opaque TiO2 sam-
ple, using the same heater setup as in the present study. The estimated

annealing temperatures for sample A is 450 °C and for B it is 530 °C. For
sample C, the temperature reading obtained with a pyrometer (600–
650 °C) is close to the sample temperature, since the foil cover the
whole backside of the sample and is in close contact with the sample.

The de-ionizedwaterwas cleaned by several freeze and thaw cycles.
The SO2 gas used for the measurements on sample A and on the
Zn(0001) sample was purchased from Air Liquide (99.9% purity)
while the gas used for sample B was purchased from Sigma-Aldrich
(99.9% purity). Both the water and the SO2 gas were dosed through
leak valves and the purity of the gases was confirmed by means of
mass spectrometry. A very small amount of CO and/or N2 was detected
in the gases.

When recording many succeeding short spectra from the same
spot of the Zn(0001) sample, photon beam induced dissociation of
SO2 was observed, while the photon beam only induced desorption
of SO2 on ZnO(0001). When acquiring the spectra on ZnO(0001),
sample B, the beam was scanned over the sample and the scan
speed was adjusted to avoid beam damage. The spectra taken on
Zn(0001) and ZnO(0001), samples A and C, were acquired without
scanning but the position for beam exposure was changed and sever-
al measurements on the same core level were added to give the final
spectra. To verify that the surface chemistry observed was not in-
duced by the photon beam, an S 2p spectrum of the 50 L (1 L=
10−6 Torr s) SO2 covered Zn(0001) surface was recorded with a
Mg anode X-ray source from our home-lab, whose photon intensity
is much lower than the synchrotron beam used at MAX-lab. Due to
the lower resolution, the width of the S 2p spectrum obtained with
the homelab XPS system was much larger, but overall the spectrum
showed the same relative intensities as the one recorded at MAX-lab.

3. Results

3.1. Zn(0001)

The results from SO2 adsorption and coadsorption with water on
Zn(0001) are plotted in Figs. 1–4. Here, the term coadsorption does
not denote the simultaneous adsorption of two species, but two subse-
quent dosings. The dosings presented here are 5 L and 50 L SO2 and
50 L SO2 followed by 50 L H2O. The clean surface was also exposed to
water, but no adsorption was observed at room temperature. This is in
agreement with an earlier study [14] where 100 L water was adsorbed
at 77 K and all water desorbed when the Zn(0001) crystal was heated
to 180 K. However, when the sample was preexposed to oxygen and
then exposed to water at 77 K, hydroxyl groups were still present on
the surface at ~500 K. The same type of behavior has been observed
on Cu(111) [15–17].

Four spin-orbit split doublets are clearly visible in each of the S 2p
spectra in Fig. 1 and their binding energies and relative area in percent-
age of the whole S 2p spectrum are listed in Table 1. The components
can be attributed to sulfur or zinc sulfide (ZnS), SO2 bound to zinc
sites in the surface, SO3 species or zinc sulfite (ZnSO3) and SO4 species
or zinc sulfate (ZnSO4) according to an earlier study on SO2 adsorption
on polycrystalline zinc [10]. Compared to the spectra obtained from the
polycrystalline sample [10], the Gaussian broadenings of the core level
peaks from the Zn(0001) surface are smaller, which facilitates curve
fitting. In the curve fitting procedure, the Lorentzian widths of the S
2p spectral components are fixed to 0.09 eV, which is close to the
width that has been estimated from the core hole lifetime (0.06 eV)
[18]. All other curve fitting parameters used in the core-level analysis
are given in the figure caption of Fig. 1.

The O 1s spectra shown in Fig. 2 can easily be deconvoluted into two
components with a fixed Lorentzian width of 0.35 eV. Other curve
fitting parameters are given in the figure caption of Fig. 2. The compo-
nent at a ~530.2 eV binding energy is assigned to ZnOwhile the compo-
nent at ~532.0 eV is assigned to ZnSOx [10]. The higher dose of SO2 gives
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a 0.1 eV shift of both O 1s peaks to higher binding energies. No O 1s line
appears upon exposure of 5 L water.

By using SOx/S peak area ratios in S 2p spectra and SOx/S ratios in O
1s spectra, the relative amounts of reaction products formed when ex-
posing Zn(0001) to SO2 have been calculated and are shown in Table 2.

Clear changes of both the Zn 3p spectrum in Fig. 3 and of the va-
lence band spectrum in Fig. 4 are revealed upon adsorption of SO2.
At the clean surface, the Zn 3p3/2 peak is situated at a 88.6 eV binding
energy. Upon SO2 exposure, the Zn 3p peak shifts to higher binding
energies and is broadened, which could be due to an extra Zn 3p com-
ponent that appears at the high binding energy side. At the higher SO2

dose (50 L) the Zn 3p peak is located at 89.2 eV, which means that it
is shifted as much as ~0.6 eV compared to the same peak from the
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Fig. 1. S 2p core level spectra (hv=260 eV) of SO2 adsorbed on Zn(0001). In the upper-
most spectrum, adsorption of 50 L SO2 is followed by 50 L H2O. Each of the spectra is
decomposed into four components. The curve fitting components have spin-orbit splits
of 1.17–1.21 eV, branching ratios of 1.95–2.25 eV and Gaussian widths of 0.80–0.91 eV.
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Fig. 2. O 1s core level spectra (hv=619 eV) of SO2 adsorbed on Zn(0001). In the upper-
most spectrum, adsorption of 50 L SO 2 is followed by 50 L H2O. Each of the spectra is
decomposed into two components. The Gaussian width is 0.92–0.95 eV for the compo-
nent at ~530.2 and 1.13–1.15 eV for the component at ~532.0 eV.
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Fig. 3. Zn 3p core level spectra (hv=204 eV) of clean and SO2 exposed Zn(0001). One of
the uppermost spectra is acquired from a surface exposed to 50 L SO2 followed by
50 L H2O.
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Fig. 4. Valence band spectra (hv=113 eV) of clean and SO2 exposed Zn(0001). The up-
permost spectrum is acquired from a surface exposed to 50 L SO2 followed by 50 L H2O.
The spectra are normalized at 13 eV.
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clean surface. From our measurements on the ZnO(0001) surface we
deduced a Zn 3p3/2 binding energy of 89.2–89.6 eV depending on sur-
face preparation. The highest dose of SO2 thus gives a Zn 3p peak that
is in the same binding energy region as zinc oxide. This indicates a
complete oxidation of one or a few atomic layers of the Zn(0001)
crystal.

The valence band spectrum of zinc has in earlier studies [19] been
shown to consist of a sharp 3d-peak located at about 10 eV below the
Fermi level and a wide and flat region at the top of the valence band,
which is Zn 4sp derived. In the spectrum from the clean surface in
Fig. 4, the Zn 3d peak has a well-resolved spin orbit splitting and
the Zn 3d5/2 peak is located at a binding energy of 9.7 eV. In addition,
there is one distinct Zn 4sp related feature at around 5.3 eV. Dramatic
changes in the Zn 3d peak appear after the 50 L dose, which is due to
a strong oxidation of the sample and formation of ZnO, ZnS and
ZnSOx. Furthermore, SO2 adsorption introduces several new features,
which are located at the approximate binding energies 2.2, 4.0, 5.6
and 7.2 eV respectively. It is difficult to associate the peaks with cer-
tain orbitals, since they are probably a mix of orbitals from Zn, ZnO,
ZnS and ZnSOx compounds and molecular SOx orbitals. At the higher
SO2 coverage, all the SO2 related features have grown stronger, but
compared to the lower dose, the relative intensity of the feature at
~5.6 eV is higher. Since the ZnSOx/ZnO ratio (x=3,4) has been
shown to be larger for the 50 L SO2 dose (see Table 1), one can spec-
ulate that this feature is related to ZnSOx species.

As already mentioned, no water adsorption was observed on the
clean Zn(0001) surface at room temperature. Moreover, the effects
of water on the SO2 preexposed surface, as shown in Figs. 1–4 are
so small that they are probably within the limits of the experimental
uncertainty. Thus, no significant effect of water on the surface chem-
istry has been observed at the low water pressures used in this study
(b2·10−7 Torr).

3.2. ZnO(0001)

3.2.1. Effect of sample preparation and water exposure
Sample preparation method and annealing temperature can have

vast effects on structure and properties of metal oxide surfaces. In
Fig. 5, valence band spectra from ZnO(0001) samples with three differ-
ent sample preparations are shown, namely sputtering alone and
sputtering with subsequent annealing at 450 and 650 °C respectively.
The spectra are normalized with respect to the Zn 3d peak area. This
type of normalization does not give correct quantitative information.

Nevertheless, it facilitates the comparison of the intensity in O 2p and
Zn 3d dominated regions. Three distinct features are present at binding
energies 4.8, 7.8 and 11.1 eV. The asymmetry of the peak at 4.8 eV also
indicates that a weaker feature is present at a binding energy of 6 eV.
The four features have been named J1–J4 as in the study of Ranke et al.
[20] and are marked out in the valence band spectra. The sharp Zn 3d
peak is represented by J4, while J1–J3 are mainly O 2p derived with a
small contribution from Zn 4sp orbitals [20]. The Zn 4s electrons are
mainly contributing to the J3 feature [20]. It can be noted from Fig. 5
that the higher the annealing temperature, the higher is the Zn 3d/O
2p ratio.

LEED measurements revealed (1×1)-terminations for all studied
surfaces. In general, sputtering alone gives a disordered surface with a
very weak LEED pattern while it becomes clearer upon annealing at
450–530 °C. The most distinct pattern was obtained when annealing
at 600–650 °C.

In an earlier study by our group, water exposure has been shown
to completely change the surface structure of ZnO(0001) [21]. Similar
STM images as reported in this earlier study are shown in Fig. 6. Im-
ages from ZnO(0001) cleaned with sputtering and annealing at
600–700 °C and this surface exposed to 5 L of water are shown in
Fig. 6a and b respectively. The clean surface consists of triangular
structures. Water adsorbs on step edges in an uneven fashion making
step edges irregular. As the water dose increases, the triangular
islands grow and pits diminish. At a dose of 20 L, a very irregular sur-
face structure appears (see Önsten et al. [21]).

O 1s spectra acquired from clean and water exposed samples are
displayed in Fig. 7. Three different types of clean surfaces are repre-
sented in the figure, one that is sputtered to induce defects (a) and
the other two are sputtered and annealed at 450 °C (c) and 600 °C
(f) respectively. Each spectrum is decomposed into two Voigt func-
tions, whose Lorentzian linewidth is 0.33–0.35 eV. The binding energy
and Gaussianwidth of each component as well as the relative area and
coverage of the high binding energy component are listed in Table 3.

All O 1s spectra contain a peak, which is located at 530.9–531.0 eV
and it can be assigned to bulk and surface oxygen in zinc oxide. The
width of this peak shows a tendency to decrease with increasing
annealing temperature. Surface oxygen is presumably concentrated to
step edges [22].

For clean surfaces, a small peak is also located at a ~532.3 eV
binding energy for the 450 °C annealed sample and ~532.6 eV for
the sputtered surface. The latter peak can be attributed to hydroxyl
groups since it is shifted from the bulk O 1s peak with around 1.3–
1.6 eV, which is characteristic for hydroxyl species on oxides (see
Table 1 in [21]). Moreover, no other contaminants like carbon or ni-
trogen have been detected. The O 1s spectrum from the sample that
has been annealed at 600 °C has been fitted with one peak only.

Table 1
Binding energies and relative areas for spectral components from SO2 exposed
Zn(0001) and polycrystalline Zn [10].

Core level Adsorbate specie EBin (eV) Peak area, Figs. 2–3 (%)

5 L 50 L 50 L SO2+

Poly [10] Zn(0001) SO2 SO2 50 L H2O

S 2p3/2 S 162.0 161.9 74.0 65.0 64.3
SO2 165.8 165.5 8.0 8.8 8.8
SO3 166.8 166.6 6.7 9.5 10.6
SO4 167.7 167.6 11.3 16.7 16.3

O 1s O 530.5 530.2 50.8 40.0 40.8
SOx 531.5 532.0 49.2 60.0 59.2

Table 2
Proportion of reaction products upon SO2 adsorption on Zn(0001).

SO2 dose Reaction products
(%)

Atoms
(%)

(L) ZnO ZnS SO2,ads ZnSO3 ZnSO4 O S

5 45.6 40.3 4.4 3.6 6.1 62.2 37.8
50 43.0 37.0 5.0 5.4 9.6 65.4 34.6
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Fig. 5. Valence band spectra (hv=113 eV) of clean ZnO(0001) surfaces. Observe that
the right part in the spectra is magnified 20 times. The upper spectrum comes from a
sample that has been sputtered for 60 min at normal incidence.
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Consequently, there is something inherently different between the
600 °C annealed sample compared to the other samples.

When exposing the samples to water, the high energy O 1s com-
ponent grows stronger and shifts to somewhat higher energy for the
450 °C post-annealed surface (532.4–532.6 eV). The binding energy
shift of 1.5–1.6 eV with respect to the bulk O 1s peak indicates that
the water adsorption is predominantly dissociative. We earlier
suggested that water adsorbs at zinc sites close to oxygen terminated
step edges and that dissociation occurs when the water molecules
leave off hydrogen species to oxygen sites at step edges. Water expo-
sure leads to a decreased width of the main O 1s peak. This effect of
water has been explained in an earlier study by our group on water
adsorption on ZnO(0001) [21]. The larger width of the main O 1s
peak for the clean surface could be due to the large number of defects
giving various types of O sites. When the O sites bind to hydrogen
giving OH groups, they will contribute to the hydroxyl peak alone
and the width of the main peak will thus decrease.

A rough estimation of the hydroxyl coverage can be made from
the O 1s spectra in Fig. 7 by using a relation based on Lambert–Beer
absorption law [23,24]:

Iads
Iads þ Isub

¼ 1−exp−d=l
: ð1Þ

The above relation assumes normal emission for photoelectrons,
since all spectra in this study were collected in this mode. Iads and Isub
are the peak areas of the normalized O 1s peaks for the adsorbate and
substrate respectively. l represents the photoelectron mean free path
and d is the adsorbate layer thickness. The mean free path is obtained
from the universal curve ofmean free path versus photoelectron energy

a b

Fig. 6. 100 nm×100 nm STM images (+3.0 V, 0.04 nA) of clean (a) and 5 L water exposed (b) ZnO(0001).
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Fig. 7. O 1s core level spectra (hv=619 eV) from clean and water exposed ZnO(0001)
surfaces at room temperature. Spectrum a is obtained from a sample that has been
sputtered for 60 min at normal incidence. Sample preparation annealing temperatures
are 450 °C for spectra c–e and 600 °C for f–g. Full lines show decomposition of the
spectra into two components. Binding energies and Gaussian widths of the compo-
nents are given in Table 3.

Table 3
Binding energies (EBin), Gaussian linewidths (ΔEG), relative areas and coverages of
curve fitted O 1s components from clean and water exposed ZnO(0001) surfaces.

Taa H2O dose Bulk O 1s OH O 1s

EBin ΔEG EBin ΔEG Area Cov.

(°C) (L) (eV) (eV) (eV) (eV) (%) (ML)

– – 531.0 1.11 532.6 1.25 6 0.15
– 5 531.0 0.90 532.6 1.23 30 0.75
450 – 531.0 1.03 532.3 1.22 8 0.20
450 1 531.0 0.91 532.5 1.13 22 0.55
450 10 530.9 0.95 532.4 1.17 26 0.65
530 – 530.8 0.93 532.3 1.12 8 0.20
600 – 530.9 0.96 – – – –

600 5 530.9 0.81 532.4 1.06 21 0.53

a The samples are sputtered or sputtered and post-annealed at a certain annealing
temperature (Ta).
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[23] and its value is assumed to be the same for the adsorbate layer as
for the substrate. When the spectra in Fig. 7 were collected, the photon
energy used was 619 eV and the binding energy for the O 1s peak is
531–532 eV, which gives a kinetic energy of 87–88 eV for the photo-
electrons. This gives an approximate l value of 4.5 Å [23]. d is first set
to the thickness of amonolayer of OH-groups to obtain the expected in-
tensity ratio at a coverage of 1 ML. To obtain an approximate value of
the coverage, the relative area of the OH related peak is then compared
to the calculated value for one monolayer of OH. The monolayer thick-
ness is estimated as the sum of the Zn\OH distance (1.95 Å [25]) and
half of the distance between outermost zinc and oxygen atomic layers
(0.35 Å [22]) giving in total 2.3 Å. Zn\OH bonds are thus assumed to
be perpendicular to the surface. Surface relaxation has not been taken
into account and an OHmonolayer is defined as one OH-group per sur-
face Zn cation. The calculated coverages are shown in Table 3 and are
around 0.5 monolayer (ML) for water exposed (1–10 L) surfaces. A
somewhat higher coverage is observed on the sputtered surface com-
pared to the post-annealed ones.

3.2.2. SO2 on clean and water exposed ZnO(0001)
S 2p spectra for SO2 exposed surfaces are shown in Figs. 8–9. These

spectra are recorded from samples that before SO2 exposure have
been cleaned eitherwith sputtering alone orwith sputtering and subse-
quent annealing at 450 °C (Fig. 8) or 530 °C (Fig. 9). Adsorption is made
both on clean and water exposed surfaces and in one case (Fig. 9f),
water exposure is made after SO2 adsorption. It should be noted that
the spectra in Fig. 8 are collected using another photon energy than
the one in Fig. 9 (see figure captions). The implication of this is a more
inclining background intensity in the spectra collected at 204 eV,
shown in Fig. 8 compared to the spectra collected at 260 eV, shown in
Fig. 9. The surface sensitivity is about the same for the two photon ener-
gies used. Annealing at 600–650 °C gave a sharper LEED pattern than
when annealing at 450–530 °C. Unfortunately, however, we found
that when exposing samples annealed at 600–650 °C to SO2, it was im-
possible to record spectra from these samples due to severe charging

effects. These charging effects appeared mostly upon SO2 exposure, to
some extent onwater exposed surfaces (not observed whenmeasuring
the O 1s spectra in Fig. 7), while it was not observed on clean samples.

All S 2p spectra contain a dominant peak at 167.1–168.0 eV. In the
spectra from the 530 °C annealed sample (Fig. 9), an additional peak ap-
pears at lower binding energy (162.0–162.4 eV), which can be assigned
to atomic sulfur adsorbed on zinc sites (see Table 4). The high binding
energy peak is shifted from the low binding energy sulfur peak with
4.8–5.6 eV, a shift that is typical for SO3 and/or SO4 species (see
Table 4). The peaks are relatively wide, which is probably due to low
sample conductivity, which results in poor screening of the core hole.
Another possibility is that the large width is caused by several closely
situated components associated with different adsorption configura-
tions and/or sites. By means of curve fitting, the SOx related S 2p peaks
have been shown to consist of at least two components. If fitting with
two components, they are located at 167.2±0.1 eV and 167.8±
0.1 eV for the post-annealed surfaces. For the sputtered surfaces,
these components are shifted with approximately 0.2 and 0.4 eV to
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Fig. 8. S 2p core level spectra (hv=204 eV) of SO2 adsorbed on clean and water exposed
ZnO(0001). Each of the spectra consists of twomeasurements recorded in subsequent bind-
ing energy regions and they are separatedwith a dash (/) in thefigure. The decomposition of
the SO3/SO4 peaks into two components is shown in full lines. Spectrum a is obtained from a
sample that has been sputtered for 60 min at normal incidenceprior to SO2 exposure. Spectra
b–c are obtained fromsamples that have been cleaned by sputtering and annealing at 450 °C.
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Fig. 9. S 2p core level spectra (hv=260 eV) of SO2 and H2O followed by a dose of SO2 on
ZnO(0001). The SO3/SO4 peaks have been decomposed into two components. Observe that
the intensities in spectra d–f aremultipliedwith 0.3. The low binding energy regions of spec-
tra d–f are also shown with initial (normalized) intensities. Spectrum a is obtained from a
sample that has been sputtered for 30 min at 45° incidence prior to SO2 exposure. Spectra
b–f are acquired from samples that have been cleaned by sputtering and annealing at 530 °C.
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higher binding energy. The Lorentzian width is fixed to 0.08 eV, the
spin-orbit split is 1.19±0.01 eV and the branching ratio is 2.29±0.06.
Also the low binding energy peaks consist of at least two components
each but no curve fitting components are shown in the figures and all
of them can be assigned to atomic sulfur adsorbed on different sites.

When a sputtered and therefore defect-rich surface is exposed to
0.5 L SO2 (Figs. 8a and 9a), a peak appears at 167.9–168 eV for which
the two components are approximately equal. Furthermore, there is a
small peak at 165.4–165.5 eV, which appears only on sputtered sur-
faces. This peak could be attributed to SO2 that is chemisorbed on zinc
sites on the oxide [10]. Both the line profile and the binding energy of
the peaks in the spectra from the sputtered surfaces agree well with
earlier PES measurements on SO2 exposed polycrystalline zinc oxide
[10]. The spectra in Figs. 8a and 9a come from samples that have been
subjected to different sputtering treatments. In Fig. 8a, the sputtering
was made at normal incidence for 60 min., while in Fig. 9a sputtering
was made at 45° incidence for 30 min. The former treatment is more
destructive andhas potential for creating a larger amount of defects. De-
spite this, the two spectramentioned have a very similar lineshape. The
only difference is a small shift (~0.2 eV) towards higher binding energy
for Fig. 8a compared to Fig. 9a.

Exposing post-annealed surfaces to 0.5 L SO2 (Figs. 8b and 9b) gives
an S 2p peak at somewhat lower energy, namely at ~167.3 eV and this
peak is dominated by the lower BE SO3/SO4 component. The area of
the higher binding energy (BE) component is approximately the same
as on the sputtered surface. The total area of the SOx peak is thus larger
for the post-annealed surfaces compared to the sputtered surfaces,
which have been exposed to the same SO2 dose. However when study-
ing the O 1s spectra (see description of Fig. 10 below), it appears as if
SOx coverages are approximately equal. The peak intensity differences
between sputtered and post-annealed samples could be explained by
different background intensities and show that one cannot rely fully
on intensities for quantitative estimations. When comparing Figs. 8b
and 9b, the SOx peak is quite similar. The major difference between
these spectra is that there is a sulfur related peak at ~162.4 eV in
Fig. 9b but not in Fig. 8b.

When the SO2 exposure is increased to 5 L on the 530 °C annealed
sample (Fig. 9d), both SOx peaks grow larger and the width of the low
BE SOx peak increases significantly. The larger peak width could be
due to new types of adsorption sites and/or adsorption geometries
of the molecules that appear at higher exposures. In contrast to this,

the peak assigned to atomic sulfur at lower binding energy does not
increase significantly but the shape of the peak changes. The sites
where SO2 dissociation takes place initially are thus saturated already
at the lower dose of SO2 and the chemical environment around the
adsorption sites changes upon increased SO2 exposure.

Water is shown to have two main effects on SO2 surface chemistry
on ZnO(0001). First, less SO3/SO4 forms on water preexposed surfaces
(Figs. 8c, 9c and e) than on clean surfaces (Figs. 8b and 9d), implying
that water blocks some SO2 adsorption sites on ZnO(0001). The second
effect, which has only been observed on the 530 °C annealed sample, is
that the amount of atomic sulfur increases significantly on the water

Table 4
Binding energies (EBin) and binding energy shifts (ΔEBin) for S 2p3/2 lines measured with photoemission for different SO2 adsorption products on single crystal metal and metal
oxide surfaces.

Sample surface EBin (eV) ΔEBin (eV)
(EBin−EBin,S)a

T (K) Ref.

S SO SO2 SO3 SO4 SO2 SO3 SO4

Ag(110) – – 165.4 166.1 167.9 – – – 300 [26]
Ag(110)\p(2×1)\O – – 165.4 166.1 167.9 – – – 240–570 [27]
Ag(111) – – – 165.5 167.3 – – – 230–700 [28]
Cu(111) 160.2 165.2 164.1 – – – – – 170–450 [29]
Ni(111) 162.0 – – 166.7 – – 4.7 – 300 [30]
Ni(100) 161.3 – – 165.9 – – 4.6 – 300 [28]
Pt(110) 161.0 – 163.7/164.6 165.2 166.0 2.7/3.6 4.2 5.0 140 [31]
Pt(111) 161.5 – 164.0/164.8 – 166.5 2.5/3.3 – 5.0 85–418 [32]
Ru(0001) 161.4 162.8 164.3/164.8 165.6 166.4 2.9/3.4 4.2 5.0 88 [33]
CeO2(111) – – – 166.9 168.2 – – – 150 [34]
Cr2O3(0001) 161.9 – 164.5 166.3 168.2 2.6 4.4 6.3 100–450 [35]
Fe3O4(100) 161.3 – – 166.2 167.1 – 4.9 5.8 300 [36]
MgO(100) – – – 166.3 168.4 – – – 300 [37]
TiO2(110) 162 – – – 167.5 – – 5.5 300–600 [38]
ZnO(0001) 161.7 – 165.0 166.5 – 3.4 4.8 – 100–600 [12]
ZnO(0001) – – – 166.4 – – – – 110–150 [39]
ZnO poly – – 165.8 166.8 168.2 – – – 100 [10]
compounds b 162.0 – – 166.7 169 – 4.7 7 300 [40]

a EBin,S is the binding energy for the atomic sulfur (S) component.
b Sulfur containing compounds such as sulfides (e.g. NaS), sulfites (e.g. NaSO3) and sulfates (e.g. NaSO4).
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Fig. 10. O 1s core level spectra (hv=619 eV) of SO2 on ZnO(0001). The sample prepara-
tion annealing temperature prior to adsorptionwas 530 °C. Spectrum a is obtained from a
sample that has been sputtered for 30 min at 45° incidence. Each spectrum is decomposed
into two components.
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preexposed surface.Water is shown to have the same but weaker effect
when the water dosing is performed after the SO2 dosing (Fig. 9f).

In Fig. 10, O 1s spectra for clean and SO2 exposed ZnO surfaces are
shown. The spectra from the SO2 exposed samples contain two dis-
tinct peaks where the main peak (530.8–531.0 eV) is attributed to
bulk and surface oxygen in the ZnO sample and the peak shifted
with 1.3 eV from the main peak is assigned to SOx species. Binding
energies, Gaussian widths, relative area for the high energy compo-
nent and SOx coverages are listed in Table 5. The approximate cover-
age of SOx species can be estimated with the same formula (1) used
for the OH coverage estimations. When estimating monolayer thick-
ness, we first make an assumption that each SO2 molecule binds
to one oxygen anion at a defect (e.g. a step) in the otherwise
Zn-terminated surface as suggested by Rodriguez et al. [12]. This co-
ordination gives an SO3-like species. Here it should be noted that inter-
pretation of the S 2p spectra does not exclude SO4 formation but due to
the lack of literature values on bond lengths in SO4 on ZnO(0001), we
could not make calculations based on SO4 formation. Chaturvedi et al.
[10] hasmade ab initio self-consistentfield calculations on themost sta-
ble configurations and binding parameters for different coordinations of
SO2 adsorbed on ZnO(0001) polar surfaces. They obtained an S\Obond
distance of 1.41 Å and an O\S\O angle of 119 ° for SO2 adsorbed
a-top an oxygen site in the ZnO(0001) surface. By using the latter con-
figuration and assuming that the surface is situated half-way between
terminating Zn-cations and the closest oxygen anions and that the
bond is perpendicular to the surface, the thickness of a monolayer of
SOx can be estimated to 1.8 Å. It should be noted that the spectra from
the clean surfaces contain an OH related peak in the same region as
the SOx related peak. Therefore, the area of the high binding energy
peak from the clean surface has been subtracted from the SOx related
peak prior to coverage calculations. It could be questioned whether it
is correct to use the same values for monolayer thickness for the
sputtered surface, where the surface coordination is quite different
from the annealed sample. This demonstrates that the coverage calcula-
tions are only rough estimations and to obtain more exact values,
coverage calibrations and/or other types of measurements have to be
made.

4. Discussion

4.1. SO2 chemistry on Zn(0001)

SO2 adsorption leaves four types of species on Zn(0001) at room
temperature, namely atomic sulfur, SO2 bonding via S to Zn, SO3,
and SO4 species. The same types of species have been found on SO2

exposed polycrystalline zinc by Chaturvedi et al. [10] and they ob-
served that an increased SO2 dose leads to a higher SOx/S ratio.
They argued that SO2 dissociation is the thermodynamically most fa-
vorable reaction but it demands metal sites that enable charge trans-
fer from the sample to the lowest unoccupied molecular orbital of
SO2. This charge transfer leads to an S\O bond weakening and a sub-
sequent dissociation [5]. When most of the zinc sites where SO2

dissociation occurs are covered with O and S species, SO2 molecules
starts to react with O sites to a larger extent, which gives a more ex-
tensive formation of SO3 species. An increase in SOx/S ratio with in-
creasing SO2 dose is also observed in the present study. In both
studies, gas doses have beenmeasured by recording the gas pressure
and the time for which the sample has been subjected to this gas
pressure. Since different pressure readings can be obtained by differ-
ent pressure gauges one cannot assume that spectra with the same
gas dose can be compared. When comparing S 2p spectra in the
two studies, the spectrum from the 5 L exposed surface has a very
similar lineshape to the spectra from the 0.9 L and 1.9 L exposed
polycrystalline Zn surfaces [10]. If the SO2 chemistry would be the
same for the two types of surfaces, a dose of 10–20 L SO2 in the
study by Chaturvedi et al. would give a similar spectrum as for the
50 L dose in the present study. However, a dose of 12 L SO2 (the larg-
est dose shown) in the polycrystalline Zn study gives an S 2p spec-
trum with a much higher SO3/S peak area ratio. Since our studies of
photon beam induced effects (see Experimental details) have re-
vealed that the beam stimulates dissociation of SO3 and not of SO2

or SO4, the first guess would be that a more intense photon beam
in the present study could be responsible for the lower SO3/S ratio
measured on Zn(0001). However, we have taken precautions to
avoid beam induced SO3 dissociation. This has been accomplished
through a stepwise change of the sample spot exposed. In addition,
a measurement with 50 L SO2 has been remade by means of our
home-lab XPS (see Experimental details) and the same relative S
2p intensities were found with these measurements. Consequently,
it appears as if SO3 formation is favored on the polycrystalline sam-
ple compared to the single crystalline (0001) sample.

An SO2 molecule contains double the amount of oxygen atoms
compared to sulfur atoms. If all the adsorption products stay on the
surface, the ratio between the number of oxygen to sulfur atoms
should still be 2. By using the relative areas of the components in
the S 2p and O 1s spectra, O/S atom ratios can be obtained. Since an
SOx/S ratio can be obtained from an S 2p spectrum and an SOx/O
ratio can be obtained from an O 1s spectrum, there is no need to
use cross sections in the ratio calculations. In the present study, the
O/S ratios are 1.6 and 1.9 for 5 and 50 L SO2 respectively (see
Table 2). This means that there are oxygen atoms missing, which
could be due to a recombination of oxygen atoms giving gaseous O2

molecules (2Oads→O2,gas). In contrast to this, adsorption of 7 L SO2 on
polycrystalline Zn gives an O/S ratio of nearly 5 (estimated from
Figs. 1 and 2 in Chaturvedi et al. [10]). Chaturvedi et al. suggested that
a significant part of the SO2 dissociation on polycrystalline Zn is partial
(SO2,gas→SOgas+Oads), which could explain the excess of oxygen
atoms. An O/S atomic ratio of 5 means that only 25% of the SO2 gas
reacting with the surface gives the complete dissociation reaction
(SO2,gas→Sads+2Oads). This indicates that the (0001) surface is superi-
or to the polycrystalline surfacewhen it comes to complete dissociation.
One explanation for this difference could be that atoms and molecules
more easily diffuse on the (0001) surface giving more access to Zn
sites where complete dissociation occurs. This diffusion difference
could also explain why SO3 formation, which is much less exothermic
than dissociation seems to occur to a larger extent on polycrystalline
Zn. By comparing the spectra for the 50 L SO2 exposed (0001) surface
in Figs. 1–2 with the respective spectra for 7 L SO2 exposed polycrystal-
line sample, the O 1s spectra show an SOx/O peak area ratio that is ap-
proximately the same while the S 2p spectra reveal a much higher
SOx/S ratio [10]. We tentatively suggest this to be due to a higher cover-
age of adsorbed O on the polycrystalline surface. Moreover, SO3 forma-
tion is favored on this surface due tomore available sites for this process
(Oads).

An alternative reaction to get the reaction products S, SO3 and SO4 as
observed upon SO2 exposure of Zn(0001) could be SO2 disproportion-
ation. Disproportionation of SO2 involves interaction between adsorbed
SO2 on the surface and simultaneous reduction and oxidation of S in the

Table 5
Binding energies (EBin), Gaussian linewidths (ΔEG), relative areas and coverages of
curve fitted O 1s components from SO2 exposed ZnO(0001) surfaces.

Taa SO2 dose Bulk O 1s SOx(x=3)b O 1s

EBin ΔEG EBin ΔEG Area Cov.

(°C) (L) (eV) (eV) (eV) (eV) (%) (ML)

– 0.5 530.9 1.02 532.5 1.30 22 0.15
530 0.5 530.8 0.80 532.3 1.28 23 0.15
530 5 530.8 0.85 532.1 1.37 39 0.3

a The samples are cleaned by sputtering or sputtering and post-annealing. Ta is the
annealing temperature.

b Although the (x=4) possibility cannot be excluded, the coverage calculations are
based on (x=3).
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SO2 molecule (e.g. 3SO2,ads→Sads+2SO3,ads). However, our results do
not give any information on whether the reaction products were
formed by interaction and charge exchange between the surface and
adsorbates or between adsorbates. Therefore we have based our con-
clusions on the earlier experimental and theoretical (ab-initio
self-consistent-field calculations) studies by Chaturvedi et al. [10].

4.2. ZnO(0001) sample preparation effects

Metal oxide surfaces contain a large number of defects and the
types and amount of defects can have a strong impact on surface cat-
alytic properties. Furthermore, by exposing an oxide sample to differ-
ent treatments, one can influence its surface chemical structure and
properties. Reduced oxides can e.g. have different catalytic properties
compared to stoichiometric oxides.

ZnO(0001) is a zinc terminated polar surface and a perfect bulk-like
termination is unstable according to the simple ionic model, since it
would be associated with a dipole moment per surface unit cell leading
to a diverging electrostatic potential and infinite surface energy [41].
However, the ionic model is oversimplified and the surface energy for
polar surfaces is not infinite, although polar surfaces are generally less
favorable than non-polar surfaces due to the dipole moment normal
to the surface [42,43]. Therefore, quenching of the dipole moment of
polar surfaces occurs through so called ‘stabilization mechanisms’
[43]. Moreover, recent studies show that one has to take into account
atomic relaxations in order to understand stabilizations of polar sur-
faces [44]. It has been shown that the ZnO(0001) surface can be stabi-
lized by various reconstructions [22,45–47] or adsorption of atoms or
molecules [46,48,49,47,43]. In addition, it has been shown that surface
donors can create downward band-bending leading to an electron accu-
mulation layer on ZnO(0001) [50]. What types of donors, who give this
effect is still under discussion [51–53]. One termination that has been
studied in detail by e.g. Dulub et al. [22] is the triangularly structured
(1×1) ZnO(0001) surface obtained by sputtering and annealing at
500–700±C in UHV. This termination is associated with triangular
islands and pits that have oxygen decorated step edges. In the present
study, the samples have been cleaned by sputtering alone or sputtering
and annealing. Furthermore, the annealing temperature has been var-
ied in order to investigate its effect on surface properties.

Sputtering gives rise to an irregular surface with a large number
of defects, which is illustrated by the weak LEED pattern and the
large width of the bulk oxygen O 1s peak (see Fig. 7 and Table 3).
What types of defects are created is not known but it is likely that
sputtering increases the surface step density. Since the step edges
of the terraces are oxygen terminated, this would result in an in-
creased number of oxygen anions in the outermost surface layer.
The valence band spectra in Fig. 5 agree with such a statement,
since the O 2p/Zn 3d intensity ratio is higher on sputtered surfaces
compared to post-annealed surfaces. Three other possible explana-
tions for the higher O 2p/Zn 3d intensity ratio for the sputtered sur-
face have been found by the authors. Firstly, the crystal can be
reduced upon post-annealing. Secondly, the Ar+ ion sputter yield
of zinc has been predicted to be more than two times higher than
that for oxygen [54]. Preferential sputtering of zinc cations in ZnO
could thus be expected, even though it is far from certain. Sputtering
of CdO has e.g. been shown to induce a reduction of the crystal
[55,56], although Cd has the same predicted sputter yield as Zn
[54]. Thirdly, photoelectron diffraction effects could influence the O
2p/Zn 3d intensity ratio. However, this possibility has not been in-
vestigated further.

Annealing has two main effects on the surface. Firstly, it induces an
oxygen deficiency in the crystal that increases with annealing tempera-
ture. Secondly, the width of the main O 1s peak decreases with
annealing temperature up to ~530 °C, which implies that the surface
order increases and the number of defects decreases. However
annealing in vacuum also creates defects related to oxygen deficiency.

Based on our data, it is not possible to judge whether these defects are
oxygen vacancies or zinc interstitials or both. It is quite likely that
these defects are present in the whole crystal rather than concentrated
only to the surface but our data do not confirm this assumption.

Point defects in bulk zinc oxide have been the subject of a large
amount of studies. The three most commonly discussed point de-
fects, which also have lowest formation energies are oxygen vacan-
cies, zinc vacancies and zinc interstitials [57]. Oxygen vacancies or
zinc interstitials have earlier been suggested to give rise to the in-
trinsic n-doping that most zinc oxide crystals exhibit. However,
both DFT calculations and experimental measurements have shown
that these defects could not explain the n-type doping in ZnO [57].
Oxygen vacancies have been shown to be deep donors while zinc in-
terstitials are not expected to be stable in n-type ZnO [58,57]. It is an
established fact that hydrogen, at least partially, can be responsible
for the n-type doping [59]. When growing crystals, it is very hard
to completely avoid hydrogen to be incorporated in the crystal and
all ZnO crystals contain hydrogen to some extent. Several types of
hydrogen have been found, e.g. H bound in an oxygen vacancy (HO)
[60], H incorporated in the crystal at the Zn\O bond centered site
(HBC) [60], two hydrogen species bound to a zinc vacancy (VZnH2)
[61] and H2 complexes or so-called “hidden hydrogen” [62,63].
Both HO and HBC have been identified as n-type donors [60].

Hence,when increasing the annealing temperature, not onlywill the
number of oxygen vacancies and/or zinc interstitials increase but at cer-
tain temperatures, different types of hydrogen will be annealed out
from the crystal. Since hydrogen often acts as an electron donor in
ZnO, a change of the hydrogen content in the crystal can influence its
conductivity and surface charge density, which influences surface
chemical properties. According to the literature, HBC, HO and VZn H2

leave the crystal at 190 °C [60], 500 °C [64,65] and 600 °C [61] respec-
tively. In addition, transformation of H2 complexes to atomic hydrogen
happens at ~400 °C [62].

The O 1s spectra in Fig. 7 reveal that all clean surfaces annealed at
530 °C or lower contain hydroxyl groups to some extent. We tenta-
tively interpret this as hydrogen bound to oxygen in the crystal, i.e.
not only surface hydroxyl. In addition, other types of hydrogen are
probably present in the crystal, although we cannot detect them
with photoemission. Annealing at 600 °C gives an O 1s spectrum
that consists of one component only and no hydroxyl related peak.
This indicates that hydrogen bound to oxygen has left the crystal.
According to the literature, hydrogen that leaves a ZnO crystal at
600 °C could be VZnH2 and this type of hydrogen defect does indeed
involve O\H bonds [61]. Moreover, it has been shown in the studies
of ZnO(0001) by the present authors, that a temperature of 600 °C
(±50 °C) is needed in order to get a LEED pattern with maximum
sharpness and good STM images of a flat surface with triangular
structures. This indicates that this temperature is needed to get a
transition from a partly OH-terminated surface to a triangularly
structured surface. As mentioned earlier, the bulk-terminated polar
ZnO(0001) surface is energetically unfavorable and different mecha-
nisms exist to quench the dipole moment associated with this sur-
face, such as the adsorbtion of OH groups. Annealing at 600 °C,
leads to desorption of OH groups and to structural changes in order
to obtain another surface termination, which reduces the dipole.

An interesting effect that was observed only on samples annealed at
600–650 °C was sample charging problems in the photoemission mea-
surements. This effect was interesting, since it appeared only after SO2

exposure and is a result of the well-known gas-sensing properties of
ZnO [66–68], as further discussed in the end of Section 4.3. Two reasons
forwhy the decrease of conductivity upon SO2 adsorptionwas observed
only on samples annealed at 600–650 °C could be found by the authors.
Firstly, the structure and properties of the 600–650 °C annealed surface
is different. This surface is more well-ordered, as compared to the other
studied surfaces and is covered by triangular structures, as shown in
STM images. This surface termination and the electronic structure
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associatedwith itmight lead to other adsorbate induced charge transfer
processes and chemical reaction paths upon SO2 adsorption. Secondly,
the initial conductivity of the clean samples that have been annealed
at 600–650 °C might be lower than that of the other samples. This
could be due to hydrogen dopants leaving the crystal when annealing
at this temperature. VZnH2 hydrogen that has been observed to leave
the ZnO crystal at 600 °C has not been identified as a donor. A more
probable reason for the decreased conductivity could be that HO has
left the crystal. Lavrov observed a leave-off temperature of ~500 °C for
HO, while our study could indicate that it is left in the temperature
range 530 °CbT≤600 °C. The difference in temperature readings
could be due to different sample heating and temperature measure-
ment equipment and methods.

4.3. SO2 chemistry on ZnO(0001)

The adsorption of SO2 on the polar surfaces of ZnO has been in-
vestigated with photoemission in two earlier studies made by
Rodriguez et al. [12,39]. They showed that SO3 was formed on both
surfaces but in larger extent on the oxygen terminated surface.
Small amounts of atomic sulfur were also observed. Furthermore,
they concluded that SO2 mainly adsorbs on oxygen sites and that for-
mation of sulfur is hindered due to a low charge density at zinc sites.
Since the zinc terminated ZnO(0001) surface is primarily terminated
by zinc ions, they suggested that SO2 adsorbs on the oxygen termi-
nated step edges. Rodriguez et al. [12] found an S 2p3/2 binding ener-
gy of ~166.5 eV and a shift from the atomic sulfur peak of ~4.8 eV,
which they assign to SO3 species. In addition, they confirm this as-
signment with X-ray absorption near-edge spectroscopy (XANES)
measurements.

In the present study, the S 2p binding energies for low SO2 doses
(0.5 L) adsorbed on post-annealed surfaces show similar binding ener-
gy shifts (~4.9 eV) but higher binding energies (167.1–167.4 eV) than
in the studies by Rodriguez et al. This indicates thatwe have SO3 species
on the surface. However, at higher SO2 doses (5 L) the binding energy
shift increases to 5.5 eV, which is more typical for SO4 species. More-
over, the two S 2p components are shifted by 0.5 eV only and should
thus not be associated to SO3 and SO4 species respectively. Our final
conclusion is that our data do not unambiguously reveal whether we
have SO3 or SO4 species.

A clear difference between the S 2p spectra shown in this work
compared to the ones presented by Rodriguez et al. [12] is that the
widths of the peaks are larger in the present study. A first guess
would be that this difference is due to a more defective surface
with a larger variety of adsorption sites in the present study. Howev-
er, when lookingmore closely into the results from the two studies, it
becomes evident that the interpretation of this difference is not that
straightforward. Here, S 2p spectra (Figs. 8–9) from SO2 exposed
sputtered and post-annealed surfaces differ quite a lot, both in binding
energy and line profile. Contrary to this, Rodriguez et al. presented S 2p
spectra from SO2 exposed sputtered surfaces, which appeared to have
approximately the same peak width as post-annealed surfaces. There-
fore, it is more probable that the difference in peak width between
the two studies is due to a higher conductivity in the crystal used by
Rodriguez et al. caused by a larger density of defects and/or impurities
that contribute to the n-type doping. Furthermore, the large S 2p peak
widths in the present study are most likely due to limited screening of
the core hole in the photoemission measurements. A higher conductiv-
ity of the sample of Rodriguez et al. compared to the samples in the
present study might be due to different manufacturing methods/condi-
tions of the crystals and/or different sample preparation procedures and
sample histories.

There is another discrepancy between the two studies that con-
cerns the SO2 chemistry of sputtered versus post-annealed surfaces.
In the earlier study by Rodriguez et al. [12], the sputtered surface is
more reactive towards SO2 compared to the post-annealed surface.

Moreover, there was no considerable difference between the binding
energy and line shape of the S 2p peaks from the two types of sur-
faces. In the present study, however, the reactivity of the sputtered
and post-annealed surfaces are approximately equal while the S 2p
line shape and binding energy differ significantly. A different effect
of sputtering could be due to (i) differing sputtering procedures
and/or (ii) different sample morphologies prior to sputtering. We
note that the wide S 2p peak from the sputtered surface in the pres-
ent study has very similar lineshape and binding energy to that from
SO2 exposed polycrystalline zinc oxide in a study by Chaturvedi et al.
[10]. It is thus most likely that the sputtered surface reported here is
much rougher than in the earlier study. However, there is another
point, which is hard to explain based on differing sputtering proce-
dures and that is that sputtering gives higher SO2 reactivity in the
study by Rodriguez et al. but the same effect is not observed in the
present study. Actually, higher reactivity of the sputtered surface is
expected, since sputtering should give more terraces and steps and
thus more oxygen adsorption sites where SO2 can form SO3 [12].
However, this is not what we observe in the present study, indicating
that there is another factor related to initial sample morphology,
which influences the formation of SO3/SO4 groups. The sample mor-
phology prior to sputtering could differ due to different manufactur-
ing methods/conditions of the crystals and/or different sample
preparation procedures and sample histories. These morphological
differences could involve the amount of defects and dopants present
in the samples. It could be that certain types of defects are needed to
stabilize SO3/SO4 formation. Thus if the ZnO(0001) surface in the
present study contain too few defects of this type, this might be the
limiting factor for SO3/SO4 formation instead of exposed oxygen
sites. Oxygen vacancies have shown to play a pivotal role in the sta-
bilization of SO3 and SO4 species on TiO2(110) [69]. One could spec-
ulate that oxygen vacancies or perhaps oxygen vacancies combined
with hydrogen dopants could have a similar role on the ZnO(0001)
surface. However, the stabilization mechanism should be different
due to the inherent differences between the two oxides.

When comparing the SO2 chemistry on samples annealed at 450
and 530 °C, it is shown that a small amount of SO2 is reduced to
atomic sulfur on the latter sample but none on the former sample.
S\O bond breaking and a subsequent SO2 dissociation occurs
through charge transfer from the surface to the S\O antibonding
LUMO in the molecule [5]. On metal oxide surfaces, the charge den-
sity on metal sites is usually too low, which explains why SO2 nor-
mally does not dissociate on these surfaces. By creating occupied
metal states above the valence band, one can increase the charge
density on metal sites and therefore also the probability of S\O
bond breaking [70]. This can be done e.g. by the introduction of oxy-
gen vacancies or doping with alkali metals [70]. The enhanced
oxygen deficiency observed when increasing the annealing temper-
ature from 450 to 530 °C could thus explain why SO2 dissociation oc-
curs only on the 530 °C annealed sample, although to a small extent.
The increase in oxygen deficiency indicates a larger number of oxy-
gen vacancies and/or zinc interstitials that could give rise to the
states above the valence bandmaximum of the oxide. If these defects
are oxygen vacancies, they might be combined with hydrogen. How-
ever, since this type of hydrogen specie is not detectable with PES,
we could not prove the presence of such species.

Simultaneous formation of reduced species (atomic S) and oxidized
species (SO3 and SO4) could also be due to SO2 disproportionation. Dis-
proportionation of SO2 involves interaction between adsorbed SO2 on
the surface and simultaneous reduction and oxidation of S in the SO2

molecule (e.g. 3SO2,ads→Sads+2SO3,ads). However, our results do not
give any information on whether the reaction products were formed
by interaction and charge exchange between the surface and adsorbates
or between adsorbates. Thereforewe have based our conclusions on the
earlier theoretical (ab-initio self-consistent-field calculations) and ex-
perimental studies by Chaturvedi et al. [10] and Rodriguez et al. [12].
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SO2 adsorption on a ZnO(0001) sample annealed at 600–650 °C is
shown to induce a lower surface conductivity. This is demonstrated
by the severe charging problems that occur in the PESmeasurements
after SO2 exposure. The decrease in surface conductivity is a result of
the well-known gas-sensing properties of ZnO [66–68]. It thus ap-
pears as if SO2 adsorption leads to an increase of the resistivity of
the outer surface layers of ZnO(0001). In contrast to this, SO2 adsorp-
tion decreases the resistivity of ZnO powder [67] and tetrapods [68].
However, our results are not contradicted by these measurements,
since polar surfaces can have very different properties compared to
other surfaces. Two reasons for why this lowering in conductivity is
observed upon SO2 adsorption only on samples annealed at 600–
650 °C have been found by the authors. One reason concerns a
lower conductivity of the clean sample and the other deals with
changed surface structure and chemistry. A more detailed discussion
about this is found in the last paragraph of Section 4.2.

4.4. Impact of H2O on ZnO(0001) and its SO2 chemistry

In an earlier study [21] we have shown that water adsorbs
dissociatively at the oxygen terminated step edges of ZnO(0001).
When increasing the water dose, the triangular islands grow and
pits diminish in size. At the highest water dose investigated (20 L),
the surface was highly disordered. Due to lack of atomic resolution
in the STM images, they do not give enough information to deter-
mine the exact adsorption mechanism.

In general, water dissociation on oxides is believed to be initiated by
strong bonding between the oxygen atom in the water molecule and a
cationic site in the surface and bonding of hydrogen to a nearby anionic
site [71]. Assuming that this adsorption mechanism holds for
ZnO(0001), water would adsorb at zinc sites next to step edges so
that hydrogen could bind to the oxygen-terminated step edges. It is
unclear, however, how the dissociation proceeds when all oxygen an-
ions at step edges are occupied by hydrogen species. One could specu-
late that hydrogen diffuses into the bulk or sub-surface layers or it
binds to the outmost zinc cations. However, if hydrogen binds to Zn cat-
ions, it cannot be present in the form of a proton but more likely un-
charged or negatively charged. Formation of uncharged hydrogen
upon water adsorption could explain why a higher dose of water
(20 L) appears to destroy the surface order of ZnO(0001) in a similar
way as hydrogen. In a study by Becker et al. [72], hydrogen has shown
to form a H(1×1) overlayer on ZnO(0001), where H binds to Zn sites.
At larger hydrogen doses, the surface order was destroyed, which the
authors explained with OH bond formation, which was confirmed in a
recent DFT study [73]. Thus, hydrogen appears to be able to penetrate
the ZnO(0001) surface to subsurface layers, where it forms OH groups,
which destroy the surface order [73]. Moreover, total energy calcula-
tions showed that the H(1×1) covered ZnO(0001) surface is favorable
and leads to strong H\Zn bonds and a metallic surface [74]. In contrast
to this, a recent synchrotron-radiation angle-resolved photoelectron
spectroscopy study [79] showed that the hydrogen exposed
ZnO(0001) surface is semiconducting, while hydrogen exposed
ZnO(101̄0) and ZnO(0001̄) surfaces are metallic. Furthermore, the
latter study indicated that hydrogen etches the ZnO(0001) surface lead-
ing to the formation zinc clusters(ZnO+H→OH+Zn), whichwas con-
firmed by real-timemonitoring spectroscopic ellipsometry studies [75].
Another DFT study,whichwas combinedwith atomistic thermodynam-
ics showed that a monolayer H coverage was very favorable on the tri-
angularly structured ZnO(0001) surface, since both zinc atoms and step
edge oxygen atoms were protonated [76]. Evidently, although there
are similarities between water and hydrogen adsorption, one cannot
equate them, since hydrogen formation in water dissociation is accom-
panied with OH group formation.

The effects of preadsorbedwater on the SO2 chemistry of ZnO(0001)
can teach us something about how water influences the properties of
this surface. Preadsorbed water is shown to have two main effects on

SO2 adsorption. First, hydrogen species formed when water dissociates
are shown to block oxygen anion adsorption sites leading to less SO3/
SO4 formation. Since bothwater dissociation and SO3/SO4 formation in-
volves oxygen anion sites at step edges, this behavior is quite expected.
The second effect of water has only been observed on the 530 °C
annealed sample upon exposure to 5 L water. On this sample, the
amount of atomic sulfur formed is much higher on the water exposed
surface compared to the clean surface. This indicates that water expo-
sure increases the charge density on zinc sites, since SO2 dissociation re-
quires charge transfer from the surface to the S\O antibonding LUMO
of SO2 [5]. An increased charge density on cation sites is not expected.
If anything, water mostly has an oxidizing rather than reducing effect.
There have been a few studies where water has shown to have a reduc-
ing effect on oxide surfaces [77,66,71]. However, here we suggest that
the increase in charge density on zinc sites is due to the formation of
zinc clusters at the surface. These zinc clusters could be formed when
hydrogen atoms formed in thewater dissociation starts tomove to sub-
surface layers, where they form OH groups and destroy the surface and
subsurface order.

Once again, it should be noted that the increase in charge density on
zinc sites uponwater exposure is only observed on the 530 °C annealed
ZnO(0001) sample. The same behavior is not observed on the 450 °C
annealed sample, although it should be noted that the water dose stud-
ied was 1 L for the latter sample as compared to 5 L for the 530 °C
annealed sample. Consequently, this might implicate that there is a
minimumdose ofwater, which is needed in order to obtain zinc clusters
on the surface. Moreover, it could be that defects connected to the
higher oxygen deficiency in the 530 °C annealed ZnO(0001) sample,
such as oxygen vacancies are needed in order for zinc clusters to form.

Sulfuric acid-like species (HxSO4) have been suggested as a reaction
product upon coadsorption ofwater and SO2 in an earlier study onpoly-
crystalline zinc [11]. Ali Audi and Sherwood [78] found that sulfate
(SO4

2−) and bisulfate (HSO4
−) ions can be distinguished by using their

valence band photoemission spectra. They observed that the separation
between two distinct peaks situated in the 9–15 eV binding energy re-
gion was typically ~4 eV for sulfate and ~3 eV for bisulfate. In the pres-
ent study, however, the very intense Zn 3d peak is situated in the
middle of this region and SOx related peaks are difficult to distinguish.

4.5. Surface chemical properties of Zn(0001) versus ZnO(0001)

It is well known, e.g. in the field of corrosion that zinc forms zinc
hydroxide in the presence of water. However, the (0001) surface of
zinc as well as the (111) surface of copper has a very low reactivity
towards water. Early valence band and core level spectroscopy mea-
surements have shown that water does not stay adsorbed on these
surfaces at room temperature [14–16]. In the case of zinc, this is
quite unexpected, since the reaction between Zn and water to form
ZnO is exothermic by ~120 kJ/mol [71]. The low reactivity towards
water has been explained by kinetic limitations. It has been shown
that preadsorbed oxygen lowers the water dissociation barrier and
enables hydroxylation on Zn(0001). This is in agreement with our
studies since no water is adsorbed on Zn(0001) while it easily reacts
with ZnO(0001). However, no apparent changes are observed upon
water adsorption on Zn(0001) that has been oxidized by SO2. In ac-
cordance with this, the effects of water on SO2 exposed ZnO(0001)
(see Fig. 9f) are small at least when it comes to SO3/SO4 species.
Water has a larger impact on the amount of atomic sulfur species
formed on ZnO(0001) that has been preexposed to SO2. Moreover,
when water exposure precedes SO2 exposure, it blocks adsorption
sites, hindering SO3/SO4 formation.

When comparing the SO2 surface chemistry on Zn(0001) and
ZnO(0001), there are two clear differences. Firstly, more atomic sulfur
is formed on the Zn(0001) surface, which is evidently due to the sam-
ple being a metal with high charge density, which enables charge
transfer to the antibonding LUMO of the molecule. Secondly, SO2
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species binding to Zn cations are present on Zn(0001), to some extent
on sputtered ZnO(0001) but no such species have been observed on
ZnO(0001). It thus appears as if SO2 species are formed on metallic
Zn sites and on undercoordinated Zn cations.

Although the SO2 andwater chemistry on Zn(0001) can be complex,
the results fromZnO(0001) appear to be evenmore cryptic and do part-
ly conflict with the earlier study on SO2 adsorption on ZnO(0001) [12].
Henrich and Cox have stated in their well-known book “Surface Science
of Metal Oxides” that “the chemisorption behavior of ZnO is extremely
complicated”. The reason for their statement is that the results obtained
on this subject often contradict each other and do not agree with the
simple models used. Furthermore, Henrich and Cox speculated that
the reason for these discrepancies might partly explain the useful cata-
lytic and gas sensing properties of the material. In a recent study,
Valtiner et al. [47] showed by combining diffraction experiments and
density-functional theory calculations that many different but energet-
ically favorable reconstructions can exist for a certain stoichiometry.
The latter study showed that vibrational-entropy contributions have a
large impact on the final ZnO(0001) surface structure. This implicates
that sample preparation conditions and especially annealing tempera-
ture has large impact on surface structure.

Here, we have tried to elucidate some factors that can explain why
many studies on ZnO surface are contradicting. We believe that the
manufacturingmethod of a ZnO single crystal or thin film can highly in-
fluence the types and amounts of defects initially present in the sample.
Especially hydrogen and a combination of point defects and hydrogen
could be responsible for discrepancies between different studies, since
hydrogen is hard or impossible to detect with many experimental tech-
niques used in surface science.Moreover, different sample surface prep-
aration procedures can be responsible for conflicting results. As
mentioned by Valtiner et al. [47], one of the most important factors
that influence stoichiometry and defects could be the annealing tem-
perature. An increased annealing temperature leads to amore extensive
oxygen deficiency and a higher amount of oxygen vacancies and/or zinc
interstitials. What could be just as important as the creation of defects
related to oxygen deficiency, is that at certain temperatures, different
types of hydrogen are evaporated out of the ZnO sample. Since some
types of hydrogen species could serve as n-type donors in the n-type
ZnO sample, the conductivity and charge density of the crystal can be
modified when crossing certain temperatures. This could in its turn in-
fluence surface chemical properties. Another important factor is that Zn
ions in ZnO have only one stable oxidation state, namely Zn2+. This im-
plies that formation of oxygen vacancies do not introduce cations with
other oxidation states as in many transition metal oxides. Instead, oxy-
gen vacancies give higher n-type conductivity in the bulk or if the va-
cancies are situated on the surface, an accumulation layer can be
formed. If the band bending is large enough, a surface metallic state,
also called a two-dimensional electron gas, can be created. This can
have vast effects on e.g. surface chemical properties.

Zinc oxide surfaces are of high technological importance and the
material is promising for new future applications. To get a better under-
standing of the chemical and physical properties of these surfaces, it is
important to investigate the effects of sample manufacturing and
cleaning procedures on the surface stoichiometry and structure. More-
over, it is essential to understand the interaction between surface and
subsurface/bulk regions.

5. Conclusions

High Resolution Photoelectron Spectroscopy studies of sulfur diox-
ide adsorption on clean and water exposed (0001) surfaces of zinc
and zinc oxide at room temperature are presented. Water exposure
leaves Zn(0001) unaltered while hydroxyl groups are formed on the
zinc-terminated surface ZnO(0001), confirming thewell-known impor-
tance of oxygen in the interaction between zinc and water. Zn(0001) is
highly reactive to SO2 and a dose of 50 L (1 L=10−6 Torr s) gives a

completely oxidized surface that consists of various sulfur containing
compounds. When comparing to an earlier study on polycrystalline
zinc [10], the complete dissociation of SO2 to atomic sulfur and oxygen
is shown to be much more efficient. The SO2 surface chemistry on
ZnO(0001) is influenced by sample preparation. SO3/SO4 species are
the most abundant reaction products on all samples. No SO2 dissocia-
tion appears at room temperature on a sample, which has been
annealed to ~450 °C prior to the adsorption. A small amount of atomic
sulfur appears upon SO2 exposure on a sample that has been annealed
to ~530 °C. The higher annealing temperature gives a higher oxygen de-
ficiency due to the creation of zinc interstitials and/or oxygen vacancies,
possibly combined with hydrogen species. This could give a higher
charge density at metal sites on the oxide surface, which would facili-
tate charge transfer to the S\O antibonding orbital of the molecule
and a subsequent SO2 dissociation. Annealing at 600–650 °C gives a tri-
angularly structured surface free fromOHgroups. SO2 adsorption on the
latter surface leads to a decreased surface conductivity, which hampers
photoemission measurements. The decreased surface conductivity has
importance for understanding ZnO gas sensing properties. Preadsorbed
water has two major effects on SO2 chemistry. First, water tends to de-
crease SO3/SO4 formation by blocking step edge oxygen adsorption
sites. The second effect appears only on samples annealed to ~530 °C
and involves a more extensive SO2 dissociation on the prehydroxylated
surface compared to the clean surface. This effect indicates that water
increases the charge density at surface Zn cations. We suggest that the
observed disordering of the ZnO(0001) surface upon water adsorption
leads to zinc cluster formation. The increased charge density at zinc
clusters compared to zinc cations would facilitate charge transfer to
the SO2 molecule and subsequent dissociation. The final conclusion of
the work on ZnO(0001) is that sample manufacturing and preparation
can have vast effects on surface chemical and physical properties. One
important factor influencing surface and bulk properties is the
annealing temperature. Increased annealing temperature gives both
an improved surface order and an increased number of oxygen vacan-
cies. Moreover, at certain temperatures different types of hydrogen spe-
cies are annealed out from the crystal. Since some species are shallow
donors, this can have large impact on the properties of the surface.
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The ReactorSTM: Atomically resolved scanning tunneling microscopy
under high-pressure, high-temperature catalytic reaction conditions
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To enable atomic-scale observations of model catalysts under conditions approaching those used by
the chemical industry, we have developed a second generation, high-pressure, high-temperature scan-
ning tunneling microscope (STM): the ReactorSTM. It consists of a compact STM scanner, of which
the tip extends into a 0.5 ml reactor flow-cell, that is housed in a ultra-high vacuum (UHV) system.
The STM can be operated from UHV to 6 bars and from room temperature up to 600 K. A gas mix-
ing and analysis system optimized for fast response times allows us to directly correlate the surface
structure observed by STM with reactivity measurements from a mass spectrometer. The in situ STM
experiments can be combined with ex situ UHV sample preparation and analysis techniques, includ-
ing ion bombardment, thin film deposition, low-energy electron diffraction and x-ray photoelectron
spectroscopy. The performance of the instrument is demonstrated by atomically resolved images of
Au(111) and atom-row resolution on Pt(110), both under high-pressure and high-temperature con-
ditions. © 2014 Author(s). All article content, except where otherwise noted, is licensed under a
Creative Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4891811]

I. INTRODUCTION

Much of our current knowledge of the precise mecha-
nisms underlying chemical reactions at catalyst surfaces is
derived from experiments under ultra-high vacuum (UHV) or
high vacuum (HV) conditions. The discrepancy with respect
to the typical working conditions of practical catalysts comes
from the fact that many surface-sensitive techniques such as
low-energy electron diffraction (LEED), Auger electron spec-
troscopy (AES), and X-ray photoelectron spectroscopy (XPS)
cannot be combined easily with the environment to which a
catalyst would normally be exposed, for example, in the three-
way catalyst of a car or in catalytic processes in the petro-
chemical industry. Moreover, the UHV provides a clean and
easily controllable environment for accurate experiments.1, 2

Although such low-pressure model studies have contributed
extensively to our fundamental understanding of catalysts, re-
cent investigations at high gas pressures have yielded new
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insights that go beyond the mere extrapolation of the low-
pressure results.3–6 This difference is often referred to as
the “pressure gap.”7 Recently, several surface analysis tech-
niques have been adapted to more realistic conditions. Exam-
ples are transmission electron microscopy (TEM),8 surface
X-ray diffraction (SXRD),9 scanning tunneling microscopy
(STM),10–14 and atomic force microscopy (AFM).15

Scanning tunneling microscopy is one of the few atom-
ically sensitive surface-science techniques that do not intro-
duce fundamental problems or limitations when bridging the
pressure gap. It can operate in the full range from UHV to
high pressures of, e.g., 1 bar and beyond, and from cryogenic
temperatures to temperatures well above 1000 K.16, 17 With its
capability to image surfaces with atomic resolution, the STM
holds the promise to determine the detailed dependence of the
structure of model catalyst surfaces on various gas environ-
ments, to identify the active sites for catalytic reactions and
to elucidate the role of possible promoters, all under the rele-
vant, high-pressure, high-temperature conditions of the cat-
alytic processes of interest. The weakness of the local tip-
surface interaction provides confidence that in most cases this
interaction will not significantly affect the structure and the
properties of the catalyst. These advantageous properties of
the technique go hand in hand with a demanding combination
of technical difficulties. The main difficulty is the imaging sta-
bility of the instrument in terms of the drift and noise resulting
from temperature and pressure variations and the presence of
a gas flow. In addition, to desire to detect reaction products
in the gas mixture adds additional constraints on the volume
of the high-pressure cell versus the surface area of the model
catalyst sample.

0034-6748/2014/85(8)/083703/10 © Author(s) 201485, 083703-1
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In this paper we present the design and performance of
the ReactorSTM. The setup combines an STM, partly in-
tegrated in a small flow cell, with a UHV system that is
equipped with standard surface preparation techniques, such
as ion bombardment and metal deposition. The ReactorSTM
enables us to study the surface structure of a catalyst in com-
bination with simultaneous mass spectrometry and thereby di-
rectly correlate structural changes with chemical activity. We
start this paper with a discussion of the concept and the spec-
ifications of the instrument, followed by a description of the
actual design and performance.

II. CONCEPT

Figure 1 summarizes the concept of the ReactorSTM. It
consists of a small reactor volume with inert walls, inside a
UHV system. The reactor is connected to two thin gas lines,
one serving as the gas inlet and the other as the exhaust. The
inlet is connected to a gas system which controls the flow,
mixing ratio and pressure of the reactant gasses. The exhaust
is connected to a mass spectrometer for analysis of the com-
position of the gas flow that leaves the reactor. Of the scanning
tunneling microscope, only the STM tip and the tip holder are
exposed to the gasses inside the reactor. Two flexible o-rings
seal off the reactor volume from the UHV. The lower o-ring
separates the reactor on the lower side from all other STM
components, such as the piezo element that is used to actuate
the motion of the tip; these components stay in UHV, while
the pressure in the reactor can be as high as several bar. In
this way, the reactor volume is kept small, which lowers the
detection limit of reaction products, makes the refresh rate of
the gas in the reactor high and the response time to changes in
the reactivity short. It also ensures that most of the vulnerable
components of the STM are not exposed to high pressures of
aggressive gasses. The upper o-ring, against which the sam-
ple surface is pressed, is used to seal the reactor on the upper
side from the surrounding UHV environment. The sample is
radiatively heated from the rear, i.e., the upper side.

The architecture of a small high-pressure cell inside a
UHV system is radically different from early high-pressure
STM designs,11–13 in which a UHV chamber is backfilled with
gas, and it goes significantly further than the current state of

sample

o-ring

gas channels

STM tip

o-ring

STM scanner

FIG. 1. Conceptual drawing of the ReactorSTM. The STM tip is contained
within a small high-pressure volume, while the STM scanner is not exposed
to the gasses. The sample forms one side of the reactor while the other reactor
walls are chemically inert. Two polymer o-rings seal off the high-pressure
volume from the UHV system around it.

the art,14 by keeping the piezo element outside of the high-
pressure volume. This has important additional advantages
leading to unequalled imaging performance, especially at el-
evated temperatures.

First of all, this design avoids convective heat transport
via the gas phase from the sample to the scanner. Small dif-
ferences in temperature, for example, between the hot sample
and the cooler piezo element, can result in significant con-
vective motion in the gas. Test measurements for a typical
STM configuration have shown this type of heat transport to
be erratic and to change magnitude on a timescale of a few
seconds. This resulted in severe, erratic drifting distortions in
the STM images on the same timescale. Without the presence
of gas around the piezo element, such distortions are avoided
completely. In addition, the limited heat transport also mini-
mizes the total heating power, thereby further reducing ther-
mal drifting of the scanner. Without convection, the drift is
not erratic in nature and can be coped with routinely. Fi-
nally, this design allows for a much smaller reaction volume,
which reduces the residence time of the gas, needed to reach a
measurable concentration of reaction products, which makes
it possible to operate the reactor in flow rather than batch
mode.

Similar to other high-pressure STM designs, this config-
uration makes it straightforward to combine the high-pressure
experiments with UHV techniques. Ultrahigh vacuum
is a prerequisite for high-quality sample preparation, involv-
ing ion sputtering, metal deposition, vacuum annealing, et
cetera, and for the application of traditional, sensitive sur-
face analysis techniques, such as low-energy electron diffrac-
tion (LEED), Auger electron spectroscopy (AES) and X-ray
photoelectron spectroscopy (XPS). UHV is also important to
avoid contamination of the freshly prepared samples during
their transfer to the high-pressure environment. This naturally
leads to a configuration with a high-pressure cell that can be
sealed off inside a UHV system. We have chosen to combine
all required functionalities into a multi-chamber UHV setup,
of which one chamber contains the high-pressure cell, inte-
grated with the STM.

III. SPECIFICATIONS

In order to approach industrial conditions during our
STM measurements, we need to operate the STM with the
sample surface exposed to a controllable gas flow at pressures
beyond 1 bar. A meaningful time resolution in the reactiv-
ity measurements that matches high imaging rates, requires
the gas flow to be high enough to refresh the reactor volume
within a few seconds. For a small reactor, with a volume in
the order of 1 ml, this requirement translates into a flow of
typically 10 mln/min. In addition to high pressures, industrial
conditions imply high temperatures. How high depends very
much on the specific catalytic process at hand. The window
of typical conditions starts at 400 K and runs up to much
higher temperatures, such as 1000 K and above. Although we
have developed a variable temperature (UHV) STM that rou-
tinely images surfaces at sample temperatures of 1000 K and
above,17 for the ReactorSTM we prioritize gas response times
and accurate reactivity measurements over temperature range.
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Therefore we limit ourselves to 600 K, a temperature that
is achievable with elastomer seals, allowing a more compact
design.

STM imaging with high resolution, resolving the atomic
structure at a catalyst surface, requires a stable STM with a
short mechanical loop between the tip and the specimen sur-
face, an effective vibration isolation system, good temperature
stability to suppress thermal drift, and a low electronic noise
level. The total noise level should not exceed a fraction of
the atomic corrugation, i.e., in the images it should typically
remain below 0.01 nm, both along the surface plane and per-
pendicular to it. To image rapid processes at the surface, under
reaction circumstances, high-speed scanning is also needed.
Our target here is to acquire one image per second. In order
to correlate the observed surface structure with measurements
of the reaction rate, it is necessary to operate the STM simul-
taneously with a mass spectrometer, in our case a quadrupole
mass spectrometer (QMS). The complete gas detection sys-
tem should have a response time in the order of seconds. This
involves leading part of the exhaust gas line of the reactor vol-
ume to the QMS without creating a large dead volume, and
without influencing the control over pressure and flow in the
reactor.

An integral part of the ReactorSTM is a dedicated gas
handling system that produces gas flows through the reactor
volume with flow rates corresponding to a residence time of
gas in the reactor ranging from seconds to minutes, and, inde-
pendently, a range of total pressures below and above 1 bar.
In order to explore the effect of the gas composition, the gas
system should make it possible to generate mixtures of gasses.
We have chosen for mixtures of up to four gasses plus a carrier
gas. For the investigation of the effect of composition, the gas
system should be able to vary the mixing ratios over a wide
range, for which we have chosen a maximum value of 100:1.
Short response times require the volume of the gas system to
be minimal. For the same reason, dead volumes cannot be tol-
erated. A very interesting type of measurement is to follow
the response of the catalyst to a sharp pulse of a different gas
composition. One of the requirements for such experiments
in combination with the sensitive STM observations is that
such pulses do not lead to significant variations in total flow
and total pressure. Cleanliness of the gas composition makes
it important that the entire gas system can be baked out, in
our case to 343 K. Finally, the gas system should be fully
computer controlled and interfaced with the STM control and
data acquisition system, which is necessary for time synchro-
nization purposes.

The requirements that directly affect the STM configura-
tion can be summarized as follows:

� Imaging resolution: atomic resolution (z-resolution be-
low 0.01 nm) on close-packed metal surfaces un-
der high-pressure, high-temperature conditions, e.g., at
1 bar and 450 K.

� Imaging rate: 1 or more images per second (images of
256 × 256 pixels, e.g., 5 nm × 5 nm).

� Gas pressure in the reactor: beyond 1 bar.
� Ratio between partial pressures of different gasses in

gas mixture: up to 100:1.

� Refresh time constant gas mixture in reactor: down to
5 s.

� Gas flow rate through the reactor: up to 10 mln/min.
� Time delay for gas mixture between gas handling sys-

tem and reactor: less than 5 s.
� Time delay for gas mixture between reactor and mass

spectrometer: less than 5 s.
� Temperature range of the catalyst: room temperature

up to 600 K
� Thermal drift: below 1 μm/h (piezo range) in

z-direction; below 50 nm/min along x,y.

IV. DESIGN

In this section we discuss the general architecture of the
UHV system and provide a more detailed description of the
ReactorSTM and gas handling system.

A. UHV system

Figure 2 shows the configuration of the UHV system. It
consists of three chambers18 separated by valves.19 From left
to right, these chambers are the XPS chamber, the prepara-
tion chamber, and the STM chamber. Sample holders can be
placed in different positions and orientations in each of these
chambers, required to face each of the installed preparation
and analysis tools. The sample holders can be transported be-
tween the chambers by means of a rack and pinion transfer
rod.18 A sample load-lock system mounted on the XPS cham-
ber makes it possible to quickly introduce and export sample
holders without the need to break the main vacuum. Each of
the three chambers is pumped separately by an ion pump in
combination with a Ti sublimation pump.20 Additionally, the
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FIG. 2. Schematic drawing of the UHV system showing the three chambers
with the equipment for sample preparation and characterization. Dashed lines
point to components that are not visible.
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preparation chamber is equipped with a chemically resistant
turbo-molecular pump,21 which is used to evacuate the system
after it has been vented and to continuously pump the high
gas flows that are sometimes required during preparation of
model catalyst surfaces. To reach UHV, the vacuum system
can be baked to 425 K, by means of two heating fans and
a bake-out tent that encloses the entire system. During STM
operation, the turbo-molecular pump is always off, in order to
avoid the coupling of its mechanical vibrations into the STM.
To minimize the influence of external mechanical vibrations,
the entire, three-chamber combination is mounted on a stiff
frame that is supported by air legs.22

The main component of the STM chamber is the high-
pressure STM itself, which is mounted on the bottom flange,
including all its electrical connections and gas lines. On the
top flange of the chamber, a seal library has been installed
together with a wobble stick. This combination makes it pos-
sible to easily replace the seal that separates the high pressure
inside the reactor from the UHV of the STM chamber, as de-
scribed in Sec. IV B.

The preparation chamber houses a manipulator, which
can translate and rotate the sample surface, to face each of
the instruments on the chamber. These include an ion gun23

for sputter cleaning of the surface, an e-beam evaporator24

for metal deposition, for example, to obtain thin metal films
or supported nano-particles, and a combined LEED/AES
system25 for quick inspection of the periodicity, crystal qual-
ity, and cleanliness of the surface. A gas manifold with Ar,
O2, H2, or other gasses is connected to the preparation cham-
ber via automated all-metal leak valves.26 Using a valve and
separate pumping connection, the LEED/AES system can be
sealed off from the rest of the preparation chamber, which
is particularly useful during sample preparation steps that in-
volve significant pressures of aggressive gasses, such as O2 or
H2S.

The XPS chamber is dominated by the X-ray source and
the hemispherical energy analyzer of the XPS setup,27 which
can be used for inspection of the surface chemical composi-

tion prior to and after high-pressure experiments. The cham-
ber is made out of Mu-metal to shield the XPS from external
magnetic fields. The chamber also contains a sample library
that can store two additional sample holders.

B. STM configuration

Figure 3(a) shows a schematic cross section of the com-
bination of the sample holder and the reactor with STM scan-
ner. With the sample holder placed on the STM, a small,
0.5 ml reactor volume is defined. This reactor volume is
sealed off from the surrounding UHV by two elastomer rings.
The upper seal is clamped between the catalyst sample and
the STM body. It is a custom-made Kalrez28 ring that is vul-
canized onto a stainless steel holder, which enables us to ex-
change these seals using a wobble stick without breaking the
vacuum. The lower seal is a Viton O-ring between the STM
body and the top part of the scan actuator. Both rings are
chemically rather inert, especially the Kalrez, which is in di-
rect contact with the active catalyst surface. The Kalrez seal
is specified for operation up to 600 K and this limits the oper-
ating temperature of the STM.

The STM body is made out of Zerodur,29 a type of glass
that has a low thermal expansion coefficient, which minimizes
the thermal drifting of the STM during temperature changes.
An additional advantage of this material is that it is chem-
ically inert, which is necessary since the upper surface of
the STM body forms one of the walls of the high-pressure
cell.

The hat-shaped sample is held in position in the sam-
ple holder by a molybdenum spring. It is electrically isolated
from the other components of the sample holder. A filament,
mounted behind the sample, enables sample heating either by
thermal radiation or by electron bombardment. A sapphire
shield thermally isolates the filament from the rest of the
sample holder. A type K thermocouple is laser-spot-welded
to the sample, for accurate temperature measurement. The
sample holder has a 5-pin connector that provides separate

sapphire spacer

heating filament

sample clamp

sample mounting screws

isolation ceramics

spacer legs

STM tip

sliding tip-holder

electrical shielding

ceramic spacers

tip-holder guidance tracks

magnet

piezo tube

single crystal sample

kalrez o-ring

zerodur body with 
gas channels

viton o-ring

reactor wall

sample holder

reactor body

opening/closing bellow

spring suspension

eddy-current damping

locking bellow

(b)(a)

FIG. 3. Detailed schematic of (a) the scanner and reactor and (b) the insert with vibration isolation, mounted on a CF-200 flange.
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contacts to the filament, the thermocouple and the sample.
The latter connection is used either to ground the sample, e.g.,
for ion sputtering, electron bombardment, XPS, LEED, and
AES, or to provide a bias voltage for STM and STS mea-
surements. Two versions have been constructed of the sample
holder body, one out of Zerodur29 and the other out of Invar, a
low-expansion steel. In both cases, a low-expansion material
was used, again to minimize thermal drift. The brittleness of
Zerodur established a practical disadvantage, which made us
prefer the Invar version. Fortunately, XPS spectra acquired on
samples clamped in the Invar holder did not indicate notice-
able changes in the spectrum due to the magnetic character of
the Invar.

The sample holder is strongly pressed against the top of
the STM body, so that it makes hard mechanical contact via
three adjustable screws. In this way a short and stiff mechani-
cal loop is established between the sample and the tip, which
is essential for high-quality STM imaging. After a sample has
been mounted in its sample holder, the length of the three
screws is adjusted such that with the screws in contact with
the scanner body, the Kalrez ring is compressed to 80% of
its original thickness. This situation provides a reliable, leak-
tight seal, enabling to maintain UHV in the STM chamber,
even when the reactor volume is exposed beyond atmospheric
pressure.

Two thin silica-coated capillaries run up from gas
feedthroughs on the bottom flange (see below) and connect
to the reactor volume via channels in the Zerodur STM body.
One is used as the supply line of gasses into the reactor; the
other serves as the exhaust line.

A single piezotube is used for both the coarse approach
and the fine scanning motion. The STM tip is clamped in a
steel holder, which is pulled against two steel rails by a SmCo
magnet30 that is glued on a separate support. The three steel
parts, tip holder, and rails are gold-plated in order to ensure
chemical inertness and to optimize the stick-slip behavior of
the holder along the rails (see below). The magnetic force, de-
termined by the distance between the tip holder and the mag-
net, is tuned via the size, shape, and location of the magnet, in
such a way that the maximum acceleration that can be gener-
ated along the length axis by the EBL2 piezo element31 is high
enough to overcome the static friction force between the tip
holder and the rails. In this way, the same piezo element used
for STM scanning is also used to inertially translate the tip
holder up or down along the rails, which makes it possible to
perform a controlled approach- or disengage motion over sev-
eral mm distance. The electrical connection to the tip that is
necessary to measure the tunneling current is established via
the tip holder and the rails and the aluminum tube in which the
rails are clamped. We have selected aluminum as the material
for this tube, since this tube is in contact with the reactive gas
mixture and aluminum is inert for the catalytic reactions under
investigation. Electrical shielding is provided by an additional
hat-shaped aluminum piece. The two aluminum parts are elec-
trically isolated from each other and from the piezo tube by
two insulating Macor32 rings. The piezo element is glued to a
titanium base, which has a thermal expansion coefficient that
compensates the expansion of the piezo tube during tempera-
ture changes.

The backbone structure in Figure 3(b) is used to combine
the complete STM assembly with vibration isolation and the
necessary electrical connections and gas capillaries on a sin-
gle CF-200 flange. In spite of its complexity, the STM assem-
bly is a compact unit that is mounted relatively easily from
below into the SPM chamber of the UHV system. The STM
portal that holds the STM body, the Kalrez seal, and the sam-
ple holder, is suspended by a set of springs that is combined
with an eddy current damping system, in order to isolate the
STM from external, mechanical vibrations. The two silica-
coated capillaries are each connected to a gas feedthrough on
the bottom flange. Both are wound as soft springs around the
portal to minimize coupling of external mechanical vibrations
via the gas lines into the STM.

Two features are essential to facilitate easy and reliable
transfer of sample holders into and out of the STM por-
tal. First of all, during sample transfer activities, the spring
suspension should be disarmed by mechanically locking the
STM portal to the backbone structure. This makes it possible
to exert forces on the portal for pushing in or pulling out sam-
ple holders. Second, the system should enable one to generate
a force up to 100 N to mechanically press the sample and
sample holder against the reactor body, thereby compressing
the kalrez seal by 20% and closing the reactor volume with
respect to the UHV chamber; also the opposite should be pos-
sible, pulling sample and sample holder away from the reac-
tor body. Once the reactor is closed, it should remain closed,
also when the STM portal is unlocked and suspended from
the springs. These two actions are achieved by means of the
controlled inflation of two bellows. When the upper bellow is
inflated, the sample and sample holder are pressed against the
reactor body and the reactor volume is sealed off from the sur-
rounding UHV. When the lower bellow is inflated, the STM
portal is locked to the backbone structure. The upper bellow is
connected via a capillary to a gas feedthrough, and the lower
one is directly connected to a feedthrough. The capillary of
the upper bellow is again wound as around the portal, to min-
imize mechanical vibrations.

The STM is controlled by fast analog/digital SPM control
electronics33 capable of video-rate STM imaging.34

C. Gas supply and analysis system

As motivated above, a gas system was required that can
mix various gasses over wide ranges in composition, with sep-
arate control over the gas flow rate of each individual compo-
nent in the mixture and the total pressure of the gas flow with a
short response time, in the order of a few seconds or less. The
latter requirement necessitates a configuration with small to-
tal volume and without dead or badly refreshed gas volumes.
Another requirement was that it should be possible that dur-
ing STM imaging the partial gas pressures, flow rates and total
pressure can be changed, without having to interrupt imaging.
This means that no unwanted effects such as pressure bursts,
with possible tip crash as result, can be tolerated. Fortunately,
for applications in, e.g., gas chromatography (GC) and high-
performance liquid chromatography, a wide range of compo-
nents is commercially available with extremely low dead vol-
umes, such as tubing, connection pieces, filters, and several
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FIG. 4. Manifold for gas mixing and analysis. Up to four gasses plus a carrier gas can be mixed by a computer controlled manifold, consisting of rotating valves
(RV1-4), several mass flow controllers (MFCs), and two back pressure controllers (BPCs). A continuous sampling gas analyzer37 provides high time-resolution
gas analysis.

types of valves, including rotating valves. In our gas system a
special role is played by a custom-modified version of a GC
valve. The crucial element is a rotor with a conical polymer
surface that contains an engraved pattern. This rotor is pressed
inside a metal body, to ensure a leak-tight seal. By rotation of
the rotor the engraved pattern can be made to access and in-
terconnect different channels, drilled in a symmetric, radial
pattern in the metal body. This can be used to obtain differ-
ent flow paths, depending on the rotor position. Note that it
is possible to engrave the rotor such that no dead volume is
enclosed in this valve at any time, also not in the channels
that are not in use. For the specific needs of our gas sys-
tem, we have produced rotors with several custom engraving
patterns.

To separately control the composition, the flow rate, and
the total pressure inside the reactor, we have employed a com-
bination of mass flow controllers (MFCs) and back pressure
controllers (BPCs) from Bronkhorst Hi-Tech35 with a flow
rate of 0–10 mln/min and pressure range of 0–6 bars, respec-
tively.

In our gas system the outer diameter of the stainless steel
tubing is chosen to be 1/16 in. The choice of the inner diame-
ter of the tubing is a trade-off between very small volumes that
would reduce the total internal volume of the system thereby
optimizing the response time, and larger volumes to minimize
the pressure drop over the gas lines for a given flow rate to
reduce the difference in the pressure measured by the BPC
and the actual pressure inside the reactor. We chose 0.5 mm
inner diameter for the tubing between the MFCs and the reac-
tor, since for that part of the system the response time is the
most important parameter and a certain pressure drop between
the MFCs and the reactor can be tolerated. For the section\
between the reactor and the BPC, the pressure drop should
be minimal in order to relate the BPC reading to the reactor
pressure; for this section of the tubing an inner diameter of
0.75 mm was chosen.

Using these components, we have adopted the architec-
ture schematically shown in Figure 4. The high purity gases
gas 1–4, in our implementation O2, CO, NO, and H2, are
supplied from lecture bottles with reducing valves. To pre-
vent particles from entering the gas system, particle filters are
placed between the reducing valves and the MFCs. Each of
the gasses flows through a MFC, which determines the flow
rate of that gas. The rotating valve RV1 is the “mixing valve”
and can select any combination of the maximally four gas
flows that arrive at its input. The flow exiting the mixing valve
and entering the “selector valve” (RV2) is the sum of the se-
lected gas flows. The engraving pattern of the mixing valve
is such that those gases that are not selected are not “stored”
in the valve, but leaving the valve via the line indicated as
“drain/pulse.” Via the loop and the pulse BPC, the not se-
lected gases are pumped away. The role of this BPC is crucial,
since it allows one to, prior to the addition of a certain gas to
the flow to the reactor, stabilize the flow pressure of that gas
flow to match the current reactor pressure. After this stabi-
lization, RV1 can be switched to add the extra gas flow to the
reactor flow, without detrimental effects on the STM-imaging.

RV2 directs the flow via RV3 towards the STM reactor
volume. The second output of RV2 is connected to the shunt
MFC and enables one to split off a part of the flow by send-
ing it via the shunt line to the pump. This makes it possible
to reach extremely low flow rates through the reactor, without
the need for extreme (and inaccurate) settings for the MFC’s.
A second inlet of RV2 is connected to a carrier gas MFC and
allows for having very small partial pressures of a certain mix-
ture in the reactor while still having a large total pressure. It
also ensures that for very small flows of a mixture, a flow of
carrier gas can be added to have a good response time to a
change of settings.

Before the gas flows to the reactor, it passes the “pulse
valve” (RV3). In addition to the regular gas flow from the
selector, RV3 also receives input from the pulse/drain line,
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connected to RV1, which it stores in a small gas loop with a
total volume which is selected to be 0.5 ml, equal to the reac-
tor volume. The pressure of the gas in that loop can be con-
trolled by the “pulse BPC.” In the orientation of RV3 shown in
Figure 4, the gas flow from RV2 is passed down to RV4 and
the not-selected gasses from RV1 are sent via the loop volume
and the pulse BPC towards the pump. RV3 can be rotated
rapidly into a position in which the extra volume of the gas
loop is inserted into the flow path of the regular gas mixture.
This generates a well-defined pulse of the gas that was ini-
tially stored in the loop. The configuration of this valve with
the gas loop is such that, in case both the pulse and reactor
BPC have the same set point, the pulse only provides a short
variation in the gas composition, while it does not change the
total pressure or the total gas flow. Therefore the pulse can be
applied during STM imaging without having to retract the tip.

The final rotating valve, RV4, is a rotating 6-way valve
that has two positions. The first position, shown in Figure 4,
is for high-pressure STM experiments. In this position, the
prepared mixture is directed towards the reactor. The flow ex-
iting the reactor is sent via RV4 towards the gas analyzer. Af-
ter passing by the gas analyzer, the flow is finally directed
via RV4 towards a BPC that controls the reactor pressure in-
dependently from the total gas flow. The BPC is connected
directly to the pump that generates the flow through the reac-
tor. The two other connections of RV4 are connected to the
main UHV chamber. In the second position of RV4, both the
inlet and outlet lines of the reactor are connected to the UHV
via RV4. This ensures that the sample is protected as good
as possible from degassing of the capillaries and reactor wall
when the reactor has been closed but no gas exposure is de-
sired yet, for example, during coarse approach. Another role
of the second position of RV4 is that it connects the gas stream
leaving RV3 directly to the BPC of the reactor, via the gas an-
alyzer. In this way the gas composition can be tested by QMS
or GC analysis prior to exposing the sample to the gas. It also
allows keeping the gas system clean by having always a flow
through most of the lines, even when the reactor is open to the
UHV.

The gas analyzer is placed before the BPC to make it
independent of the varying flow impedance of the BPC. How-
ever this means that the analyzer must operate in the full pres-
sure range of 0–6 bars and can only consume a small fraction
of the gas flow. In addition, the requirement of at most 5 s de-
lay between gas leaving the reactor and being analyzed places
a tight restriction on the internal volume of the analyzer. A
T100 gas analyzer36 is used, which is based on a QMS. This
analyzer has a 5 μl inlet volume and a typical gas consump-
tion of less than 1 μln/min, and it is tunable for operation
across the desired pressure range. If response time is not an
issue for the experiment, then the internal volume of the ana-
lyzer is no longer restricted, and this system can be replaced
by or complemented with any other gas analysis method, in-
cluding gas chromatography and infrared spectroscopy.

All valves of the gas supply system are controlled by a
PC. LabView and Python programs have been written to con-
tinuously log the valve settings and BPC/MFC read-outs. The
Python software also allows programming of sequences of
actions.

V. PERFORMANCE

In this section we present the essential aspects of the per-
formance of the complete ReactorSTM setup. After a brief
summary of the vacuum and gas flow behavior, we turn to the
STM imaging performance under vacuum and high-pressure
conditions, at room temperature and at elevated temperatures.

A. UHV system and gas manifold

The three chambers of the UHV system routinely reach
a base pressure of in the range of 10−10 mbar after a bake-
out of 48 h at 400 K. The operation of the bellows used to
open and close the reactor and to lock the spring suspension
system of the STM did not have any effect on the pressure in
the UHV system. In practice, an absolute pressure of approx-
imately 4 bars in the bellow that closes the reactor results in
a sufficiently large closing force to compress the Kalrez seal
and establish a rigid coupling between the surface of the Ze-
rodur reactor body and the three adjustment legs on the sam-
ple holder. With that closing force, we can operate the reactor
at pressures up to 6 bars, while the leak rate from the reac-
tor into the UHV chamber typically results in a slight raise
of pressure to the 10−9 mbar range. Eventually, after longer
use, seals have been observed to degrade, leading to a mod-
est increase of the UHV pressure when having high pressures
inside the reactor.

The performance of the modified rotating GC valves over
time was evaluated during use. After having been rotated a
few hundred times, they were still found to exhibit a low leak
rate in the order of 10−9 mbar l/s. Setting a new position of
these rotating valves takes 0.1–1 s, depending on the travel
the rotor has to make. The possible momentary interruption
of the gas flows, caused by the rotation of the valve rotors, is
sufficiently buffered by the volume of the gas lines and only
modestly affects the STM imaging. The time response of the
gas system is illustrated in Figure 5 by a typical time-trace
of the gas analyzer during a CO oxidation experiment. In this
experiment, we switched from a 50% CO flow to a 50% O2

FIG. 5. Gas mixing response at 1 bar, 2 mln/min total flow, as detected by
the mass spectrometer. Replacing CO by O2 starting from a 1:1 mixture of
Ar and CO, using rotary valve RV1 (Figure 4). The arrival of the gasses in the
reactor at T = 33 s has been deduced from thermal drift in the STM images.
The transition time of the O2 introduction is 5 s. The spike in the Ar signal
is an increase in partial pressure caused by the momentary interruption of the
CO and O2 flows during the movement of the rotary valve. Note that the Ar
flow is not interrupted since it enters the manifold via RV2, neither is there
an effect on the total pressure.
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flow with argon as carrier gas at a pressure of 1 bar. At a
modest flow of 2 mln/min, it takes 33 s for the gas to reach the
reactor and another 20 s to reach the mass spectrometer. These
delays scale linearly with flow, so an improvement of a factor
10 can easily be gained with higher flows. The switch from the
O2 to the CO atmosphere is completed within approximately
5 s, indicating the low intermixing of the gases in the gas lines,
the reactor, and the sampling valve.

B. STM

A first series of test measurements was performed to es-
tablish the imaging resolution and high-speed performance of
the STM in “UHV-mode.” In this mode, the ReactorSTM is
fully operational but we leave out the Kalrez seal between
sample and reactor, so that the reactor is pumped via the
UHV chamber. The presence or absence of this seal has no

(a)(a) (b)(b)

(c)(c) (d)(d)

(e)(e)

FIG. 6. Four atomically resolved STM images obtained with the Reac-
torSTM in “UHV mode” at room temperature. (a) and (b) Highly ori-
ented pyrolithic graphite (HOPG), 8.0 nm × 8.0 nm (512 × 512 pixels) at
8.7 s/image, and 2.9 nm × 2.9 nm (512 × 512 pixels) at 2.6 s/image, both
imaged with a tunneling voltage of Vt = 0.40 V and a tunneling current of
It = 0.46 nA. (c) and (d) Au(111) surface, 23 nm × 23 nm (512 × 512
pixels, Vt = 0.10 V, It = 0.12 nA), and 4.6 nm × 4.6 nm (512 × 512 pixels,
Vt = 0.12 V, It = 0.10 nA). The zig-zag pattern in (c), which is also present as
a modulation in height and in lateral position in (d) is due to the well-known
“herringbone reconstruction” on Au(111). (e) Height line from an atomically
resolved Au(111) image, providing an estimate of the z-noise of 10 pm peak-
to-peak for a bandwidth of 5 kHz.

influence on the imaging performance, but makes a signifi-
cant difference for the pressure to which the sample (and the
tip) are exposed. Thus, the “UHV-mode” enables us to judge
the imaging performance, unperturbed by gasses. Figure 6
demonstrates that the imaging resolution of the ReactorSTM
is comparable to that of other, typical UHV-STM setups,
i.e., not compromised by the special, high-pressure-flow-
reactor configuration with the capillaries, the bellows, the
Zerodur, and the stick-slip tip holder for coarse approach.
Atomic resolution is obtained routinely, not only on graphite
(panels (a) and (b)) but also on the close-packed Au(111) sur-
face (panels (c) and (d)). The z-resolution is estimated to be
10 pm (panel (e)). Note that we have measured atomically re-
solved images at frame rates up to 4 images/s with only mild
image distortions (panel (b)), which is favorable for acquiring
movies of dynamic phenomena.

The thermal behavior of the ReactorSTM setup was char-
acterized by ramping the sample temperature from 410 K to
460 K over the course of 3 h, while imaging the surface con-
tinuously with the STM. From the comparison of the images
over this 3-h time window, we deduce that the average dis-
placement was ∼25 nm/K parallel to the surface and ∼8 nm/K
perpendicular to the surface. The lateral drift component was
uniform and small enough to be accommodated comfortably
by routine drift correction techniques and over the full 50 K
temperature window, both drift components added up to no
more than approximately one third of the full range of the
piezo scanner.

The influence of the total reactor pressure on the STM
imaging was explored by scanning the Au(111) surface while
ramping the reactor pressure from 0 bar up to 3 bars and
back to 0 bar. This resulted in reversible displacements below
300 nm parallel to the surface (i.e., below 100 nm/bar) and be-
low 400 nm perpendicular to the surface (below 133 nm/bar).
Over this wide pressure range, the mechanical distortions of
the ReactorSTM setup are thus modest enough to remain well
within the range of the piezo scanner.

The full performance of the ReactorSTM is illustrated
in Figure 7, in which atomic resolution is demonstrated on
Au(111) at a high sample temperature of 378 K and an O2

(a)(a) (b)(b)

FIG. 7. Two STM images obtained with the ReactorSTM on Au(111) in a
flow of 10 ml/min of O2 at a pressure of 1.2 bars and at a sample temperature
of 378 K. (a) Small-area image showing atomic resolution, 4.4 nm × 4.4 nm,
taken with a tunneling voltage of Vt = 0.22 V and a tunneling current of
It = 0.20 nA, corrected for drift by shearing the image horizontally over
21◦, then cropped. (b) Larger-area image, Vt = 0.24 V, It = 0.24 nA, 75 nm
× 75 nm, showing step fluctuations.
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(a)(a) (b)(b)

FIG. 8. Two STM images obtained with the ReactorSTM under high-
pressure high-temperature conditions. (a) The Pt(110) surface, showing
atomic rows with a vague signature of the individual atoms, 7.5 nm
× 7.5 nm, imaged in a flow of 1 bar of CO at a sample temperature of 433 K,
imaged with a tunneling voltage of Vt = −0.04 V and a tunneling current
of It = −0.08 nA, (b) A 318 nm × 318 nm area of the Co(0001) surface,
imaged under conditions for the Fischer-Tropsch (FT) synthesis of hydrocar-
bon molecules from a 1:2 mixture of CO and H2 known as syngas. The total
pressure is 1.2 bars, consisting of 200 mbar syngas and 1000 mbar Ar, and
the temperature is 500 K. Imaged with a sample bias of Vt = 1.05 V and a
tunneling current of It = 0.15 nA.

flow at a high pressure of 1.2 bars (panel (a)). The large-scale
image of panel (b) shows the dynamic behavior of the atomic
steps at this elevated temperature.37 Note that the herringbone
reconstruction that is clearly present in Figure 6 and charac-
teristic for the clean Au(111) surface is absent in the images of
Figure 7. We have not investigated systematically whether this
lifting of the reconstruction is caused by the high-temperature
exposure to the high O2 pressure or by the presence of a trace
impurity in the O2 flow, such as water. We note that the images
of Figure 7 have been obtained while three turbo-molecular
pumps of the UHV system were running at full speed. Al-
though this has introduced a minor vibrational signature in
Figure 7(a), the effect is sufficiently modest, not to wash out
the atomic resolution.

In Figure 8, we provide two STM images of catalyti-
cally more relevant situations. Panel (a) shows the Pt(110)
surface at a temperature of 433 K in a flow of 1 bar of CO,
taken in the course of an experiment dedicated to the catalytic
oxidation of CO.3, 38–46 The distance between the atom rows
shows that the CO has lifted the (1 × 2) reconstruction, char-
acteristic of the clean surface. The atomic periodicity can be
recognized vaguely in the atomic rows. The high temperature
and the presence of the CO lead to rapid fluctuations in the
position of the atomic step between the upper left and lower
right parts of the image, which make the appearance of that
step in the image extremely jagged. Similarly, large excur-
sions can be recognized in the upper left corner of the image
from a step with an average position to the left of the imaged
area. In panel (b), we show the Co(0001) surface under con-
ditions for the Fischer-Tropsch (FT) synthesis of hydrocarbon
molecules from a flow at 200 mbar of a 1:2 (“syngas”) mix-
ture of CO and H2 at a sample temperature of 500 K. The
structures formed on the terraces and accumulating along the
steps, have formed in the course of the FT reaction on this
surface, and remain to be identified and further characterized.

STM tips require special attention when operating in cat-
alytic conditions. Etched tungsten tips that traditionally per-

form well in ultrahigh vacuum are vulnerable for interaction
with reactive gasses, such as water and oxygen. Tip oxidation
compromises the imaging resolution under catalytically rele-
vant conditions. Adsorption-enhanced diffusion of tip atoms
can result in frequent changes in the shape and sharpness of
the tip apex. In addition, the tip itself can be catalytically ac-
tive and distort the reactivity measurements, although this ef-
fect is expected to be modest due to the small surface area
and the lower temperature of the tip compared to the sample.
Most results presented in this paper have been obtained with
mechanically cut platinum-iridium tips. First tests with gold-
coated metal tips give some hope that it may be possible to
combine sharp, conductive tips with chemical inertness.

From the performance tests and the examples given in
this section, we conclude that the ReactorSTM described in
this paper fully meets the specifications given in Sec. III. It is
the first STM capable of imaging catalytically interesting sur-
faces with atomic resolution under reaction conditions: high
temperatures and high pressures of flowing gas mixtures. Dur-
ing imaging, the temperature of the catalyst, the flow rate, to-
tal pressure, and composition can all be changed over wide
ranges, without the necessity to interrupt the imaging. Mass
spectrometry of the gas that flows out of the reactor en-
ables us to quantitatively correlate the catalytic performance
of the model catalyst with the detailed structural information
in the STM images, with a time resolution down to a few
seconds.

VI. OUTLOOK

At present, the ReactorSTM is being used in the inves-
tigation of a growing variety of catalytic reaction systems.
Examples are oxidation/reduction reaction, Fischer-Tropsch
synthesis, and hydro-desulphurization. The observation in
many of these cases of surface restructuring into high-gas-
pressure-specific configurations should be taken as a justifica-
tion a posteriori for the development of this special-purpose
scanning tunneling microscopy setup for “the other side” of
the pressure gap.

We close this paper by addressing several aspects that
may further add to the performance of this microscope. The
maximum sample temperature of 600 K and the maximum
gas pressure of 6 bars are just within the range of industrial
conditions. A higher operating temperature will require a dif-
ferent sealing material than Kalrez. We are in the process of
replacing several of the components of the gas handling sys-
tem in order to make the microscope suitable for a maximum
pressure of 20 bars.

A highly relevant modification of our microscope that
we are currently developing is that of a non-contact Reac-
torAFM version, as well as a version that combines the two
functionalities, STM and nc-AFM. The two resulting forms
of this microscope will enable us to also bridge the mate-
rial gap and perform high-pressure, high-temperature obser-
vations on non-conductive surfaces, such as oxide supports
and supported metal nanoparticles. This will take us beyond
the geometry of extended, flat single-crystal metal surfaces
and bring us closer to the geometry of practical catalysts.
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Fingerprinting substitution sites in Pb,Dy-Bi2Sr2Ca1Cu2O8+δ

using X-ray Photoelectron Diffraction
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Abstract. The substitution sites of Pb and Dy dopants in the cuprate-type high temperature superconduc-
tor Bi2Sr2Ca1Cu2O8+δ are determined by a direct comparison of the angle-scanned X-ray photoelectron
diffraction (XPD) patterns. We demonstrate the power of XPD as a fingerprinting tool and conclude
that Pb occupies Bi sites and Dy the Ca sites. The presence of the incommensurate lattice modulation is
not visible in XPD, probably due to a Pb-induced, reduced modulation amplitude.

1 Introduction

The discovery of high temperature superconductors has
triggered numerous studies of the details of their geomet-
rical structure. The superconducting Bi2Sr2Ca1Cu2O8+δ

(Bi2212, Tc = 85 K) is the most extensively studied
bismuth-containing superconductor. It has a layered struc-
ture and an incommensurate superlattice modulation with
the period of 25.8 Å along the b axis. This modulation has
been subject of many studies, both at the surface [1–3] and
in the bulk [4–6].

Many different materials have been used to dope the
pure Bi2212 in order to influence the charge around the
Cu-O planes believed to be responsible for superconduc-
tivity or to modify the structure. In this context the ques-
tion about the influence of dopants on the modulation is
interesting as well. Pb substitution of Bi in Bi2212 has
led to many studies [7–9], because sufficient Pb doping
inhibits the modulation.

For the determination of the effects of dopants on the
charge distribution it is very important to know what
site the dopant atom is occupying and whether it is dis-
tributed homogeneously substituting mainly one element
of the host compound or clustering together. Chemical
knowledge can help to suggest the occupation site, but it
remains difficult to prove it unambiguously.

X-ray photoelectron diffraction (XPD) [7,10–12]
proves to be the method of choice for substitution site
identification. We want to mention that this method may
also be applied to other complex compounds, for instance

a e-mail: d.popovic@mx.uni-saarland.de

minerals. In a previous study, Pillo et al. [11] have in-
vestigated Pb,Y-Bi2212 and demonstrated the power of
the XPD method for investigating the substitution sites
by a direct comparison of diffraction patterns. They find
that Pb and Y occupy the Bi and Ca sites of the host
material, respectively, and show that the lattice modula-
tion is present again for Y-Pb-Bi2212 although it is absent
in Pb-Bi2212 for similar Pb contents.

Here, the occupation sites of Pb,Dy-Bi2212 are stud-
ied. XPD is capable of providing the information about
the substitution sites and we demonstrate that Pb occu-
pies the Bi sites and Dy the Ca sites. The lattice mod-
ulation is not apparent in the XPD patterns as it is the
case for pure Bi2212 [12] probably due to a Pb induced,
reduced modulation amplitude.

2 Experimental

The experimental set-up represents an extended version of
the Vacuum Generators ESCALAB Mk II spectrometer,
operating with a base pressure in the low 10−10 mbar re-
gion. The spectrometer is equipped with a hemispherical
electron-energy analyzer with a three-channeltron detec-
tion system. A motorized manipulator allows sample ro-
tation with two degrees of freedom [13,14]. The angular
resolution was better than 1◦ full cone acceptance. All the
measurements were carried out at room temperature.

X-ray photoelectron spectroscopy (XPS) and XPD
were performed with Mg Kα (hν = 1253.6 eV) or
Si Kα (hν = 1740 eV) radiation. The spectra have been
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measured with a pass energy of 100 eV corresponding to
an energy resolution of approximately 1 eV.

In XPD, the emitted photoelectron wave from a chosen
core-level scatters at the surrounding atoms and interferes
with the directly emitted wave to give an interference
pattern as a function of emission angle. For photoelec-
trons emitted with kinetic energies above approximately
500 eV, this strongly anisotropic angular distribution of
photoelectrons gives the possibility to obtain a basic pic-
ture of the local, real-space environment of the emit-
ter [14], due to the “forward focusing” phenomenon along
the emitter-scatterer axis (for review see Ref. [15]). Promi-
nent intensity maxima in full hemispherical XPD patterns
(diffractograms) can often be immediately identified with
near-neighbor directions. The photoelectron angular dis-
tribution is, to a first approximation, a forward-projected
image of the atomic structure around the photoemitters.
Its sensitivity to local order and chemical species makes
XPD a powerful technique for surface structural inves-
tigations. XPD can be used to characterize near surface
structure [16], substitution sites [11], film growth [17–19]
and even phase transitions [20].

A typical XPD diffractogram consists of intensity at
a given core level binding energy for about 5500 angular
settings (θ, φ) of photoelectron emission angles θ (polar)
and φ (azimuthal). Measured intensities are represented
in a stereographic projection (see Fig. 1). The center of
each plot represents normal emission and the outer cir-
cle corresponds to grazing emission, θ = 90◦. Along each
imaginary circle with the center in the center of the plot,
theta is constant and phi varies from 0◦ to 360◦. The inten-
sity is represented in a grey-scale plot, with high intensity
in white.

Diffractograms presented in this paper are background
corrected, i.e., a smooth polar angle dependent back-
ground has been subtracted in order to flatten the images
and to enhance the contrast.

The samples were grown from nonstoichiometric sys-
tems consisting of solute and flux which form a high tem-
perature solution [21]. The single crystals are 2 × 3 mm2

large and less than 0.5 mm thick. They were mounted onto
the sample holder with silver epoxy. For the measurements
the crystals were cleaved in situ at a pressure in the lower
10−10 mbar region, yielding clean mirrorlike surfaces with
(001) orientation. The cleanness was checked by XPS.

3 Results and discussion

The near surface composition of the Pb,Dy-Bi2212 was
determined by XPS. The Pb:Bi ratio is found to be 0.15.
This is below the critical value of about 0.25 for removing
the modulation [8,9]. The Dy:Ca ratio is 1.1, showing that
large quantities of Ca have been substituted. It is know
that XPS results considering composition are not neces-
sarily the same as the ones obtained by other techniques,
however the ratios are mostly relevant. Furthermore, they
will be used here for comparison with our previous study,
which has been performed using the same technique.

Fig. 1. Shown are measurements on the core levels or Auger
transitions (Ca and Cu) of elements present in pure Bi2212:
Bi 4f (top right), Ca L23M23M23, O 1s, Cu L3M45M45 and
Sr 3d5/2. Measurements have been performed with Si-Kα ra-
diation (1740 eV) on Pb-Bi2212 for Ca and on Bi2212 for Bi
(top left) [12] and with Mg-Kα radiation (1253.6 eV) on
Pb,Dy-Bi2212 for all the others. Background corrected data
(see text) are shown as a linear gray scale plot in stereographic
projection.

In Figure 1 we present a set of XPD patterns show-
ing emission from the atomic species of the host ma-
terial Bi2212: Ca, Bi, O, Cu and Sr. One observes
a clear fourfold symmetry of all patterns (except for
Fig. 1 (top left) taken from [12] for comparison). This
is in contrast to the previous work of Osterwalder
et al. [12], where the strong modulation along the b axis in
pure Bi2212 causes a considerable deviation from the four-
fold symmetry, i.e., where the XPD diffractograms be-
come two-fold symmetric, clearly distinguishing between
the crystals a and b axis, as can be seen by comparing
the Bi 4f-diffractograms in Figure 1 (top left and right).
Modulation is present in our system as well, (as con-
firmed by low energy electron diffraction (LEED), not
shown) but apparently with a weaker amplitude as for
the pure Bi2212.

On the other hand, the four-fold symmetry is consis-
tent with the previously published data of Pillo et al. [11]
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where the Pb and Y doped Bi2212 has been studied.
The concentration of Pb in their crystal (0.27) was large
enough to cause the disappearance of the modulation
in Pb-Bi2212. However, doping with Y re-introduced
the modulation, although weaker than the one of the
pure Bi2212. In our case the concentration of Pb is well
below 0.25 and the modulation is present (because of lack
of Pb), as evidenced by LEED, which lets us conclude
that Dy can not have a strong influence on reestablishing
the modulation. In both studies the modulation appears in
LEED images for two different reasons and is in both stud-
ies not strong enough to change the XPD-measurements.
The overall fine structure in the XPD images is identical
for both crystals.

We can conclude that the intensity of the modulation
in our system is diminished and probably does not ex-
ceed in amplitude the one of Pb,Y-Bi2212, which is sig-
nificantly smaller than the one for pure Bi2212, but larger
than zero. It is very likely that the cause for the reduc-
tion of the modulation amplitude is the presence of Pb.
Its concentration, however, is not large enough to totally
remove the modulation.

The kinetic energies of all the measured core levels
or Auger lines are in the vicinity of each other, except
for Ca. The measurement of the Ca diffractogram was
difficult due to the overlap of the core level lines of the
different elements and the small concentration of Ca. In
order to obtain a measurement with better statistics, we
have investigated Ca in Pb-Bi2212, where it is present in
a larger quantity. The Auger transition was the only avail-
able emission line for Ca, where, at the same time an emis-
sion line of Dy was available close by (within some 100 eV
kinetic energy distance). Low kinetic energies (less than
approximately 500 eV) are known for the shorter inelastic
mean free paths and diminished electron wave anisotropy
leading to forward focusing peaks. For a direct comparison
of XPD patterns, using XPD as a fingerprinting technique
without a detailed understanding of the different interfer-
ence features, it is therefore important to choose similar
kinetic energies.

The structure of the presented diffractograms is quite
complicated, but the images are distinctly different from
each other. Therefore, instead of trying to understand the
details of the fine structure due to interference and for-
ward focusing, the individual patterns can be used as a
fingerprint for the respective local real-space environment
of the corresponding element, i.e., for the crystallographic
site, as previously suggested [11]. Thus, we do not proceed
with the structural analysis which can be performed using
the measured patterns, but rather use them for the iden-
tification method, which demands only the measurements
of the diffractograms of the dopants. A comparison with
the fingerprints leads directly to the identification of the
substitution site. In this sense, the diffractograms in Fig-
ure 1 represent characteristic fingerprints for the local real
space environment of the different elements and therefore
for the different sites.

In Figure 2, the XPD of the dopants, i.e., emission
patterns from Pb 4f7/2 and Dy 3d5/2 are presented in the

Fig. 2. Fingerprinting: direct comparison of the XPD pat-
terns of Bi 4f5/2 with Pb 4f7/2 and Ca L23M23M23 (Auger
transition) with Dy 3p3/2. All data are background normalized
(see text). In addition, the Dy diffractogram has been four-fold
symmetrized.

right column. On the left side in Figure 2, the most simi-
lar diffraction patterns to the ones on the right side have
been chosen among the XPD data of the host material
presented in Figure 1. One observes a striking coincidence
of the Pb pattern with the one of Bi and of the Dy pat-
tern with the one of Ca. Pb and Bi diffractograms are
taken at approximately 1000 eV. In this kinetic energy re-
gion forward focusing effects are dominant and we could
say that we are comparing projected real-space images
of the two elements. Dy and Ca are, on the other hand,
measured at lower kinetic energies. This means that the
diffractograms are not necessary dominated by the for-
ward focusing effects, and that one can probably not re-
solve directly the atomic structure from forward focusing
directions. However, these lower energies do not hinder fin-
gerprinting, i.e. substitution site identification. From the
identical appearance of the two patterns at the similar
energies, we can conclude about identical local environ-
ments, i.e., chemical sites. We can conclude unequivocally,
that Pb and Dy dopant atoms occupy Bi and Ca sites,
respectively.

In this study, a simple case of a single element substitu-
tion has been treated. By no means the applicability area
of the fingerprinting method is limited to single site substi-
tution. Multiple site substitution would lead to a pattern
which is a linear combination of the diffraction patterns
of those host elements, which are being substituted. One
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would accordingly simulate the measured XPD-pattern of
the dopant as a linear combination of the patterns of the
host in order to determine quantitatively which sites have
been substituted and to which extent. This wide range
of application possibilities makes fingerprinting one of the
most comfortable methods for the investigations of dop-
ing and element substitution, as long as the detection limit
of XPS (typically a few percent) is respected.

4 Conclusion

We have shown that XPD represents a direct tool to deter-
mine substitution sites of dopants, even in very complex
materials with many constituents with low concentrations.
It is demonstrated that XPD can, for these purposes,
be used at low kinetic energies – the presence of for-
ward focusing is not a requirement for the fingerprinting.
In Pb and Dy doped Bi2212 we have demonstrated that
the Pb atoms occupy the Bi sites and the Dy atoms the
Ca sites. The substitution sites are similar to the previ-
ously published case of Pb,Y-Bi2212 [11]. The modulation
along the crystal b axis is present, according to the compo-
sition of Pb,Dy-Bi2212. However, the four-fold symmetry
of all the XPD patterns indicates that the lattice modu-
lation is weaker than in pure Bi2212, which is assigned to
the Pb doping.
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Abstract

In this paper we have conducted a systematic study of the photoelectron diffraction (PED) effects from the 3C–SiC(0 0 1)-cð4� 2Þ

surface by means of multiple-scattering calculations. Two models have been proposed to describe this surface: alternately up and down

dimers (AUDD) [P. Soukiassian, F. Semond, L. Douillard, A. Mayne, G. Djuradin, L. Pizzagalli, C. Joachim, Phys. Rev. Lett. 78 (1997)

907], based on the scanning tunneling microscopy data, and missing-row asymmetric-dimer (MRAD) [W. Lu, P. Krüger, J. Pollmann,

Phys. Rev. Lett. 81 (1998) 2292], based on the total energy pseudopotential calculations. By calculating PED patterns from different

emitters in these two models, we show that the surface structure induced features are visible even in total emission diffraction patterns.

For the overall diffractogram a scatterer properties of the first layer under the surface become crucial due to the backscattering at low

kinetic energies. This layer is Si-layer in the MRAD model, but C-layer in the AUDD model. While this causes clear differences between

the diffraction patterns of the AUDD and the MRAD models, it is shown to diminish the differences between the PED patterns of the

AUDD and the other models which consist of only one monolayer of Si on top.

r 2007 Elsevier B.V. All rights reserved.

PACS: 61.14.Qp; 68.47.Fg; 68.35.Bs

Keywords: X-ray diffraction; Scattering; Computer simulations; Single crystal surfaces; Surface structure

1. Introduction

The studies of SiC have been triggered by its more
desirable properties for the applications, but nevertheless
similar structure and reconstructions as the ones of the Si
surfaces. SiC is being widely implemented in the short-
wavelength optoelectronic devices (green, blue and violet
diodes, ultraviolet photodetectors), transistors and transis-
tor memory cells [1]. Interface formation between SiC and
other materials, which is highly relevant for the applica-
tions, depends primarily on the properties of the silicon–
carbides surface reconstruction. And several different

reconstructions can be obtained on the 3C–SiC(0 0 1) (3C
stands for the cubic SiC polytype) surface by diminishing
the Si/C ratio: ð1� 1Þ, ð3� 2Þ, ð5� 2Þ, cð4� 2Þ, cð2� 2Þ.
Another surface reconstruction, ð2� 1Þ, is shown to be a
defective phase of cð4� 2Þ [2,3], enabling the only known
reversible surface phase transition cð4� 2Þ2ð2� 1Þ in a
semiconducting compound [2].
The similarity of the ð2� 1Þ reconstructions on

3C–SiC(0 0 1) and on Si(1 0 0) has made 3C–SiC(0 0 1) very
popular for surface studies. However, the cð4� 2Þ recon-
struction of the Si(0 0 1) surface is not similar to the one of
the 3C–SiC(0 0 1). This reconstruction has thus been
intensively studied and two structural models have been
proposed to describe it: the alternately up and down dimers
(AUDD) [4] and the missing-row asymmetric-dimer
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(MRAD) [5] models. The latter was based on total energy
pseudopotential calculations and some comparison with
the available scanning tunneling microscopy (STM)-data.
It suggests that on top of the surface Si-layer another
0.5ML of Si exists and forms asymmetric dimers. The
AUDD model was based on the STM measurements and
supported later by core-level investigations [6] and the
observations of the reversible phase transition from the
cð4� 2Þ to the ð2� 1Þ surface [2,3]. Within this model
the surface is terminated by a single Si-layer which forms
rows of symmetric dimers that are displaced vertically
alternating up and down.

Until now many different proofs have been shown in
favor of one or the other model describing the cð4� 2Þ
surface. There are four independent experimental studies
supporting the AUDD model: STM data [4], core-level
spectroscopy [6], STM and ARUPS [2], hydrogenation
studies [7]. The MRAD is supported by pseudopotential
calculations [5], early core-level studies [9] and the same
STM data, as the AUDD [4].

In the present paper, we report structural investi-
gation of the 3C–SiC(0 0 1)-cð4� 2Þ surface by means of
a powerful surface structure investigation method—multi-
ple-scattering calculations of the PED angular intensity
distributions. In this way, we are in a position to determine
the nature of the contributions from the two competing
models of the 3C–SiC(0 0 1)-cð4� 2Þ surface to the diffrac-
tion patterns or the photon energy scans. Our calculations
reveal where the most prominent differences between the
models can be seen in the PED patterns and what is
causing them. The systematic study of the MRAD, the
AUDD and some other models than AUDD with surface
terminated by only one Si monolayer reveals the relation-
ship between the backscattering dominated diffraction
patterns and surface termination in terms of Si coverage.

2. Calculations

Whereas a PE-diffractogram at kinetic energies above
500 eV is a stereographic projection of the atomic positions
(for review see Ref. [10]), at lower kinetic energies more
isotropic electron scattering occurs, which requires multi-
ple-scattering analysis methods [11,12]. But multiple-
scattering effects are also restricted by the decrease of the
inelastic mean-free path to only a few Å. We have used the
free software MSCD developed by Chen and Van Hove
[11] for the multiple-scattering calculations of the PED-
patterns.

We have been running our calculations with Rehr–
Albert approximation order 2 and multiple-scattering
order 8 on a cluster with the radius 8 Å and depth 7 Å.
The y-range and step were 0–76 or 90�=2� and j-range and
step were 0–357�/3�. The incident angle of the light was 55�

and polarization was linear, chosen with respect to our
experimental study.

The bulk 3C–SiC(0 0 1) structure is zinc-blende. The
lattice constants used for the presented calculations were

experimental value of a0=
ffiffiffi
2

p
¼ 3:08 [4] for the AUDD

model and theoretical a0=
ffiffiffi
2

p
¼ 3:068 [13] for the MRAD

model. This difference turned out to be irrelevant. Clusters
containing �100 atoms have been used for the calculations
presented in this paper in order to minimize the time of the
calculations. This was necessary because the extension of
our systematic study required some 150 calculations.
Larger cluster has been used for some selected calculations
(217 instead of 90 atoms; not shown) and they reveal even
more fine structure than the presented ones, but are
consistent with all conclusions of this paper.

3. Results

Two structural models have been proposed to describe
the 3C–SiC(0 0 1)-cð4� 2Þ surface: the AUDD [4] and the
MRAD [5] models. They are presented from top and side
view in Fig. 1, with Si atoms in grey and C atoms shaded
and a bit smaller. Only the Si atoms from the topmost layer
are presented with black and white circles. Within the
AUDD model the surface is terminated by a single Si-layer
(Fig. 1b) which forms rows of symmetric dimers that are
displaced vertically alternating up and down, as can be seen
in Fig. 1a. The black dimers in Fig. 1a and b are 0.1 Å
below the white ones [4]. A unit cell of the cð4� 2Þ
reconstruction is chosen in one of many possible ways and
marked by a rhomb.
Contrary to the AUDD surface termination, the MRAD

model suggests that on top of the surface Si-layer (grey
circles in Fig. 1c marked 3–6 in Fig. 1d; this is the layer
which consists of up and down dimers in the AUDD
model) another 0.5ML of Si exists and forms asymmetric
dimers (black and white circles). This asymmetry refers to
both unequal lateral displacements of the two dimer-atoms
from the centrum of the underlying Si network (grey circles
in Fig. 1c), but also to the differences in the z-position of
these two atoms, z measuring the distance perpendicular to
the surface, as can be seen in Fig. 1d. The black atoms in
Fig. 1c and d are 0.544 Å below the white ones [5]. Despite
these significant structural differences, both models have
the same cð4� 2Þ symmetry, which is also in the case of
MRAD marked by one possible choice of a unit cell.
The numbers in Fig. 1b and d stand for inequivalent

atoms used for the calculations and will be referred to in
the following. The second and the third layer in the MRAD
model as counted from the surface are having four
inequivalent atoms each. This is because of the reconstruc-
tion induced small changes in the atomic positions of the
underlying layers. If this is neglected, the last three layers in
Figs. 1b and d are same.
In Fig. 2 we show multiple-scattering simulations of the

PED using the MRAD model of the 3C–SiC(0 0 1)-cð4� 2Þ
surface at the kinetic energy of a Si 2p core level excited
with the photon energy of 200 eV. In PED, the emitted
photoelectron wave from a chosen core-level (Si 2p)
scatters at the surrounding atoms and interferes with the
directly emitted wave to give an interference pattern as a
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function of emission angle ðy;jÞ. Intensities are represented
in a stereographic projection. The center of the plot
represents normal emission ðy ¼ 0�Þ and the outer circle
corresponds to grazing emission, y ¼ 90�. Along each
imaginary circle with the center in the center of the plot, y
is constant and j varies from 0� to 360� when moving anti-
clockwise (j ¼ 90� on the top). Horizontal direction is
identical to the horizontal direction of the schematic
representations of models in Fig. 1. The intensity is repre-
sented in a linear grey-color scheme, with high intensity in
white and low intensity in black. In order to flatten the

images, to enhance and correct absolute intensities, for
each polar angle the intensities at different azimuthal
angles have been divided by the average intensity at that
polar angle. The result is an image with high anisotropy at
all emission angles.
The MRAD model is not symmetric with respect to the

horizontal axes. It is ‘‘asymmetric’’, as its name says, and
as we have already discussed in Fig. 1. It is, however,
possible that the real surface consists of two different
domains with equal distributions. Therefore we show in
this paper 2-fold symmetrized MRAD calculations.

ARTICLE IN PRESS

Fig. 2. MSCD calculations of the Si 2p diffractograms from the different (marked on top) inequivalent Si atoms in the MRADmodel. (a) 1 corresponds to

the topmost atom in the asymmetric dimer. (b) 2 corresponds to the second atom in the asymmetric dimer. 1–2 cover the topmost 0.5ML of Si consisting

of asymmetric dimers. (c) 3–6 cover the entire underlying Si-layer. (d) 1–6 is thus total 1.5ML Si at the surface in the MRAD model. (e) ALL stands for

emission from all Si atoms within the cluster. Linear grey-color scheme is used, with high intensity in white and low intensity in black. Photon energy used

for the calculation was 200 eV.

Fig. 1. Schematic representation (not to scale!) of the two models of the 3C–SiC(0 0 1)-cð4� 2Þ surface: (a) top and (b) side view of alternately up and

down dimers (AUDD) [4] and (c) top and (d) side view of missing-row asymmetric-dimer (MRAD) [5]. Surface termination in terms of Si coverage is given

in brackets for both models.
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While the experimental PED patterns are measured at a
certain kinetic energy, which corresponds to the contribu-
tion from a certain bulk or surface component in the Si 2p
core level, these different contributions are simulated in our
calculations by different choice of the emitters. The kinetic
energy is kept constant because changing it over the span
of Si 2p peak does not change the calculations. Fig. 2
shows MSCD calculations from various inequivalent
atoms (their numbers are written above each diffractogram
and correspond to the numbers from Fig. 1d) in the
MRAD model.

The first and the second inequivalent atom correspond to
the up (white in Fig. 1b and d) and the down (black in
Fig. 1b and d) atoms in the asymmetric dimers. Whether
one observes the emission from the topmost atoms
(Fig. 2a) or from the entire dimers (Fig. 2b) does not seem
to play a role: Fig. 2a and b are very alike. It is important
to notice that the emission from the topmost atoms in any
model contributes to the diffraction pattern mostly via
backscattering. Forward scattering is possible only from
the lower dimer to the upper dimer and would still
contribute only at the very grazing emission angles, due
to the small height differences in the topmost layer. It is
thus mostly backscattering effects that we see in the
diffraction patterns from the topmost layers.

The greatest difference between the AUDD and the
MRAD models lies in the extra Si-halflayer which is
incorporated in the MRAD model. Inequivalent atoms of
the full Si-layer underneath this extra 0.5ML are denoted
by numbers 3–6 (see Fig. 1d). When the emission from
this layer (Fig. 2c) is added with the emission from the
topmost (extra) halflayer, the result (Fig. 2d) resembles the
total emission (Fig. 2e). This is visible in the development
of the high-intensity features in the regions encircled by
ellipses A, but also in the contrast at lower polar angles.
Surface emission Figs. 2a and b show no high intensity in
angular region A. They contain instead a prominent
intensity depletion marked by the white line. High intensity
in this region in the total emission (Fig. 2e) obviously
originates from the Si-layer (3–6) or similar bulk layers.
The intensity minimum appears when the topmost Si atoms
(1–2) are added in Fig. 2d and persists even in the total
emission. This means that the intensity depletion marked

by the white line in region A is a fingerprint of surface
emission.
Another surface feature in the total emission are straight

high-intensity lines marked in Fig. 2. They appear in the
topmost 0.5ML Si (1–2), but are not visible in the bulklike
emission from the Si-underlayer (3–6). As they are present
in Figs. 2d and e, we conclude that they are another
surface-related feature visible in total emission.
In Fig. 3 simulations at the kinetic energy of a Si 2p core

level excited with the photon energy of 200 eV from various
inequivalent atoms (their numbers are written above each
diffractogram and they correspond to the numbers from
Fig. 1b in the AUDD model) are presented. The first and
the second inequivalent atom emission (Fig. 3a) corre-
sponds to the up dimer (white in Fig. 1a), while the first to
fourth inequivalent atom emission (Fig. 3b) corresponds to
both up and down dimers (white and black in Fig. 1a).
Whether one observes the emission from the up or from
both up and down dimers does not seem to play a role
(Fig. 3a and b are very alike). This is similar to the MRAD
model, where emission from the up atom in the dimer is
very similar to the emission from the entire dimer. It is also
the same for both models that the emission from the
topmost layers is dominated by backscattering. However,
the very patterns of the surface emission from the
MRAD calculations are not similar to the ones of the
AUDD calculations. This will be discussed in detail with
the next figure.
Prominent high-intensity lines are visible in surface

emissions of the AUDD model as well. However, they
look like more round arcs in the case of AUDD, as marked
in Fig. 3. They appear in Fig. 3a and b and stay visible as
the low background intensity up to the total emission PED
pattern in Fig. 3e. As for the region marked by ellipses A, it
shows unsplit high intensity in emissions from all
components. This is thus another fingerprint of the surface
emission, which is visible in the total emission and which
is different for the AUDD and the MRAD. As for the
high-intensity features in ellipses B, they come from the
non-surface silicon: they appear in Fig. 3c. Nevertheless,
they appear only in the AUDD model, as can be seen in
both emission from this Si component or in the total
emission.
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Fig. 3. MSCD calculations of the Si 2p diffractograms from the different (marked on top) inequivalent Si atoms in the AUDD model. 1–4 (b) cover the

topmost 1ML of Si consisting of up (1–2) (a) and down (3–4) dimers. (c) 6 is the Si-layer beneath the surface. (d) 1–6 denotes inequivalent Si emitters

numbered 1, 2, 3, 4 and 6. The carbon layer 5 is not emitting. (e) ALL stands for emission from all Si atoms in the cluster. Linear grey-color scheme is used,

with high intensity in white and low intensity in black. Photon energy used for the calculation was 200 eV.
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The next full Si-layer is separated from the topmost one
by a layer of carbon in the AUDD model and is described
by the inequivalent atom 6. (Carbon layer is described by
the inequivalent atom 5, see Fig. 1b.) The emission from
this layer (Fig. 3c), or from this layer and the topmost
layer together (Fig. 3d) resembles already the total
emission (Fig. 3e), similarly to the previously stated in
the case of the MRAD model. Only in the case of the
MRAD model that means that the emission from the
topmost 1.5ML of Si gives bulklike signal. In the case of
the AUDD model it is the emission from the topmost 1ML
of Si with the emission from the first underlying 1ML of Si.
The letter is separated from the former one by one
monolayer of C. This is obviously an important issue in
understanding the differences between the AUDD and the
MRAD features in PED, because Si and C have different
scattering properties. This will become even more clear
with the next image.

As any determination of the surface structure would
preferably rely on the differences in the surface emission,
we compare in Fig. 4 angular PE-intensity distributions of
the MRAD (a) and AUDD (b) models from selected
inequivalent Si atoms at the surface calculated at the
kinetic energy of a Si 2p core level excited with the photon
energy of 200 eV. These diffractograms have already been
shown in Figs. 2b and 3a up to the polar angle of y ¼ 76�.
Here we present the calculations up to the maximal grazing
emission of y ¼ 90�. Same grey scale is preserved as in
Figs. 2b and 3a, in order to avoid confusion. This has
diminished the intensity of the otherwise strong grazing
emission features, which would make the rest of the image
appear dark if an individual scale was used.

The emission from the two topmost inequivalent Si
atoms in both models is chosen for this figure, which
correspond to the topmost 0.5ML of Si in the MRAD
(the dimers, black and white circles in Fig. 1b) or only
top dimers in the AUDD (up dimers, white circles in
Fig. 1a). In the case of the AUDD choosing only top
dimers corresponds also to only 0.5ML. To justify such a

selection, we have shown that calculations of the emission
from the up dimers in the AUDD or from both up and
down dimers almost do not differ from each other (Fig. 3a
and b). Similarly, the emission from the topmost atom in
the MRAD is very similar to the emission from the whole
topmost asymmetric dimer (Fig. 2a and b). And the
inclusion of any other Si-layers among the emitters in both
models would render the image bulklike. Furthermore, the
surface component in the Si 2p core-level spectra is
attributed to the up dimers in the AUDD [6] or to the
asymmetric dimers in the MRAD [5].
Fig. 4 shows that the grazing emission anisotropy of the

diffractograms of the two models is very similar. Lower
polar angles reveal more clear differences between the two
models. Most of the features, as well as the intensity
contrast or the background intensity are quite different.
High-intensity lines of the AUDD pattern show rounded
forms, as marked in Fig. 4b by arc. In the MRAD pattern,
more straight lines are present, as marked in Fig. 4a.
However, in both of them there appears a rectangular
shape at lower polar angles—only with different orienta-
tion. Within this rectangle four prominent features with
intensity depletion in centrum can be noticed in the corners
in the case of MRAD (Fig. 4a, arrow A), whereas three
vertical maxima are placed to the left and to the right of the
centrum of the AUDD diffractogram (Fig. 4b, white
arrows). These are the most obvious differences between
the two models and they appear at relatively low polar
angles. The only high-intensity feature at higher polar
angles which is different for the AUDD and the MRAD
models is marked by an arrow B in Fig. 4a. It is very strong
in the case of the MRAD, but not present at all in the case
of the AUDD. It also shows intensity depletion in its
centrum. Unfortunately, none of these features are clearly
present in the total emissions from different models (see
Figs. 2e and 3e).
As already mentioned with the two previous figures, the

emission from the topmost atoms in both models contains
mostly backscattered intensity. Emitters in Fig. 4a are the
asymmetric dimers of the MRAD model. As depicted in
Fig. 1d, photoelectrons from these atoms would back-
scatter in the first line from the underlying Si atoms (3–6).
In the case of the AUDD, emitters in Fig. 4b are the top
dimers. As shown in Fig. 1b these are placed at the nearly
same plane as the down dimers. The backscattering of
photoelectrons from the up to the down dimers would thus
contribute only at the grazing emission. At lower polar
angles, one would expect the underlying carbon layer (5) to
be of much stronger influence to the diffraction patterns.
The differences that we observe between the PED patterns
of the two models in Fig. 4 are thus dominated by the
different structure and scattering properties of the first
underlying layer, which is Si in the case of the MRAD and
C in the case of the AUDD. It is important to notice that
this crucial difference is introduced by an extra monolayer
of Si on top of the MRAD model. If the MRAD was
terminated by a single Si-layer, photoelectrons from the
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Fig. 4. MSCD calculations of the Si 2p diffractograms from the topmost

Si atoms: topmost extra 0.5ML of Si consisting of asymmetric dimers in

the MRAD model (1–2) (a) and up dimers in the AUDD model (1–2) (b).

Linear grey-color scheme is used, with high intensity in white and low

intensity in black. Photon energy used for the calculation was 200 eV.
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topmost atoms would also be backscattered from the
underlying C-layer, as in the case of the AUDD.

As the thickness of the silicon termination of the surface
appears to be crucial for the different PED patterns of
MRAD and AUDD, we have investigated some variations
of the AUDD model and present the MSCD calculations
of them together with their schematic geometric arrange-
ments in Fig. 5. Calculations are done at the kinetic energy
of a Si 2p core-level excited with the photon energy of
200 eV. Emitters are the same as in Fig. 4: the topmost
dimers in Figs. 5a, b, d, e or one of the dimers in Figs. 5c
and f. The original AUDDmodel has the same geometry as
depicted in Fig. 5e, but in Fig. 5e, the vertical separation
between the up and down dimers (z) is doubled (from 0.1 to
0.2 Å). Contrary to that, the same separation is zero in
Fig. 5f, which thus corresponds to the ð2� 1Þ reconstruc-
tion according to the AUDD model [6]. If we compare
them to the original AUDD-model calculation from Fig.
3a, we will not see any change in the main features or the
contrast distribution, except for some washing out of the
three intensity maxima to the left and to the right from the
normal emission (see white arrows in Fig. 4b) in the case of
ð2� 1Þ reconstruction (Fig. 5f). The fine differences are
certainly beyond the quality of any measured diffracto-
gram. Furthermore, we have tried to impose some more
drastic changes to the AUDD model, by making the up
dimers asymmetric (Fig. 5d) or both dimers asymmetric in
three different ways (Fig. 5a–c), with the dimer height 0.1 Å
and z ¼ 0:1 Å. Note that Fig. 5c corresponds to a similar
cð4� 2Þ reconstruction of the Si(0 0 1) surface. The rough

symmetry of the patterns as well as the flow of the main
lines or the intensity distribution do not seem to be
significantly altered with respect to the original AUDD
calculations. This points out the difficulty of differentiating
the AUDD model from any other model with the 1ML Si
termination of the surface and shows that the power of
PED in differentiating between the MRAD and the
AUDD lies precisely in their different Si surface coverages.
One remaining question is if there is any other way than

the PED patterns used here to see the differences between
the two models better. Fig. 6 shows calculated PE-intensity
angular distributions of the MRAD (a) and AUDD (b)
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Fig. 5. MSCD calculations of the Si 2p diffractograms from the variations of the AUDD model. Schematic representation (not to scale!) of the topmost

Si-layer of the calculated model is given on top. Emitters are the topmost dimers (a, b, d, e) or one of the dimers (c, f). Linear grey-color scheme is used,

with high intensity in white and low intensity in black. Photon energy used for the calculation was 200 eV.

Fig. 6. MSCD calculations of the C 1s emission from the C-layer closest

to the surface in (a) the MRAD (7–10) and (b) the AUDD (5) model.

Linear grey-color scheme is used, with high intensity in white and low

intensity in black. Photon energy used for the calculation was 300 eV. No

background correction was implemented.
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models from the carbon layer closest to the surface at the
energy of the C 1s emission. Photon energy used for the
calculation was 300 eV. With the MSCD-determined
binding energy of C 1s, the resulting kinetic energy of the
calculation is �50 eV, which is half of the kinetic energy for
the Si 2p calculations. Carbon calculations have been
performed up to the grazing angles ðy ¼ 90�Þ. The carbon
layer is lying on top of the bulk structure in both models
and is covered by Si-terminated surface in both models.
Only the thickness of the Si termination is slightly different:
1.5ML in the MRAD model or 1ML in the AUDD model.

The patterns in Fig. 6a and b are very similar. The only
noticeable difference between the two patterns is the
washed out intensity at higher polar angles (the outer
ring) in the MRAD simulation. This is a consequence of
the extra 0.5ML Si on the surface in this model. This
thicker Si coverage induces thicker barriers for the
photoelectrons leaving the carbon layer at higher polar
angles. As the AUDD model is characterized by a surface
termination consisting of a single Si-layer, the grazing
emission area of the pattern appears less disturbed. In Fig.
6 we show calculations with no background correction.
This correction normally enhances the grazing emission
features, yielding high anisotropy at all emission angles.
We have left it out in Fig. 6 in order to see the intensity
differences in the grazing emission in two models due to
different Si coverages.

Apart from diffractograms, photon energy scans (e-scans)
are also a powerful tool in the surface structure determina-
tion. They are easier to collect experimentally, but are not as
rich with information as the diffraction patterns. In Fig. 7

we present calculated e-scans for the MRAD and the
AUDD models. They are calculated for the Si 2p emission
and represented as a graph of photoemission wave vector
dependent Chi-values. Chi values have been calculated
within the MSCD package as Chi ¼ ðI � I0=I0Þ, where I0
stands for the smooth intensity background and I for the
intensity [11]. Wave vector has been calculated in Å�1 as
0:512331

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EkinðeVÞ

p
[11].

Fig. 7a shows substantial differences between the e-scans
of the two models at the polar angle y ¼ 45� and azimuthal
angle j ¼ 0�. This azimuthal angle corresponds to the
horizontal axes in Fig. 1. If we thus observe the photo-
emission at 45� between the horizontal and the vertical axes
in Fig. 1b and d, the outgoing photoelectrons will have
different variation of the intensities with photon energy for
the two models. However, the differences tend to become
smaller as the wave vector, i.e. photon energy becomes
larger than 7Å�1 (not shown).
If the azimuthal angle is changed to j ¼ 90� (Fig. 7b),

which corresponds to the vertical axes in Fig. 1a and c, the
differences between the two models become invisible. This
shows that j ¼ 0� reveals better the differences between the
models. Furthermore, both calculations for j ¼ 90� and
270� are shown for the MRAD in Fig. 7b. It is clear that
these two directions are not equivalent by symmetry as they
are in the AUDDmodel. The MRAD e-scan along j ¼ 90�

differs more from the AUDD one than the MRAD e-scan
along j ¼ 270�. The most prominent difference arises
around 5:5 Å�1, i.e. �220 eV photon energy. This is,
however, still not sufficiently strong to enable successful
differentiation between the AUDD and the MRAD
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Fig. 7. MSCD calculations of the e-scans at Si 2p emission of the AUDD and the MRAD models at y ¼ 45� and (a) j ¼ 0� or (b) j ¼ 90�.
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predictions, if a comparison with the experimental e-scan in
this direction should be made.

4. Discussion

The development of the MRAD model [5] was directly
related to the early core-level studies suggestion [9] about
more than one layer of Si on the top of the 3C–SiC(0 0 1)-
cð4� 2Þ surface, inspired most of all by an anomalously
large binding energy shift of the S1 component ð�1:4 eVÞ in
the Si 2p spectrum. The earliest core-level studies [14]
(energy resolution 0.4 eV) suggested that there is about
1ML of excess Si at the surface, the pseudopotential
calculations [5] discovered a total energy minimum for
extra 0.5ML of Si. However, the most recent core-level
investigation [6] (energy resolution better than 150meV)
interprets different surface and bulk contributions in the Si
2p core-level according to the 1ML Si termination of the
AUDD surface model.

One of the powerful structural techniques which can be
implemented to solve the dilemma between the two models is
PED at low kinetic energies. When excited by low photon
energy synchrotron light, the outgoing photoelectrons experi-
ence enhanced backscattering and diminished mean-free path.
This can be used to study the emission from the topmost layers
due to the backscattering from the underlying layer. This
underlying layer is a Si-layer in the MRAD, but a C-layer in
the AUDD model, and they have different scattering proper-
ties. This factor obviously plays a more crucial role than the
precise surface structure in deciding which model gives more
appropriate description of the 3C–SiC(001)-ð4� 2Þ surface.
This is obvious because the changes in the calculated
diffractograms when varying drastically the geometry of the
top Si-layer from the one of AUDD are minor compared to
the differences between the calculated diffractograms of the
AUDD and the MRAD models.

It is very challenging to collect data with good enough
statistics to be able to extract diffractogram on the surface-
related feature S1 [6]. The challenge is not defined only by
the low intensity of this component in the Si 2p spectrum,
but also by the presence of multiple overlapping compo-
nents which would have to be used consistently for the Si
2p fits at all angular settings. It is therefore important that
we show in this paper that some important features of the
surface emission are preserved in the total emission
diffraction patterns. Furthermore, a measured diffracto-
gram on the surface-related feature S1 would not reveal
more about the origin of this component, as emission from
different surface emitters yields very similar images within
one model. That means that even a very demanding PED
experiment could not confirm that the S1 component is, for
instance, related to the up dimers only and not both up and
down dimers of the AUDD model. Similarly, it would not
be able to tell if this peak is due to the up atom or entire
asymmetric dimer of the MRAD model. And finally, it is
not realistic to expect that it could be assigned to only one
of the various 1 SiML models.

We show that contrary to the usual expectations, the
experimental investigations at grazing emission, emission
of carbon underlayer or e-scans at horizontal tilt angles
would not be useful for determination of the better model
of the 3C–SiC(0 0 1)-ð4� 2Þ surface. We suggest that
new ab initio calculations will be needed to explain
the experimental support of the AUDD model and to give
a complete explanation of the measured 3C–SiC(0 0 1)-
cð4� 2Þ electronic structure [3].

5. Conclusions

We show a systematic multiple-scattering study of the
PED from the AUDD and the MRAD models of the
3C–SiC(0 0 1)-ð4� 2Þ surface. Our calculations demon-
strate the choice of parameters which is optimal for
PED-related comparative study of the two models. Sur-
face-related diffraction features in the diffractograms are
shown to persist even when all atoms are emitters. The
backscattering of the photoelectrons appears to be
dominant in differentiating the two models, as the layer
underneath the topmost atoms is Si in the MRAD, but C in
the AUDD. This is more crucial than the very surface
structure, whose drastic changes induce only minor
modifications of the diffraction pattern.
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Abstract

We present a detailed study of the three members of the 1T-transition metal dichalcogenides: TiSe2, TaSe2 and TaS2 by means of the

X-ray photoelectron diffraction combined with single-scattering simulations. Our simulations of different surface terminations and their

comparison with the measured diffraction patterns allow to determine that the cleavage occurs within the van der Waals gap. Single-

scattering calculations are shown to simulate very well the measured diffractograms on these compounds.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The latest studies of the layered 1T-transition metal
dichalcogenides (TMDs) TaSe2, TaS2 and TiSe2 have
mostly been focused on the electronic properties of their
charge density wave phases. All three compounds are
charge density wave materials and the ground state in
the charge density wave phase of the first two compounds
is directly related to the appearance of the pseudogap at the
Fermi level [1]. The fact that the pseudogap at the Fermi
level was recently also considered to be a precursor of the
high-temperature superconductivity in the Bi-containing
compounds [2,3] makes an important relationship between
the cuprates and structurally simpler layered materials,
TMDs. As most of the investigation methods of the charge
density waves in TMDs implement photoemission, ques-
tions about the surface termination become important for
both structural investigations and electronic structure
interpretations.

TMDs are compounds with the general formula MC2,
where M stands for transition metal of the group IVb (Ti),

Vb (Ta) or VIb, and C stands for chalcogen (S, Se). They
are further divided into structural subgroups (1T ; 2H ; . . .),
where number denotes the number of the coupled CMC

sandwiches and the letter stands for the (trigonal,
hexagonal,y) symmetry. In all structural subgroups,
hexagonally packed atomic planes are being stacked into
CMC sandwiches separated by the van der Waals (vdW)
gap. This layered structure makes TMDs very interesting
for the problems of strongly correlated materials, in
particular because of the similarity with the high-tempera-
ture superconductors. It causes anisotropic electronic
properties, which make also 1T-TMDs quasi-2D systems.
The preparation technique of these materials, cleaving
perpendicular to the surface normal ð½0 0 1�Þ, relies upon
this structure as well.
In spite of the fact that the surface preparation of the

TMDs is most commonly cleavage perpendicular to the
surface normal, experimental evidence of the surface
termination of samples prepared by this technique, to our
knowledge, does not exist. It is expected that the cleavage
occurs within the vdW gap. However, it proves very
difficult or impossible to determine the element occu-
pying the topmost surface layer by means of scanning
tunneling microscopy (STM), core-level-background analysis
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(QUASES or similar) or X-ray photoelectron spectroscopy
(XPS). Tunneling in STM can also be achieved in the
non-surface layers, which makes it difficult to determine
the surface termination. XPS or XPS background analysis
are not efficient either, because there are many atomic
layers of both metal and chalcogen within the mean-free
path of the photoelectrons.

In the present paper, we report structural investigation
of the 1T-surfaces by means of a powerful surface structure
investigation method, X-ray photoelectron diffraction
(XPD). We implement this technique with the use of
motorized sample rotation and automatized data collec-
tion. Complementary to the measurements,we simulate the
measured diffraction patterns by means of single-scattering
(SS) calculations. In this way, we are in position to
investigate the termination of the surface.

2. Experimental aspects

The experimental set-up represents an extended version
of the vacuum generators ESCALAB Mk II spectrometer,
operating with a base pressure in the low 10�10 mbar
region. The spectrometer is equipped with a hemispherical
electron-energy analyzer with a three-channeltron detec-
tion system. A motorized manipulator allows sample
rotation with two degrees of freedom [4]. XPD was
performed with Mg Ka ðhn ¼ 1253:6 eVÞ radiation incident
at the sample surface at 54� with respect to the normal
emission direction. The spectra have been measured with a
pass energy of 100 eV corresponding to an energy resolu-
tion of approximately 1 eV. The angular resolution was
better than 1� full cone acceptance. All the measurements
were performed at room temperature.

In XPD, the emitted photoelectron wave from a chosen
core-level scatters at the surrounding atoms and interferes
with the directly emitted wave to give an interference
pattern as a function of emission angle. For photoelectrons
emitted with kinetic energies above approximately 500 eV,
this strongly anisotropic angular distribution of photoelec-
trons gives the possibility to obtain a basic picture of the
local, real-space environment of the emitter, due to the
‘‘forward focusing’’ phenomenon along the emitter–scatterer
axis (for review see Ref. [5]). Prominent intensity maxima in
full hemispherical XPD patterns (diffractograms) can often
be immediately identified with near-neighbor directions.
The photoelectron angular distribution is, to a first
approximation, a forward-projected image of the atomic
structure around the photoemitters. Its sensitivity to local
order and chemical species makes XPD a powerful
technique for surface structural investigations. It can be
used to characterize film growth [6–8], phase transitions [9],
substitution sites [10,11] and orientation of the adsorbed
molecules [12].

A typical diffractogram consists of intensity at a given
core-level binding energy for about 5500 angular settings
ðy;jÞ of photoelectron emission angles y (polar) and j
(azimuthal). Measured intensities are represented in a

stereographic projection (see Fig. 3–5). The center of each
plot represents normal emission and the outer circle
corresponds to grazing emission, y ¼ 90�. Along each
imaginary circle with the center in the center of the plot, y
is constant and f varies from 0� to 360�. The intensity is
represented in a linear gray-scale plot, with high intensity
in white. Diffractograms presented in this paper are
intensity-normalized in the following way: for each polar
angle the intensities at different azimuthal angles have been
divided by the average intensity at that polar angle [13].
Absolute intensities have thus been corrected and the result
is an image with high intensity at all emission angles.
Samples of 1T-TaS2 and 1T-TaSe2 have been grown

from the elements by reversible chemical reaction with
iodine as a transport agent, between 950� (hot zone) and
900� (cold zone) [14]. TiSe2 was grown at 500 �C with ICl3
as a transport agent in the presence of a slight Se excess
[15]. The single crystals are 2� 3mm2 large and less than
0.5mm thick. They were mounted onto the sample holder
with silver epoxy and cleaved in situ at a pressure in
the lower 10�10 mbar region, yielding clean mirror-like
surfaces with (0 0 0 1) orientation. The cleanness was
checked by XPS.

3. Calculations

An often used technique to prove the geometrical
interpretation of XPD patterns are single-scattering
calculations (SSC) [16–18]. This method proved to give
good qualitative agreement with the measurements, espe-
cially in the overlayer systems, where the multiple
scattering is expected to be much reduced. The SSC are
performed within the ‘‘spherical wave model’’ [17], as
described in detail in Ref. [18].
We have performed simulations of the XPD patterns

using SSC program [19] on clusters containing
�170021900 metal and chalcogen atoms within the lateral
radius of 20 Å and the total height of �30 Å, i.e. six
repeated 1T-sandwiches of chalcogen–metal–chalcogen
planes. Emitters have been chosen up to the full cluster
depth in all calculations. The partial-wave scattering phase
shifts were calculated with the MUFPOT program [20],
which is based on the muffin–tin potential approximation
[21], with the wave functions taken from Ref. [22]. All the
calculations have been performed at room temperature
with uncorrelated Debye–Waller factor.
The inelastic effects are described in the SSC formalism

by an exponential decay of wave amplitude [18]. Empirical
studies lead to conclusions that mean-free path values in
the SSC correspond to the half of the values known from
the literature [23,24]. According to this result, we have used
the mean-free path value �10 Å, which corresponds to
�20 Å, which is within the range of the mean-free paths
measured on different elements or compounds at 1000 eV
kinetic energy [25,26].
One way to judge quantitatively about the quality of the fit

between the simulation and the experimental photoelectron
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diffraction is by means of R-factor based on the space of
the multipole coefficients [27]. Our calculations show that
R-factor values are not reliable, probably due to over-
emphasis of the strength of the forward focusing peaks by
the SSC leading to neglecting of the interference details, the
shape of the forward focusing peaks or any (fine) structure
at all. R-factor will therefore not be used.

1T-TMDs are of CdI2 structural type with the space
group D3

3d ðP3̄mlÞ. The metal atoms have the octahedral
coordination within this structural type, as is shown in
Fig. 1(a). The lattice constants of 1T-compounds which
have been used for the calculations are a ¼ 3:346 Å, c ¼
5:860 Å for TaS2, a ¼ 3:477 Å, c ¼ 6:272 Å for TaSe2 and
a ¼ 3:535 Å, c ¼ 6:004 Å for TiSe2 [28].

4. Results

In Fig. 1(b, c) the stereographic projections of the
possible forward focusing directions for Ti (b) and Se (c)
are presented in black dots. They were calculated on the
described cluster up to the polar angle of 90� according to
the geometrical structure of the 1T-TiSe2. Larger points
correspond to the scatterers closer to the emitter. Under-
neath are XPD measurements on Ti 2p (kinetic energy of
798.2 eV) and Se 3d (kinetic energy of 1200 eV) core-levels
in 1T-TiSe2. Trigonal symmetry is dominant and consis-
tent with the crystal symmetry of the 1T-family. The
patterns of Ti and Se are similar.

The most prominent ‘‘triangle’’ in the images is a clear
fingerprint of trigonal symmetry. It is furthermore related
to the most important features in the diffraction patterns of
1T-TMDs. Its sides lie along the Kikuchi bands, which
originate from the deeper layers of the 1T-structure. These
bands are also visible experimentally and they exist due
to the forward focusing within the close packed crystal
planes [29]. The vertices of the triangle are strong forward
focusing maxima. They have complex structure due to the
multiple forward focusing possibilities for the emission
from the second 1T-sandwich beneath the surface. They
are represented by the largest dot in the calculation of the
scattering directions, as well as by the strongest intensity in
the measured diffraction patterns.

In Fig. 2, we present calculations of the two possible
surface terminations of the cleaved 1T-TiSe2. One notices
immediately that the SSC images are darker than the
measured ones, with very strong forward focusing maxima.
This is a known disadvantage of the SSC, they over-
emphasize the forward focusing peaks. The main features
of the diffractograms for both terminations differ in many
aspects. The shape of the forward focusing maxima (E) is
less compact and intense when Ti atoms are on top (a), and
corresponds thus less to the measured XPD pattern (b).
The lines originating close to these maxima and continuing
towards the outer circle corresponding to the grazing
emission (A) are visible only if Se is on top (c), and these
lines appear also in the XPD data. Similarly, features B, C

ARTICLE IN PRESS

Fig. 1. (a) Schematic representation of the 1T-structure. On the right: stereographic projection of all the possible forward focusing directions in the

1T-TiSe2 cluster (black dots, size increases closer to the surface)superimposed on the XPD data (linear gray-scale with high intensity in white and low in

black) for Ti (b) and Se (c). Measured up to apolar angle of y ¼ 88�.

Fig. 2. XPD pattern of 1T-TiSe2 at Ti 2p (kinetic energy of 798.2 eV)

core-level (b) is compared to the SSC with the cluster terminated by Ti (a)

and Se (c). Linear gray-color scheme is used, with high intensity in white

and low intensity in black. Maximum polar angle is y ¼ 88�. Clusters are

illustrated on top, with Ti atoms in darker and Se in light gray circles,

decreasing in radius with the distance from the surface. Zoom of the

central parts of the patterns in (a), (b) and (c) is presented with enhanced

contrast in (d), (e) and (f), respectively.

D. Stoltz, S.E. Stoltz / Physica B 398 (2007) 172–177174



and D are much better reproduced in Fig. 2(c). Feature D
does not even exist in the Ti-terminated calculation (a).

Some important differences appear at lower polar angles
as well.However, they are hardly visible in the patterns (a),
(b), (c).Therefore, a zoom in the near normal-emission area
of the diffractograms in (a), (b), (c) is shown in (d), (e), (f).
Contrast is enhanced in order to provide better view of
the important features. Feature F is shaped like a letter
T in the experiment (e) and in the SSC pattern from the
Se-terminated cluster (f). In the case of Ti-termination, the
intensity within the marked circle F is more round. Finally,
the centrum of the patterns, which corresponds to near-
normal emission is the most different for the two models
of the cleavage plane. While both XPD (e) and SSC
from the cluster with Se on top (f) have clearly 3-fold
symmetric central feature G, in the centrum of SSC from
Ti-terminated cluster one observes 6-fold symmetric
feature, encircled by a hexagon H in (d).

In the case of Se emission from different surface
terminations (not shown), almost only difference is the
appearance of the forward focusing peaks at the grazing
emission in the calculations when Se is on top, which
is difficult to prove experimentally (low intensity at
grazing emission).

Finally, in Figs. 3–5 we present single-scattering simula-
tions (on the right) of the measured XPD patterns (on the
left) for 1T-TaS2, 1T-TaSe2 and 1T-TiSe2, respectively.
Calculations were done with cleavage plane within the vdW
gap. Trigonal symmetry is evident on all diffractograms in
Figs. 3–5, as discussed with Fig. 1.

Kikuchi bands are clearly visible in the measured
diffractograms and well reproduced by the calculation.

The two most prominent ones are marked by L1 and L2. In
the XPD patterns on the chalcogen core-level, these lines
are almost homogeneous in intensity. Separate maxima
which they contain are discernible only close to grazing
emission. On the other hand, in the case of metal emission
lines L1 and L2 are clearly separated into several intensity
peaks, which are also marked by ticks along L1 and
L2 in Figs. 3–5(c). Looking at the corresponding SSC,
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Fig. 3. XPD (left) and SSC (right) patterns on S 2p (kinetic energy of

1092 eV) and Ta 4f (kinetic energy of 1229.5 eV) core-levels in 1T-TaS2.

Linear gray-color scheme is used, with high intensity in white and low

intensity in black. Maximum polar angle is y ¼ 78�.

Fig. 4. XPD (left) and SSC (right) patterns on Se 3d (kinetic energy of

1200 eV) and Ta 4f (kinetic energy of 1229.5 eV) core-levels in 1T-TaSe2.

Linear gray-color scheme is used, with high intensity in white and low

intensity in black. Maximum polar angle is y ¼ 78�.

Fig. 5. XPD (left) and SSC (right) patterns on Se 3d (kinetic energy of

1200 eV) and Ti 2p (kinetic energy of 798.2 eV) core-levels in 1T-TiSe2.

Linear gray-color schemeis used, with high intensity in white and low

intensity in black. Maximum polar angle is y ¼ 88�.
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we conclude that both the lines in the case of chalcogen
emission, as well as their structure in case of metal emission
are well reproduced by the simulation.

At the crossing points of the Kikuchi lines, forward
focusing maxima appear in the XPD patterns. They are
marked by a rhomb in the lower part of the pattern and
letters FF. As they appear at relatively high polar angles,
some intensity maxima are resolved and marked along the
lines L1 and L2 even in the case of chalcogen emission. In
Figs. 3–5(a) 4–5 separate intensities are marked along L1
and L2 within the rhomb FF. In Figs. 3–5(c) it is 3 such
maxima for all investigated compounds. These maxima are
well reproduced in the SSC in Figs. 3–5(b, d). Intensities at
the outermost corner of the rhomb, pointing towards the
highest polar angles are the most difficult to recognize in
the calculations, as the FF peak at the lower polar angles
has very strong intensity. The intensity is present, although
not as strong as at the lower polar angles.

The 3-fold features in the center of the patterns in
Figs. 3–5(a, c) are successfully simulated (b, d). The same
holds for the interference shapes between the Kikuchi lines,
which are clearly visible even in the calculations, in spite of
the intensity-disadvantages of the single-scattering models.
These features are marked as I1–3 in Figs. 3–5(c, d) and
I1–4 in Figs. 5(a, b). Their shape is less clearly defined than
in the case of Kikuchi lines or FF maxima, but they appear
in both XPDs and calculations. Finally, all experimental
patterns show three intensity depletions in the form of
number ‘‘3’’. This is much clearer in the case of metal
emission, and has thus been marked only there with the ID
line. This line is very well simulated by the SSC, as can be
seen in Figs. 3–5(d).

All features from the experimental diffraction images
appear in the SS simulated patterns. These features are not
identical for the three investigated different compounds,
but they are very similar. However, some shortcomings of
the SS formalism are clear from thicker and split Kikuchi
lines, weak intensity of the highest polar angle FF peak and
some extra interference features, which appear in the
calculations, but not in the experimental diffractograms.

5. Discussion

In the determination of the surface termination of the
layered materials, the effectivity of SSC can be compared
to the cases of adsorbates, where multiple scattering is
expected to be much reduced. Our investigation shows that
the calculations with the chalcogen termination give much
better description of the measured data than calculations
based on the metal-terminated surfaces. One third cleavage
possibility exists, also between the metal and the chalcogen
planes, leaving the surface terminated by two chalcogen
layers. This possibility can be excluded directly, because
measured diffractogram on Ti core-level (Fig. 2c) is not
more blurred than the Se diffractogram (Fig. 2a) at the
grazing emission. This indicates that it is not likely that Ti
layer is covered by two extra chalcogen layers.

It turns out that all features from the measured
diffractograms are reproduced by the SSC in our study,
even without the inclusion of the charge–density wave
refined coordinates. This makes us more confident in our
choice of SSC instead of computationally more intensive
multiple-scattering simulations. Knowing that the strong
intensity of the FF peaks in the calculated spectra could
dominate in the linear gray-scale of the total pattern and
thus diminish totally the intensity of the remaining
features, we have relied upon a special intensity normali-
zation procedure [13]. Within this procedure, which is
described in the Experimental section of this paper, one
obtains enhanced intensity at all emission angles, thanks to
the polar-angle dependent intensity normalization. In this
way it is certain that the manipulation of the gray-scale
would not introduce any novelties in the data analysis.

6. Conclusion

Successful single-scattering calculations of 1T-TiSe2,
1T-TaSe2 and 1T-TaS2 are presented, exhibiting very good
agreement with the experimental diffractograms. The
investigation of the Ti emission and calculations for
different surface terminations shows cleavage within the
van der Waals gap.
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Scientifique and the Göran Gustafsson Foundation.

References
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A. Santaniello, L. Schlapbach, Phys. Rev. Lett. 76 (1996) 4733.

[13] R. Fasel, Data analysis software XPD plot.

[14] B. Dardel, M. Grioni, D. Malterre, P. Weibel, Y. Baer, F. Lévy, Phys.
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Abstract

We present an angle-resolved photoemission study of the valence band of Au/ (
√

3 × √
3) − R30◦-4H-SiC(0 0 0 1). Several different two-

dimensional states could be identified, depending on the Au coverage and annealing temperature. In the case of silicide at the surface, two-
dimensional Shockley-like state is observed for higher coverages, but a potential interface state is observed at low coverages of Au. In the case of
a gold film at the surface a true, confined Shockley-type surface state is observed.
© 2007 Elsevier B.V. All rights reserved.

PACS: 73.20.-r; 73.20.At; 79.60.-i

Keywords: Gold; Silicon carbide; Surface electronic phenomena; Surface state; Surface structure; Synchrotron radiation angle-resolved photoelectron spectroscopy

1. Introduction

Shockley-type surface state in the L-gap of the Au(1 1 1)
surface is since the discovery of states dispersionless with the
change of photon energy [1,2], established as a model sys-
tem for electronic states in two dimensions. Its free-electron
like parabolic dispersion is considered a fingerprint of a two-
dimensional electron gas. As such, it has been observed after
deposition of similar metals on Au(1 1 1) [3,4] or growth of Au
films on metals [5] or vicinal semiconductors [6,7]; it has been
shown on vicinal Au surfaces [8] or in Au-clusters [9]. Its shape
and binding energy carry information about surface energetics,
interface and confinement.

Au on Si has been one of the most interesting systems
for both applications in electronic devices as for fundamen-
tal studies of interface formation and diffusion in the past
decades [10–14]. The interest in Au/SiC interface has been
growing during the past decade [15–18], as SiC started replac-
ing Si in high temperature, high speed, high power and
high voltage sensor and electronic devices [19]. Au/SiC is

∗ Corresponding author. Tel.: +31 71 527 8407.
E-mail address: stoltz@physics.leidenuniv.nl (D. Stoltz).

a metal/semiconductor system with a small lattice mismatch
(aAu(1 1 1)=2.89 Å, a4HSiC(0 0 0 1)=3.073 Å). However, the Au/SiC
interface is rather complex due to high diffusivity of both Au in
SiC and Si in Au. It is also sensitive to the annealing tempera-
ture. It has been shown that at 1–4 ML Au annealed under 700◦
a silicide is formed at the surface, while at 5 ML Au annealed at
700◦ a significant amount of unreacted gold remains on top of
the substrate. [18]

The Shockley-state in Au(1 1 1) exists in the inverted sp-band
gap due to the boundary conditions at the surface. [20] Quantum-
well states in intermetallic systems are confined within the
same projected sp bulk band gap. [21,3] On the other hand,
semiconductors like 4H-SiC(0 0 0 1) have a real gap across the
Fermi level and its position determines the binding energies
of the quantum-well and surface states. (

√
3 × √

3) − R30◦-
reconstructed 4H-SiC(0 0 0 1)-surface is the only one which
exhibits a surface state within this gap [22].

In this paper we present a systematic study of the changes of
the electronic structure of the (

√
3 × √

3) − R30◦-reconstructed
4H-SiC(0 0 0 1) under deposition of Au and by means of
synchrotron radiation based angle-resolved photoelectron spec-
troscopy. We follow the disappearance of the SiC-surface state
and the formation of the d-band of Au together with the
Shockley-like surface state.

0368-2048/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.elspec.2007.11.001
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2. Experimental

The experiments have been performed at the beamline 33 at
the national synchrotron facility MAX-lab in Lund (Sweden).
Beamline 33 is bending magnet based and allows for photon
energies in the range between 15 and 200 eV. The end station is
an angle resolving VG analyzer (ARUPS 10), which was used in
this study with angular resolution of ±2◦ and energy resolution
of ≤ 100 meV. The detector is rotatable in two angular degrees of
freedom: in the horizontal and in the vertical plane. The sample-
manipulator is also rotatable around two axis: the polar and the
azimuthal axis. The polar angle was set to give an incidence angle
of the light of 45◦. The azimuthal orientation of the sample was
monitored by low energy electron diffraction (LEED). The base
pressure of the analysis chamber was 4 × 10−11 mbar, while
that of the preparation chamber was in the lowest 10−10 mbar
region.

The 4H-SiC(0 0 0 1) wafer with 8◦ miscut in the [112̄0] direc-
tion was purchased from Cree. It is high quality (low micropipe)
N-type wafer polished on both sides. Precleaning was performed
in methanol and by HF (5%) etching before the introduction in
the UHV-chamber. In situ preparation started with outgassing
at T ¡600 ◦C. A well ordered 3× 3 surface was obtained after
30 min anneal of the sample at 800 ◦ C in ∼ 2 ML/5 min
Si flux [23–25]. The (

√
3 × √

3) − R30◦-reconstruction (short√
3) was obtained by annealing the sample for additional 30 min

at 1000 ◦ C with no Si flux [23–25]. For temperature reading a
pyrometer was used, with the emissivity 0.85 [25]. The temper-
ature gradient over the sample was ∼ 50 ◦C, which might have
led to the onset of (6

√
3 × 6

√
3) − R30◦-reconstruction at the

highest temperature end of the sample.
Gold was deposited on the (

√
3 × √

3) − R30◦-surface from
a W-filament carrying a Au-piece at ∼0.5 ML/min. Deposited
films were post-annealed at 650–700 ◦ C (due to the already men-
tioned temperature gradient) during 5 min. The same emissivity
value has been used for the pyrometer readings as in the case of
the clean surface. The appearance and the quality of the recon-
structions were checked by LEED. The sample was then cooled
with liquid nitrogen for the photoelectron spectroscopy mea-
surements. The Au coverages were estimated from the core-level
intensities and quartz-microbalance measurements.

Fermi level correction has been performed according to
the Fermi edge measurements on the tantalum foil under the
same experimental conditions as in the Au/SiC experiment. The
intensities have been calibrated with respect to the synchrotron
current and the number of sweeps. The FITXPS2 software [26]
was used for core-level fits.

3. Results and discussion

Fig. 1 presents the development of the valence band (VB)
with gold coverage. Spectrum from the (

√
3 × √

3) − R30◦-
4H-SiC(0 0 0 1) (

√
3-4H-SiC) is shown at the bottom with the

dashed line. Surface state characteristic for this surface is clearly
visible at 1.3 eV binding energy in agreement with Ref. [22]. The√

3-4H-SiC valence band maximum (VBM) at ∼ 2.3 eV [22] is
also marked on the

√
3-4H-SiC spectrum. At binding energies

Fig. 1. Normal emission valence band of (
√

3 × √
3) − R30◦-4H-SiC(0 0 0 1)

(dashed), 1–5 ML Au on (
√

3 × √
3) − R30◦-4H-SiC(0 0 0 1) (black lines) and

Au(1 1 1) (grey; taken from Fig. 1 in Ref. [3] at normal emission). The recon-
structions are marked. All spectra are measured with photon energy of 21 eV.
Au(1 1 1) was measured at 20 K, the rest at 100 K.

higher than VBM the
√

3-4H-SiC valence band states can be
observed.

Drastic changes take place when 1 ML of Au is deposited
on

√
3-4H-SiC, as can be seen in Fig. 1. With the deposition of

gold the surface state of
√

3-4H-SiC and all the other valence
band features disappear and the electronic structure changes
from the one of

√
3-4H-SiC, towards the one of Au. A spec-

trum of Au(1 1 1) is shown for comparison as a grey spectrum
on the top of Fig. 1, measured with angular resolution of ±0.15◦
and energy resolution of ≤ 3.5 meV [3].

At ∼5 ML of gold, the d-bands of gold are almost fully
developed. D1 and D2 mark herringbone reconstruction related
surface resonances in Au(1 1 1) [27] which are not expected to
appear on our sample. Another surface resonance (S) [28] could
develop for much higher Au coverages. Surface state (SS) of√

3-4H-SiC is being replaced by a surface state at the binding
energy close to that of the SS in pure gold (see arrows at the
black spectra). Its appearance suggests that the gold for 5 ML
Au has (1 1 1) orientation, as this is the only crystallographic
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Table 1
Acronyms used throughout this paper for different surfaces

Surface Reconstruction Tanneal Acronym

4H-SiC(0 0 0 1) (
√

3 × √
3) − R30◦ –

√
3-4H-SiC

1 ML Au/
√

3-4H-SiC 3 × 3 675◦ 1 ML Au – 3×3
2 ML Au/

√
3-4H-SiC 3 × 3 675 ◦ 2 ML Au – 3×3

4 ML Au/
√

3-4H-SiC (2
√

3 × 2
√

3) − R30◦ 650 ◦ 4 ML Au – 2
√

3
5 ML Au/

√
3-4H-SiC (6

√
3 × 6

√
3) − R30◦ 700◦ 5 ML Au – 6

√
3

direction in Au exhibiting projected band gap around the � point
(normal emission) [29] and thus allowing for the appearance of
the surface states there. The implications for the silicide at the
surfaces with 1–4 ML Au are different. Finally, a sharp peak
at 2.6 eV binding energy (SR) appears at 5 ML Au on

√
3-4H-

SiC with (6
√

3 × 6
√

3) − R30◦ reconstruction and has recently
been identified as a surface resonance [17].

When Au is deposited on the
√

3-4H-SiC surface, both gaps
of

√
3-4H-SiC and Au determine the energetic range where

surface related states can develop. In the Au bandstructure, it
is actually the projected sp-gap (parabolic with minimum at
∼ 1.13 eV at � [3]) which plays similar role as the VBM in√

3-4H-SiC, although all VB features in the spectrum of gold
are at higher binding energies than the shoulder S at ∼ 2 eV in
Fig. 1.

Different annealing temperatures and gold coverages result
in different reconstructions on the surface. [18] Acronyms
which will be used for different coverages, instead of the full
names describing substrate, adsorbate and the reconstruction,
are summarized in Table 1. In the following, we summarize the
conclusions from Ref. [18], as they are relevant for the observa-
tions made in this manuscript. For 1–4 ML of Au and annealing
at 650–675 ◦C, gold diffuses under the surface and forms a sili-
cide layer. With increasing amount of gold an increasingly large
layer of silicide is formed at the surface at annealing tempera-
tures of 650–675 ◦C. For 5 ML Au – 6

√
3 annealed at 700 ◦C

silicide is at the surface, but underneath it and on top of SiC is
unreacted Au. For this annealing temperature, gold seggrega-
tion replaces silicide formation and silicon-depletion at higher
annealing temperatures leads to diminished silicide formation.

Normal emission spectra recorded from the
√

3-4H-SiC sur-
face using photon energies between 17 and 27 eV are shown in
Fig. 2 a. A structure located at ∼1.3 eV (full line) shows no k⊥
dispersion, i.e. its binding energy does not change with photon
energy. It is assigned, according to the previous studies [22], to
emission from a surface state. The position of a valence band
maximum (VBM) at ∼ 2.3 eV [22] is marked by a dashed line.
In Fig. 2 b, k‖ dispersion of the same state and the rest of the
valence band in the � M direction of the substrate is shown.
Some dispersion is visible in Fig. 2 b, but the state is rather flat
in the large part of the Brillouin zone (BZ), as reported earlier
[22].

At 2 ML Au – 3× 3 presented in Fig. 3 a the surface state
of

√
3-4H-SiC has disappeared and a new state has appeared

in the vicinity of the Fermi level. The gap of the
√

3-4H-SiC
surface seems to be closed and the Fermi edge appears in all
measured spectra. According to the photon energy scan pre-

Fig. 2. Spectra of
√

3-4H-SiC taken at (a) normal emission and variable pho-
ton energy (marked), (b) in the �M direction of the substrate (emission angles
marked) at 21 eV photon energy. All spectra are measured at 100 K.

sented in Fig. 3 b, this state has no k⊥ dispersion, i.e. it is
two-dimensional.

This state crosses the Fermi level at the �-point. The nature
of this state could be a true interface state, which is allowed
to appear on the Au/

√
3-4H-SiC interface due to very differ-

ent band structures of the substrate and the adsorbate [30]. The
disappearance of this state at higher coverages is in agreement
with this. However, other options like a quantum-well state or
a surface state cannot be fully disregarded. Nevertheless, it is
clear that this state does not originate from the substrate as its
steep dispersion is significantly different from the almost flat
one of both occupied and unoccupied Mott–Hubbard states of√

3-4H-SiC [25,31].
At 4 ML Au – 2

√
3 presented in Fig. 4 the electronic

structure near the Fermi level has changed once again. Instead
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Fig. 3. (a) Spectra from 2 ML Au – 3 × 3 in the �M direction of the substrate
(emission angles marked) recorded with 17 eV photon energy at 100 K. (b) Spec-
tra from 2 ML Au – 3 × 3 at normal emission and at 100 K taken with different
photon energies (marked).

of the two-dimensional (2D) state shown in Fig. 3, another 2D-
state appears in its place. It shows free-electron like parabolic
dispersion with positive effective mass, centered at the �-point.
The dispersion is the same in two different directions of the
BZ: �M (a) and �K (b). This state is very similar to the
Shockley-type surface state on the surface of Au(1 1 1). Its
disappearance for off normal emission is a fingerprint of a
two-dimensional dispersion of a surface state.

The calculated effective mass (m∗/ me) for the parabolic
dispersion seen in Fig. 4 a and b is 0.7, compared with 0.26
for the surface state in Au(1 1 1) [3]. Its binding energy is 590
±20 meV, compared to 487 meV on Au(1 1 1) [3]. The param-
eters are similar, but not the same as on the Au(1 1 1) surface.
However, interface formation study [18] shows that at 4 ML Au
– 2

√
3 Au-silicide forms on the surface on top of the SiC sub-

Fig. 4. Spectra from 4 ML Au – 2
√

3 in the (a) �M and (b) �K directions of
the substrate (emission angles marked) recorded with 21.2 eV photon energy at
100 K.

strate. Without knowing the exact band structure of the silicide,
it is not possible to say if this two-dimensional state is a true
surface state or a surface resonance. One very good example
of a true surface state of Cu becoming a surface resonances in
Cu3Au(1 1 1) has been reported earlier by Courths [32].

By inspection of Fig. 4 there could not be noticed any traces
of confinement. Our

√
3-4H-SiC sample has a 8◦ miscut in the

[112̄0] direction. This results in ∼ 1000 Å wide terraces on
the surface [33]. When resulting energy separation between ter-
race quantum wells is calculated according to Ref. [8], 0.4 meV
is obtained, which obviously does not lead to any observable
confinement.

On the other hand, the 2
√

3 × 2
√

3 − R30◦-reconstruction
on the surface, should implement creation of new surface BZ
(SBZ) boundaries and backfolding of bands with respect to these
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Fig. 5. Spectra from 5 ML Au – 6
√

3 in the �M direction of the substrate
(emission angles marked) recorded with 21 eV photon energy at 100 K.

boundaries. According to our estimate, the new SBZ boundary
should appear at ∼0.2 Å−1in both directions (�K and �M).
Fig. 4 does not show any clear backfolding of the surface bands
at this point. In our interface study [18], Si is found to form
an incomplete surface layer on top of the silicide. Si atoms are
thus responsible for the reconstruction and fingerprints of the
reconstruction should thus not be expected in the emission com-
ing from the silicide layer, which is underneath the topmost Si
and which we consider responsible for the appearance of the
observed two-dimensional states.

Finally, electronic structure in the vicinity of the Fermi level
for 5 ML Au – 6

√
3 is presented in Fig. 5. This surface actually

consists of unreacted gold on top of the
√

3-4H-SiC substrate
and below a thin silicide layer [18]. A two-dimensional state is
observed in Fig. 5 with a dispersion resembling a free-electron
parabola. Calculating the effective mass (m∗/ me), we obtain 1,
compared to 0.26 for Au(1 1 1) [3]. This states binding energy is
343 meV, compared to 487 meV for Au(1 1 1) [3]. Similar bind-
ing energy shift of the Shockley-type surface state in Au(1 1 1)
has been observed on the (1 1 1) facets of gold clusters [9]. An
increased spectral weight at the Fermi level is present at off-
normal emission angles and is marked in Fig. 5 by arrows. This
can be a consequence of confinement and is similar to spectra
at ±3◦ in Fig. 4 of Ref. [9] on gold clusters. New SBZ due to
the 6

√
3 × 6

√
3 − R30◦-reconstruction on this surface should

appear at 0.1 Å−1. We do not observe any backfolding of the
surface band at that point, which is in agreement with the con-
clusions of the interface study [18] about the topmost silicide
layer.

4. Conclusions

We report a systematic study of the electronic structure char-
acteristic of a rather complicated interface reported earlier for

Au/
√

3-4H-SiC [18]. In the silicide layer, which is observed up
to 4 ML of Au, a development of an interface state was found to
precede a formation of a Shockley-like two-dimensional state,
which has been characterized by effective mass and binding
energy of its parabolic dispersion. This state could be both a true
surface state or a surface resonance. No traces of confinement
or surface reconstruction could be seen. In the gold layer, which
is formed at 5 ML and a slightly different annealing tempera-
ture, a Shockley-like two-dimensional state was also observed,
with relevant parameters similar to the ones earlier reported for
confined Au. Therefore, we attribute this state to a true surface
state.
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Abstract

We show atomically resolved scanning tunneling microscopy (STM) images of charge density waves (CDWs) at room temperature

together with angle-resolved photoelectron band-mapping of 1T-TaSe2. By comparing the results of these two techniques, we

demonstrate the atomic structure of the CDW-features observed by the STM and atomic origin of the reconstructed band-structure in

this material.

r 2007 Elsevier B.V. All rights reserved.

PACS: 73.20.Mf; 68.37.Ef; 71.20.b; 79.60.�i

Keywords: Surface electronic phenomena; Surface structure; Angle resolved photoelectron spectroscopy

1. Introduction

The layered transition metal dichalcogenides (TMDs) of
the 1T-type have been abundantly investigated in the last
decade as quasi-two-dimensional hosts of charge-density
waves (CDWs). CDWs offer a playground for studies of
interplay between complex structural and electronic
changes. On the other hand, the quasi-two-dimensionality
of these materials allows simple surface preparation and
the straightforward interpretation of the band-mapping in
terms of the mapping of the initial bands of the crystals.

Studies of the electronic structure of the TMDs are most
of all inspired by the similarity of electronic instabilities in
high-temperature superconductors [1,2] and 1T-TMDs
[3,4]. The band-structure of 1T-TaSe2 undergoes changes

due to CDWs, the Ta d2z-band splits into subbands which
follow the periodicity invoked by the reconstruction [4,5].
This establishes the relationship between the structural
changes and the electronic band-structure.
The advantage of studying 1T-TaSe2 originates from the

fact that it is already in the commensurate CDW phase at
room temperature (RT). Scanning-tunneling microcopy
(STM) on this compound has sofar revealed the CDW
wavelength lCDW ¼ 12:6 Å [6], which dominates the images
of surfaces with this CDW [7–11]. The atomic height
modulation was found to give only minor contribution to
the overall z deflection.
In this paper we present atomically resolved RT STM

measurements on 1T-TaSe2 in its CDW phase. By tuning
the bias voltage of the STM image, we tunnel into different
CDW-split subbands of the Ta dz2 -band. These subbands
can be identified by band-mapping. We demonstrate that
they are spatially located on three groups of inequivalent
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atoms by visualizing those atoms while tunneling at a bias
voltage set to the subbands’ binding energy. Furthermore,
we demonstrate that atomic corrugation is visible in the
CDW-dominated STM images of this material, allowing
the interpretation of the CDW-features in terms of the
Star-of-David model of the reconstructed Ta-plane.

2. Experimental

STM experiments on 1T-TaSe2 have been performed in a
UHV system equipped with a UHV AFM/STM scanning
probe microscope from Omicron NanoTechnology operat-
ing at RT as described elsewhere [12]. The images were
taken in constant height mode. Bias voltages are given with
respect to the sample, i.e. positive bias means tunneling
from occupied states.

Band-mapping experiments have been performed using
angle-resolved photoelectron spectroscopy (ARPES) im-
plementing Vacuum Generators ESCALAB Mk II spectro-
meter at RT with monochromatized He I ðhn ¼ 21:2 eVÞ
photons [13] and computer controlled sequential sample
rotation [14]. The energy and angular resolution were
20meV and 0:5�, respectively. The accurate position of the
Fermi level ðEFÞ has been determined on a polycrystalline
copper sample. Low energy electron diffraction was used to
check surface reconstruction, while X-ray photoelectron
diffraction was used to determine the sample orientation in

situ (accuracy o0:5�).
Samples of 1T-TaSe2 have been prepared from its

constituent elements by reversible chemical reaction with
iodine as a transport agent, between 950� (hot zone) and
900� (cold zone) [15]. They were cleaved in situ at pressures
in the lower 10�10 mbar region.

STM experiments on 2H-TaSe2 have been performed in
a constant current mode with a W tip at RT using a
variable temperature (VT)-STM from Omicron NanoTech-
nology. Positive bias means tunneling from occupied states.
Samples of 2H-TaSe2 were cleaved in situ at pressures in
the lower 10�10 mbar region.

3. Results

Fig. 1a shows experimental results obtained implement-
ing ARPES along the ḠK̄ direction and up to a binding
energy of 1.5 eV. Spectra cover the range between �5� and
20�, which is converted to kk in the image. The images
depict dispersion of the Ta d2z-band. At the higher binding
energies (1.5 eV) the Se 4p band appears energetically close
to the Ta d2z-band primarily in the vicinity of Ḡ point.
Division of RT band-mapping intensities with the Fermi–
Dirac function allows for an extra 5kBT � 130meV
‘‘visibility’’ over the Fermi level accomplished in the same
way as outlined in Ref. [4].

Fig. 1a shows that the Ta d2z-band is split into three
oscillating subbands (circles). Both the band-splitting and
the backfolding of the subbands are CDW-related effects
[4,5]. According to the CDW-induced ð
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reconstruction in the Ta-plane (Fig. 1b), three types of
inequivalent atomic positions are introduced in the Star-of-
David form: the atom in the center (1), the six atoms
constituting the first hexagon around it (2) and the six
atoms constituting the outmost hexagon of the star-like
cluster (3). These groups are assumed to electronically
constitute the subbands of the CDW-split Ta d2z-band
(marked also as 1, 2, 3 in Fig. 1a). However, the
photoemission intensity still follows the unreconstructed
band-structure, which is treated in detail in Refs. [4,5].
The periodic lattice distortion introduced by the CDW

lock-in can be visualized by an STM. Fig. 1c shows 7 nm�

7 nm of the in situ cleaved 1T-TaSe2 surface measured with
a bias voltage of 0.4V (tunneling from the occupied states)
and a tunneling current of 1.2 nA. The image shows arrays
of white flowerlike patterns with the periodicity of �12 Å,
which is expected for this CDW. If we look at Fig. 1a, the
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Fig. 1. (a) Band mapping along ḠK̄ of the cleaved 1T-TaSe2 with a

photon energy of 21.2 eV at RT. Dark circles represent three new CDW-

induced subbands with the new periodicity. High intensity in white. (b)

Schematic representation of the Stars-of-David formation in the Ta-plane.

(c) STM image of the cleaved 1T-TaSe2 surface taken at RT with 1.2 nA

and 0.4V. The tunneling is achieved in the subband 2 from (a) and it

shows atoms marked by 2 in (b). High intensity in white.
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0.4 eV binding energy corresponds mainly to the second
subband (see arrow). It is thus clear that by tunneling from
the occupied states of one of the subbands, we can achieve
highest intensity on those atoms that electronically
contribute to that band. It is important to notice that
while Fig. 1a shows photoemission over extended part of
k-space, STM-tunneling proceeds in the vicinity of the
normal emission ðḠÞ. According to Fig. 1c we assign
subband 2 to the first six atoms surrounding the central
atom of the reconstruction (see arrow). In similar fashion,

tunneling into the first subband reveals that it is located on
the central atom (1), while the outermost hexagon (3)
contributes the most to the third subband [5].
Fig. 2a shows an STM image of the same surface

obtained with a bias voltage of 0.2V, which corresponds to
the tunneling out of the topmost subband (and somewhat
out of the second one). It shows the same CDW-periodicity
as Fig. 1c, only with the central atoms of the Stars-of-
David at highest intensity, while the hexagon formed by the
first six atoms around the central one is still visible, but
much less intense than in Fig. 1c. The dominant periodicity
is the one of the CDW and the unit cell is marked.
However, the interpretation of Fig. 1c in terms of the

atomic model of the reconstructed Ta-plane implicitly
assumes the presence of the atomic corrugation super-
imposed on the CDW pattern in the STM images of the
1T-TaSe2 surface. To prove that this is the case, we have
Fourier-filtered Fig. 2a from the CDW periodicity and the
result is shown in Fig. 2b. The new pattern becomes
obvious here and the relevant unit cell is marked.
Comparing this pattern with the one of Fig. 2c obtained
on a CDW-free surface of 2H-TaSe2, which has similar
lattice constant (3:39 Å compared to 3:47 Å), we conclude
that the pattern in Fig. 2b is indeed an atomic lattice. It is
thus justified to attribute features from Fig. 1c directly to
the atoms of the inner hexagon of the Star-of-David
formation.

4. Discussion

The slope of the temperature-dependent resistivity in 1T-
TaSe2 is metallic at room temperature, at which our
measurements were performed. The resistivity is also
confirmed to be metallic by our scanning tunneling
spectroscopy (STS) measurements (not shown). The con-
duction charge of the unreconstructed lattice would be
equally distributed over all Ta atoms. In the CDW phase
we see that the conduction charge is mainly located at
the central atom of the Star-of-David cluster, as only the
subband located on the central atom is straddling the
Fermi level. This can explain the resistivity jump related to
the CDW transition. The stability of the CDW phase and
the compensation of the lattice distortion energy clearly
originate from the energetically lowered bands which are
spatially located on the remaining 12 atoms of the Star-of-
David cluster and which are completely filled.
Kim et al. [7] were the first to apply STS to investigate

fingerprints of the CDW-reconstructed band-structure.
STM images of the CDW materials (such as 2H-NbSe2)
have also been treated [16] by considering CDW effects on
the band-structure and thus, on the tunneling. However,
reconstructed band-structure has been assumed in the form
of folded, non-split bands. In our study we consider the
real reconstructed band-structure, which is measured by
ARPES and confirmed by the band-structure calculations.
Both band-splitting and back-folding have influence on the
formation of such subbands. Tunneling occurs thus
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Fig. 2. (a) STM image of the cleaved 1T-TaSe2 surface taken at RT with

1.2 nA and 0.2V. (b) Fourier-filtered image from (a), to exclude the CDW-

periodicity. (c) Atomic-resolution image of the cleaved 2H-TaSe2 surface

taken at RT with 1.2 nA and �0:76V. High intensity in white.
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primarily from a subband, in which the binding energy is
the same as the bias [5].

5. Conclusions

To conclude, band-mapping of 1T-TaSe2 along ḠK̄
reveals CDW induced splitting and folding of the Ta d2z-
band into three subbands. Tunneling from separate
subbands allows direct visualization of the atoms con-
tributing to CDW-split electronic states. Three groups of
inequivalent Ta atoms are giving rise to three new
subbands in the reconstructed band-structure of this
material. Furthermore, we show that CDW-dominated
STM pattern of 1T-TaSe2 has indeed atomic resolution,
which allows us to directly attribute atoms from the Star-
of-David model to the structures observed by the STM.
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