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Ipeamer: Mo.16a 3a nokperame MOCTYIKA 32 CTHLAK€ 3BAHha
MCTPaXXMBaY CapaJHUK

[Towrro nenymanam cae NpejiBuheHe ycioBe y ckmany ca IMpaBuinauKOM O CTULIAKY
HCTP@KUBAYKMX W Hay4HMX 3Bama MITHTP, monum Hay4no Behe HuctutyTa 3a

$usuxy y Beorpany na TTOKpEHE MOCTyNaK 3a Moj u360p y 3Bame UCTpaXKuBay
CapaJHuK.
Y npunory gocrassbam:

1 Mumbewme pykosoamona naboparopuje ca mpeaToroM wiaHopa KOMHCHje 3a
U300p y 3Bame;

CTpy4Hy OHorpadujy;

TNIPETIe HayYHe aKTUBHOCTH;

CIHCAaK 00jaB/beHHX HAYYHHX pazoBa;

YBEPEHHE O YIIUCAHO] FOAMHHU JOKTOPCKUX CTyaHja;
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YBEpEH-e 0 NpuxBahieHoj TeMu T0KTOpCKe Aucepraluje;
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KOIHje 06jaB/beHUX pajoBa.
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Cy3zana Munaauh
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IIpeamer: Munbewe pykoBogHoua Jaboparopuje o u3bopy Cysane
Munaauh y 38ame uerpakusay capaguuk

Cy3sana Munazauh je 3anocnena y Jlaboparopuju 3a npumeny pauyHapa y Hayuu, y
OkBHpy HauuonanHor uentpa usyseTHux BpegHocTH 3a M3y4yaBame KOMILJIEKCHUX
cucreMa Muctutyta 3a dusuky y beorpany. Tlox pykoBoacTBOM Ap Henana
Bykmuposuha paan Ha mokTopckoj AUCEPTALMjU M3 ENIEKTPOHCKHX O0COBGHMHa
nonynposoaxuka. C 063upom ja ucnymasa cBe npeaprhene yciioBe y ckiaay ca
3aKOHOM O HaylL U MCTpaXMBambUMa U [IpaBUIHHKOM O CTULIAbY MCTPAXKUBAYKUX U
HayyHux 3Batba MITHTP, carnacan cam ca nokperamem nocrynka 3a usbop Cysane
Munanuh y 3Bame ucTpaxupau capagHuk.

3a cacraB komucHje 3a u36op Cysane Munaauh Y 3Bame HMCTPaXKMBay capagHuK
npeaiaxem:

(1) ap Henan Bykmuposuh, Hayusu CaBETHUK, IHCTUTYT 3a pusuky y Beorpany

(2) ap Mapxo Tanackouh, Hay4YHH caBeTHuUK, HuctuTyT 32 dhusnky y Beorpany

(3) ap boxunap Hukonuh, BaHpenHu npodecop DusMykor akyirera
Yuusepsutera y Beorpany

(4) Ap AnTyH Banax, Hay4HH caBeTHUK, WuctutyT 3a dhusmky y Beorpany
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Hay4HHU CaBETHHK
PykoBonunan JlaGoparopuje 3a MPUMEHY payyHapa y HayLu



buorpaduja Cyzane Musaguh

Cy3ana Munanuh je pohena 1995. ronune y HoBom Cany. 3aBpiia je OCHOBHY
nikony ,,Jlecanka MakcumoBuh” y baukoj [Tananiu 2010. ronune kao hak renepanyje.
[ToTom ymiucyje cpeamy MEAUIMHCKY LIKOY ,,7. anpui’”’ y HoBom Cany Ha cMepy
duznoTeparneyTcku TeXxHuuap 1 ucty 3aspmana 2014. rogune kao 1oouTHuK Bykose
JUTIIIOME.

[[IxonoBamwe HacTaBsba Ha [IpuponHo-maremMaTnykoM (hakynTery YHUBEP3UTETA Y
Hosom Cany rne qunmomupa 2018. ronunae Ha cmepy Puzndap-UuCcTpakuBad ca
npocedyHoMm otieHoM 9,55. Crynuje ¢pusnke HacTaB/ba Ha Pu3NUKOM (PaKyaTeTy
VYuuBepsurera y beorpany ynucaiim MacTep CTyidje Ha cMepy Teopujcka u
excriepuMeHTanHa (pusnka. Macrep cryauje 3aBpiiaBa y centemOpy 2019. ronqune
onOpanom paja ,,CriMHCKa pe30HaHIa U pellakcaryja y KBaHTHUM Tadkama yHyTap InSb
HAHOXKMLIA~ KOJH je paauia noj MeHTopctBoM Mapka Munusojesuha u np Exqnda
Hobapuyuha, koju je 6o u pykoBoawiail pajga. Macrep paj je Harpalen Harpagom
®uznukor Pakynrera “Ilpod. dp Jbydbomup hupkosuh”. Mactep cryauje 3aBpiiaBa ca
IIPOCEYHOM OLIEHOM 9,67.

Jloktopcke crynuje yrmucyje 2019. ronuae Ha @u3ndkoM Qaxkynretry YHUBEp3UTETA Y
beorpany Ha cmepy dusuka koHIEH30BaHE MaTepHje U CTaTUCTUYKA (Pu3nKa. 3amociieHa
je na Mucrutyty 3a dusuky y beorpany kao ucrpakupau npurpaBHuk y Jlaboparopuju
3a MPUMEHY padyHapa y Haylld, y OKBUPY HarmoHamHOT MeHTpa U3y3eTHUX BPEAHOCTH
3a M3y4yaBame KOMIUIEKCHUX cucTeMa. McTpaxkuBame B€3aHO 3a IOKTOPCKH Pajl BPIIH
nos1 MeHTopcTBOM Jip Henana BykmupoBuha Ha TeMama Be3aHUM 3a €IIEKTPOHCKU
TPAHCIIOPT Yy MOJYITPOBOAHHUITAMA.



Hpemezl HAYYHC aKTUBHOCTH KaHAUAATa

Y okBHpY Hay4yHOT pajia B€3aHOT 3a JokTopar, kanauaar Cy3ana Munanuh ce 6aBu HCTpaKUBambEM
TPAHCIOPTA y CUCTEMUMA Ca eJIeKTPOH-(POHOH MHTEpaKIjoM. KOHKpeTHO, y TocananimeM paay
MPEeIMET UCTPAXKUBAKA KaHIUAaTa OO je TPAHCIIOPT MOJIAPOHA jeAHOAMMEH3MOHOT XOJIITajHOBOT
Mojena.

[TomapoHCKH TpaHCTIOPT C€ CMaTpa JeTHUM O]l TOMHHAHTHUX MEeXaHHU3aMa MpoBohema y OpraHCKuM
MOJTYTIPOBOAHMIIMMA KOJH JJaHAC Hajla3e MIMPOKY TEXHUYKY MPUMeHY. XOJIITajHOB MOJIel, KOjU 10
JlaHAC HUJe y TIOTITYHOCTH PeIleH, IPEICTaBJba jeIaH O/ HajjeTHOCTaBHUJUX MOJIENa 3a CUCTEM ca
eIEeKTPOH-(POHOH UHTEPAKINjOM. YCIIEITHO pellieke TpaHCnopTa XOJIITajHOBOT MoJIapoHa Hac
BOJIM OJIMKE Ka UCTPaKMBakby TPAHCIIOPTA y pealHUM MaTepujajnuma.

JluHamuuka cBOjcTBa XOJIITAjHOBOT MOJIeNia Cy UCITUTaHa 32 eKCTPEMHE cllydajeBe, Kao MITO CY
JUMUTH jaKke Win ciaade eneKTpoH-GOHOH UHTEPAKIH]je TIIe CYy TPUMEHHUBE allPOKCUMATHBHE
meTtozie. MicTpaxuBauky pajx KaHauaara je GoxkycupaH Ha HCTPaXHBabE TPAHCTIOPTA XOJIITajHOBOT
MOJIapOHa Y MIMPOKOM OIICETy MapaMeTrapa Kopucrehu ce HyMepHuKy er3akTHUM MeTofaMa 6e3
yBol)ema anpokcuManyja Ha XaMUITOHH]jaH.

Beh ycrasbenu npucTym 3a er3akTHO TpeTupame cucrema y gpusunu je Path Integral Monte Carlo
(PIMC) meton. [TokpetspuBocT nonapona ce npema Ky6oBoj popmysu Moxke JOOUTH YKOJIHKO &
MO3HAaTa CTpyja-cTpyja kopemnanuona ¢pynkiuja. PIMC merox ce cacroju u3 Tora aa ce neduHuIe
Path Integral penpe3enTanuja 3a TpakeHy KOpelanuoHny GyHKIH]Y, a [IOTOM C€ CyMe M MHTETPaJIH
KOJU C€ y TOM M3pa3sy jaBjbajy pelaBajy Hymepuuku npumenoM Monte Carlo texnuka. [Tocroje
3Ha4YajHa OrpaHUYCH-a Koja Ce jaBJbajy IpH OBakBOM mnpucTtymny. Hajseha moremkoha jecte
JTMHAMUYKH ITPOOJIEM 3HaKa KOjU Ce MCT0JbaBa MpH onpehBamy BpEMEHCKHX KOPEITalMOHNX
dyukuuja Monte Carlo texaukama. CTangapiHu IPUCTYII KOJUM c€ OBaj MpoOieM 3a001iasu je
onpehuBame BpeMeHCKe Kopealuone (PyHKIM]je Ha UMarnHapHO] OCH T€ aHAJMTHYKO TPOIYKECHE
NOOMjeHUX MoJaTaka Ha peasiHy ocy. MehyTum, caMo aHaJIMTHYKO TIPOTYKESHE JUCKPETHUX
1moJIaTaka je BeJIMKHU MpooJieM caMo 3a cele.

VY nocanammeM pagy KaHIUAAT je YCIEIIHO pa3BUO METO/ 3a ofjpeluBame CTpyja-cTpyja
kopenaiuoHe ¢gynkuuje Ha ocHoBy PIMC metona npu uemy je 3Ha4ajHO yMamEeH YTHUIIA]
JTUHAMHUYKOT TIpobOiiema 3Haka. Takole, y capaimu ca MEHTOPOM, pa3BHjeH je METO]I 3a I00Hjame
MOKPETJBUBOCTH ITyTEM aHATUTUYKOT MTPOyKemha KoprucTeht mojarke 3a cTpyja-crpyja
KopenanuoHy (yHKIHM]y ca peajHe U ca UMaruHapHe oce.

Kopuctehu pa3Bujene TexHuke 3a oapehuBame CTpyja-cTpyja Kopenanruone QyHKIH]e 1abe
UCTpaXHUBaKkE KaHIUIaTa Uie y cMepy onpehBama NOKPETIBUBOCTH XOMITajHOBOT MOJIAPOHA 32
IIMPOK OTICET MapaMeTapa XxaMuiToHrjaHa. Ha oBaj HaunH Moryhe je onpeauTu TpaHCTIOpPTHE
peXUMe TIoJIapOHAa T€ UCTIUTATH Moryhe npuommkHe MeTose (jehTHuHHje 1 HyMepHIKHU e(UKacHH]e)
Koje OM ce y TUM peXHMMHMa MOTJIE YCIIEITHO MPUMEHUTH. To HaM oTBapa MmyT Ka JlajbeM
HUCTpaXUBamy Koje O0u Omi10 (OKyCHpaHO HA TPAHCIIOPT CIOKECHHJUX MOJIeIIa ca eJIeKTPOH-(POHOH
MHTEPAKIM]OM U Y KpajleM U peallHuX Marepujaa.



Cnucak Hay4YHMX pajoBa KaHAuAaTa

Kareropuja M21

[1] S. Miladié, P. Stipsi¢, E. DobardZi¢, and M. Milivojevi¢, Electrical control of a spin qubit in
InSb nanowire quantum dots: Strongly suppressed spin relaxation in high magnetic field, Phys. Rev.
B 101, 155307 (2020)

Kareropuja M34

[1] S. Miladié, N. Vukmirovic, Mobility of Holstein polaron from real and imaginary time
quantum Monte Carlo calculations, BPU11 CONGRESS, 28 August 2022 — 1 September 2022,
Book of abstracts P:126



&\ Penybnuka Cpbuja
M5\ Vausepsurer y Beorpasy
A rEf) Pusuuky pakynrer
§ e/ J1.bp.2019/8010
Harym: 21.09.2022. roaune
Ha ocnosy unana 161 3akoHa 0 onmrtem ynpaBHOM TOCTYNKY H CIykOeHe eBUJICHIHje H3aje ce

YBEPEIE

Munaauh (Cunmma) Cysana, Gp. ungekca 2019/8010, pobena 03.01.1995. roaune, Hosu Cap,
Peny6anka Cpbuja, ynucana wkoncke 2021/2022. roauue, y crarycy: punaHcupame u3 Gyyera; T
CTyaMja: IOKTOPCKE AKaJEMCKE CTY/Mje; CTYM|CKHU nporpam: Ousmka.

IIpema Craryty akynrera cryauje tpajy (6poj ronusa): TpH.
Pox 3a 3aBpuierak crynuja: y 1BocTpyKoM Tpajamy cTysmja.

OBo ce yBepetbe MOske ynoTpebuTH 3a peryiucabe BojHe 06aBese, 3iaBatbe BH3e, TpaBa Ha J€YMjH N0AATaK, HOPOAUUHE
NEH3H]e, HHBAIM/ICKOT JI0/1aTKa, 1001jaba 31PaBCTBEHE KEbHKULIE, JiernTUManmje 3a nosnawheny BOXiby M CTHIEHIH]e.

Biamheno aune daxynrera

»

N\ Pemy6inuka Cpbuja
VYuusepsurer y beorpany
iy dusnuky pakyarer
Ay / J1.5p.2019/8010
K0 ok Harym: 21.09.2022. rogune
Ha ocuoBy unana 161 3akona 0 ommurem ynpaBHOM TIOCTYTKY U CiIy)kOeHe eBUJICHIHje H3/aje ce

YBEPEIHE

Munaguh (Cunmma) Cysana, 6p. ungekca 2019/8010, pohena 03.01.1995. roauue, Hosu Cap,
Peny6muka CpGuja, ynucana mkoscke 2021/2022. ronusue, y cratycy: ¢puHaHcupame u3 Oyyera; THI
CTyaHja: IOKTOPCKE aKaJeMCKe CTYAHje; CTyujcku mporpam: dusmka.

[Ipema Craryty ¢akynrera cryauje tpajy (6poj roanna): TpH.
Pok 3a 3aBpuierak cTymja: y 1BOCTpYKOM Tpajamby cTy/mja.

OBo ce yBepeme MoXe ynoTpeGHTH 3a peryancame BOjHE 00aBe3e, U3/aBame BU3e, TpaBa Ha J€YMjH NOAATAK, IOPOJUUHE
TIeH3Hje, MHBAIUICKOT 10/aTKa, 100Hjama 3/PaBCTBEHE KEbIDKHLIE, JIETHTHMAIIHje 3a oBiauheny BOXIbY U CTUIICHIH]E.

JtamheHo auue ¢Gakynrera




VHUBEP3UTET Y HOBOM CAJTY
ITPHPOJHO-MATEMATHYKH ®AKY/ITET,
HOBH CAJl

Ocuupau: Peny6iuxa Cpouja
AyTonomua lMokpajuna Bojsoauna
Mo3sony 3a pax 114-022-423/2012-01 oz 18. 09. 2012. roguse Jje m3nana
Aytonomna Iloxpajusa Bojsoanna, Mokpajuncku CEKPETAPH]AT 32 HAYKY H TeXHOIOWKH Pa3Boj

JHILIOMA

Cysana (Cunnua) Munaauh

pobena 03. 01. 1995, roaune y Hosom Cany, ommwruna Hosu Can, PenyGinka Cpb6uja,
ynucana uikoncke 2014/2015. roause, a nana 28. 09. 2018, roxuue 3aBPLIKIIA j& OCHOBHE
aKazeMCKe CTy/Hje MPBOr CTENEHA Ha CTYIMjCKOM nporpamy ®H3UKA obuma 240 (1se
cToTuHe uetpaecet) Gonosa ECITB ca npoceunom ouerom 9.55 (zeser u 55/100).

Ha ocrosy Tora u3naje ce oBa IMIIOMa O CTEYEHOM BHCOKOM o6pa3oBamy M CTpY4YHOM
Ha3WBYy

AUIIVIOMHUPAHHN ®U3UYAP

Bpoj nunnome: 3883-324/14, 12. 12. 2018. roaune
Y Hoeowm Caay

‘KAH LK TOP
[Tpod. ap Mustina Haskos Xpeojesih [Ipod. 1p Hejan Jakmuh

UNS08BH06858




Vuusepsuret y beorpany
Ouznuku pakyarer

Bpoj nuzexca: 2018/7029
bpoj: 2302019

Jatym: 25.09.2019.

Ha ocnoBy unana 161 3akoHa O ONIITEM YNpPaBHOM MOCTYINKY ("Cnyx6enn auct CPI", 6p.
33/97. 31/2001 n "Cnyx6Genn raackuk PC", Gp. 30/2010) n cnyxOene eBuaeHumnje, YHUBEPIUTET Y
Beorpany - ®@usnuku axkynrer, uiaje

YBEPEDIE

Cyzana Munaguh

uve jegnoi poguiticroa Curmaua, JMBIT 0301995505057, pohena 03.01.1993. iogune, Hosu Cag,
Peiybauxa Cpbuja, yiucana wikoacke 2018/19. 1ogune, gana 23.09.2019. iogune szaspuiuia je
Maciiep axagemcke ciliyguje na citiygujckom upoipamy Teopujera u eKcliepumenianta Guszuxa, y
mipajary og jegre iogune, obuma 60 (wesgeceii) ECIIL 00go6a, ca upoceuHom oYeHom 9,07 (gegseuu
u 67/100).

Ha 0oCHOBY HaBeJCHOT M37aje joj ce OBO YBEpeHbe O CTeYEHOM BHCOKOM 00pasoparby H
AKAAEMCKOM HaszuBy macrep ¢uinvap.

Jlexkan




NOKTOPCKE
CTYANJE

NPEJXJION TEME NOKTOPCKE HMCEPTALLWNJE

w
KOJIEFMJYMY [LOKTOPCKVIX CTY LMJA i

2021/2022

Hay4yHa obnact aucepTauuje

Mpesume | Munaavh ®Puanka KORGEH30BaHe MaTepuie v

cTarucTuyka pusnka

Bpoj uHpekca | 3010/2019

Dduanka KoHAeH30BaHe Marepuje

Hay4Ha obnact

VI NS HeHan n cTatucTnyka (pwsvma
— | 3Bame Hay4HW CaBEeTHUK
Mpe3ume B h ,
YKMUPOBHK VIHCTUTYUMjA | WkHcturyT 3a couanky y Beorpamy™

Hacnos

Quantum Morite Carlo strudy of polaron maobility

(NMpoyyasarke NOKPET/LU3OCTN NONapoHa kopricTehu kBaHTHe MoHTe Kapno metoae)

Y3 npujaBy TeMe AOKTOpCke AncepraLinje Konernjymy AOKTOPCKUX CTyAwja,
noTpedHo je npnaoxutu cnepeha nokymerra:

1. CemuHapcku papg (oyxuHe 10 10 crpaHuua)
2. KpaTky cTpysHy duorpadujy nicany y Tpehem nuuy jeaHunHe
3. POTOKOMW]Y VHIEKCA CA JOKTORCKKUX CTyAWnja




MoTnnc MeHTopa H &VMJW&
matym | [, 09 0022, MoTnnc cTyaeHTa %W GZ/M

HakoH obpa3snoxersa TeMe AOKTOPCKE AvcepTaumje Konervjym 4OKTOPCKMNX

CTyAnja je Temy
NpUXBaTHNO [% ]

ije npuxeaTmno

datym lMpopekaH 3a Hayky ®usnykor
dakynreTa
/

2’ -Q ﬁ 20 22 CL@Q{(SGG\A/(/{%///

1%




PHYSICAL REVIEW B 101, 155307 (2020)

Electrical control of a spin qubit in InSb nanowire quantum dots: Strongly suppressed spin
relaxation in high magnetic field
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In this paper we investigate the impact of gating potential and magnetic field on phonon induced spin relaxation
rate and the speed of the electrically driven single-qubit operations inside the InSb nanowire spin qubit. We
show that a strong g factor and high magnetic field strength lead to the prevailing influence of electron-phonon
scattering due to deformation potential, considered irrelevant for materials with a weak g factor, like GaAs or
Si/SiGe. In this regime we find that spin relaxation between qubit states is significantly suppressed due to the
confinement perpendicular to the nanowire axis. We also find that maximization of the number of single-qubit
operations that can be performed during the lifetime of the spin qubit requres single quantum dot gating potential.

DOLI: 10.1103/PhysRevB.101.155307

I. INTRODUCTION

Spin of an electron confined in a semiconductor quantum
dot (QD) can act as a carrier of quantum information [1] and a
building block of quantum computers. In order to manipulate
electron spin, usage of the external magnetic [2,3] and electric
[4-6] field was suggested. Although spin control by means
of a magnetic field is straightforward, electrical control of
spin qubit through electric-dipole spin resonance (EDSR) is
technologically more desirable [7-10].

Spin-orbit coupling (SOC) plays an essential role in the
EDSR spin qubit scheme, since it allows transitions be-
tween qubit states using the spin-independent driving, such as
electric-dipole interaction. On the other hand, the presence of
SOC induces undesired phonon mediated transitions between
qubit states [11-21]. In order to suppress the coupling to
phonons, approaches like the optimal design of QDs [22,23]
or the control of system size [24] was suggested.

Relaxation rates are dependent on the full three-
dimensional QD potential, but in most cases contribution
of the confinement along the direction(s) perpendicular to
the substrate in which QDs are embedded can be neglected.
Assuming magnetic fields up to several tesla, this reduction
is justified in material with a weak effective Landé g factor.
A typical example that satisfies this assumption are lateral
GaAs QDs [25], while in the opposite direction lies an InSb
nanowire, having two orders of magnitude stronger g factor
[26]. Having also very strong SOC, spin qubits in InSb
nanowires [27-31] have attracted much attention due to the
observed [28] fast electric-dipole induced transition between
qubit states, whose speed is equal to the strength of Rabi
frequency.

Since both Rabi frequency and phonon induced relaxation
rates are dependent on the magnetic field orientation and
strength, design of the gating potential, and SOC, there is

2469-9950/2020/101(15)/155307(8)
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a wide range of possibility to tune their strength, with the
goal of obtaining as much as possible single-qubit operations
during its lifetime.

In this paper we search for the optimal regime in which
electrical control of the InSb spin qubit can be achieved. We
analyze both single and double quantum dot (DQD) potential
and discuss its positive features and negative drawbacks on the
spin qubit. In the case of double quantum dot potential, there
is the possibility to tune the distance between the dots and to
analyze the effects of the asymmetric gating potential. Also,
we address the situations in which full three-dimensional con-
finement has nontrivial influence on spin relaxation rates. We
will show that scattering by deformation potential dominates
in this regime. Finally, to offer a quantitative insight into the
spin qubit quality, we define a figure of merit as the ratio of
Rabi frequency and the overall spin relaxation rate and discuss
the obtained results in terms of this measure.

This paper is organized as follows. In Sec. II the single-
electron Hamiltonian model of the InSb nanowire is in-
troduced. In Sec. III we start with the definition of Rabi
frequency and phonon induced spin relaxation rate between
spin qubit states. After that, we independently study their
dependence on tunable parameters of the system. Using the
obtained results, quality of the spin qubit is discussed with the
help of the figure of merit as a quantitative measure. In the end
we finish the paper with a short conclusion and the impact of
the presented results.

II. NANOWIRE SPIN QUBIT MODEL

We start with the Hamiltonian describing the electron
confined in an InSb nanowire [30]

p2

2m*

H =

+V(x) + Hyo + H,, ey

©2020 American Physical Society
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FIG. 1. (Upper panel) Nanowire QD—schematic view. Electron
dynamics along the nanowire (x) axis is described by the Hamilto-
nian H, given in Eq. (1). Angle between the nanowire x axis and
magnetic field direction n = (cos @, sin 8, 0) is equal to 6, while the
spin-orbit vector a = (cos ¢, sin ¢, 0) builds an angle ¢ with the x
axis. (Lower panel) Confining potential used in Eq. (1): QD and
DQD potential. In the case of a DQD potential [Eq. (6)] symmetric
confinement is depicted (w, = wg), with distance between the dots
equal to 2d.

where m* is the effective mass, p = —i/id/d, momentum
in x direction, V(x) is the gating potential used to localize
the electron, while Hg, represents the spin-orbit interaction
Hamiltonian consisting of two terms: Dresselhaus [32] and
Rashba [33]. The presence of the Dresselhaus SOC is due to
the material in which an electron is embedded. On the other
hand, Rashba SOC appears when an electric field E in the
z direction is applied (see Fig. 1). In an InSb nanowire, a
spin-orbit interaction Hamiltonian is equal to [30]

Hyo = (aDUx + OlRUy)P’ (2)
where o, and o, are Pauli matrices, while ap and oy are
Dresselhaus and Rashba spin-orbit coupling strengths. Suit-
able change of parameters ag and ap with @ = /o, + o and
¢ = arctan («g/ap) allows us to write Eq. (2) as

Hy, =aa-op, 3)
using the unit spin-orbit vector @ = (cos ¢, sin ¢, 0) and the

vector ¢ made of Pauli matrices. Finally, H, is the Zeeman
term, describing the coupling of spin and magnetic field

HZ = gMBB -0, (4)

where g is the effective Landé factor, wp is the Bohr magneton,
while B = Bn is the applied magnetic field in the plane of
the substrate, building an angle 6 with the growth x axis of
the nanowire (see the upper panel of Fig. 1). In this work a
magnetic field is considered to be in-plane to minimize the
orbital effects [22,34-36]. In Appendix A we have shown that
for B up to 3 T, orbital effects of a magnetic field are small
and can be neglected.

Typical gating that confines a single electron in experi-
mental setups [37] can be modeled as a harmonic oscillator
quantum dot (QD) [38] or double quantum dot (DQD) [29]
potential. Corresponding potentials are equal to (see the lower
panel of Fig. 1 as an illustration)

VL) = Im*e’x?, Q)
VPP () = Im* min{w] (x + d)*, wi(x —d)*}.  (6)

In the case of a QD potential, the only degree of freedom
is the harmonic potential frequency w, while in the DQD case
frequencies w; and wg can be tuned, as well as the distance
2d between the dots. Since DQD potential allows asymmetric
confinement, we introduce asymmetry parameter §, equal to
the ratio of frequencies in the left and right dot, § = wr/wg.
Impact of the DQD confinement will be discussed in terms of
8, 2d, and wg = w (more detailed explanation can be found in
Sec. [ITA).

The Hamiltonian of the electron in different potential types
and magnetic field strengths can be solved using the numerical
diagonalization [39], although perturbative approaches in the
study of spin qubit properties are common [21,27,30]. In this
work we follow the numerical approach; the numerical pro-
cedure used in obtaining the eigenvalues and eigenvectors of
the Hamiltonian given in Eq. (1) is explained in Appendix B.
In order to successfully diagonalize the Hamiltonian, orbital
Xo = «/i/m*® and spin-orbit x,, = /i/m*a lengths are de-
fined. In our calculations we have used m* = 0.014 m, [29],
xo = 30 nm [29], and x,, = 165 nm [40] parameters for both
QD and DQD potentials (recall that wg = w in the DQD case),
related to the experimental reports on InSb nanowires. On the
other hand, we have used g factor in bulk InSb material, g =
—51.3 [41], being in the range of the experimentally reported
values [38,42]. Initial check of the numerical recipe presented
in Appendix B were exact analytical results obtained in the
special case of the infinite square well [43]. In this case we
were able to reproduce the results concerning the angular
dependence of the energy splitting between Zeeman sublevels,
Rabi frequency, and the relaxation rate.

The nanowire Hamiltonian [Eq. (1)] describes the single-
electron dynamics in the x direction only. To ensure the
validity of the one-dimensional approximation and to suppress
the dynamics in the yz plane, a much stronger yz plane
confinement than in the x direction is needed. In this case, a
wave function along both directions, y and z, will correspond
to the respective ground state. To take into the account the wire
geometry of the system, the same confinement length yy =
zo = 10 nm in the y(z) direction is assumed. We model the
confinement potential as harmonic [39], to which the ground

state wave function ¥ (y) = e/ 2y<2>/ V/ A/TYyo corresponds. In
the z direction an additional potential eEz (z > 0; z=10
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corresponds to the position of the substrate) is present due
to the applied electric field. Finally, the substrate acts as an
infinite potential barrier for the confined electron, forbidding
him to propagate in the z < O region [44]. The ground state
¥ (z) of the Hamiltonian in the z direction is found using
the same numerical method as for the Hamiltonian in the x
direction. Thus, the ground state wave function in the yz plane
is equal to W(y, z) = Y (MY (2).

III. EDSR AND SPIN RELAXATION IN NANOWIRE
SPIN QUBIT

In order to achieve electrical control of the nanowire spin
qubit, an oscillating electric field in the x direction should
be switched on, resulting in the Rabi Hamiltonian Hg =
eEyx cos(wgt). When the applied electric field is in resonance
with our quantum system, Rabi frequency €2g; is defined as

Qo1 = ehEI(OIXIl)I, @)
measuring the speed of the single-qubit rotations. In Eq. (7)
states |0) and |1) correspond to the ground and first excited
state of the single electron Hamiltonian H, while e|(0|x|1)|
is the dipole matrix element. We are particularly interested
in the case where qubit states are Zeeman sublevels of the
orbital ground state, since in this regime strength of the Rabi
frequency can be manipulated by changing the magnetic field
orientation [30].

Besides providing the opportunity to electrically control
the spin qubit, SOC triggers the undesired phonon induced
transition between qubit states, setting up a limit on the qubit
lifetime. Rate of spin relaxation can be determined from the
Fermi golden rule

2 .
Lot = —~ Zq |M, (@)1 [{Wole™ ™ |yr1) P8 (AEq — hiwyg).

®)

Transition is triggered by acoustic phonons of energy fiw,q
that correspond to the energy separation between qubit states,
AEy = |Ey — E;|. We assume a linear dispersion relation of
acoustic phonons with respect to the intensity of wave vector
q, Wyq = ovlql, yle]dlng lq] = AEOl/hclw

Next, three different geometric factors |M, (q)|?> entering
spin relaxation rates originate from different types of electron-
phonon scattering: electron-longitudinal phonon scattering
due to the deformation potential [45]

2
IMya—pp(Q)> =

, 9
YN lql €))

electron-longitudinal phonon scattering due to the piezoelec-
tric field [45]

3272 li(ehi4)* (39:4yq:)*
\Ma—pz(@)I = — = (10)
€“pcLaV lq]
where hy4 is piezoelectric constant, and electron-transverse
phonon scattering due to the piezoelectric field [45]

3272 i(ehys)>

|Mra—pz(Q)|* = 2

€2pcaV
Gd + GRE+ 4G (3qqyq.)?
= (T}
lql lq|

Finally, spin relaxation rates are dependent on the tran-
sition matrix element |(|e4T|v/;)|> which depends on
the full three-dimensional confinement. In order to divide
the contribution of confinements along the nanowire axis
and the yz plane, we write the transition matrix element
as [(0]e"*|1)|?|T;. |, where |(0]e’*|1)|? is the contribution
along the nanowire direction, while

) 2
Tl = | f / dydz|W(y, 7)€ 4 (12)

represents scattering in a plane perpendicular to the nanowire
axis.

The role of |Ty,|* in the spin relaxation rate depends on
the regime in which spin qubit operates. At low magnetic
fields, when |q|zo < 1 and |q|yy < 1, dipole approximation
€9t ~ 1 +iq-r is valid [22] and |Tyz|2 can be replaced
with (1 + |q|*z} cos? ) ~ 1, implying that one-dimensional
approximation is justified. However, at higher magnetic fields,
dipole approximation is not valid and confinement in the yz
direction can play a significant role. To determine its role in
the spin relaxation rate, we have numerically calculated |TyZ|2
beyond the dipole approximation.

Magnetic field strengths for which the system operates out-
side of the dipole approximation (|q|yyp = 1) can be roughly
estimated; assuming energy separation between qubit states
proportional to gupB, Fermi golden rule determines phonon
wave number |q| = gugB/(hc;), where c o = 3800 m/s
[46] and c1a = 1900 m/s [47], giving us magnetic field
strengths for the electron-phonon scattering in the longitudi-
nal (0.084 T) and transverse (0.042 T) direction above which
we are outside of the dipole approximation.

Before we continue, we provide necessary param-
eters for the calculation of the spin relaxation rate:
ehyy = 1.41 x 10° eV/m [45], e =16.5, D=7 eV [48],
o = 5775 kg/m? [49].

A. Rabi frequency

We start the discussion of obtained results with the analysis
of Rabi frequency dependence on the parameters of interest.

In Fig. 2(a), dependence of 2; (in eEpxo/h units) on
0 — ¢ and magnetic field strength is presented for the QD
confinement potential. Our results confirm the expected 7
periodic behavior with respect to 8 — ¢ [30]. Depending
on the magnetic field strength, results can be divided into
two classes. In the first class qubit states represent Zeeman
sublevels of the orbital ground state; in this regime zero Rabi
frequency can be found for special magnetic field orientations
(0@ — ¢ =0, ), since these qubit states have orthogonal spin
components. In the second class, magnetic field strengths have
led to rearrangement of energy levels, such that qubit states
originate from the ground and the first excited orbital state.
In this situation, an orbital qubit is constructed, with a very
weak dependence of €y on 8 — ¢ (20 # 0 in the orbital
qubit regime for any 6 — ¢). Critical magnetic field value B,
of spin to orbital qubit transition is almost independent on
0 — ¢ and can be easily determined from the eigenspectrum
analysis. Alternatively, for & — ¢ = 0, 7, abrupt switch of €,
from zero to the nonzero value at B, is a fingerprint of the
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FIG. 2. (a) Dependence of Rabi frequency QOQID (in eEpxo/h
units) on 8 — ¢ € (0, 7) and B € (0,3) T for QD gating potential.
(b) In the case of DQD confinement, dependence of B. on the
asymmetry parameter § € (1, 5) and distance between the dots 2d €
(30,120) nm is given. (c) Dependence of the ratio Q(?IQD/Q(?P
on 6 — ¢ € (0.05,0.95)7 and magnetic field strengths B = 0.01 T,
B=0.05T, and B=0.08 T is presented for the symmetric DQD
potential; distance between the dots is equal to 2d = 120 nm. For
the same angle range and magnetic field values QOQID in eEyxo/h units
is presented.

transition. In the case of the QD potential, we extract the
critical magnetic field value B, ~ 2.04 T.

Gating with DQD potential gives a qualitatively similar
dependence of € on B and 6 — ¢. Being interested in
the qualitative comparison of the impacts of QD and DQD
potentials, we first establish a basis for comparison between
them. To this end, we assume the same frequency of the QD
potential and the right dot of the DQD potential, @ = wg, and
vary the asymmetry parameter § and the distance between
the dots 2d. For highly asymmetric DQD confinement and the
large interdot distance, the electron will reside on only one
dot, i.e., this potential is effectively the same as the single
QD potential. The qualitative similarity of the single and
double QD potential is checked through the comparison of
the probability density of the ground and first excited state
(qubit states); similar probability density profiles of the qubit
states directly correspond to the similar Rabi frequency values
of the two systems. Using the numerical comparison of the
probability densities and the Rabi frequency in the case of QD
and DQD potential, it can be concluded that for 2d > 120 nm
and § > 5 there is no effective difference between the results
arising from two potentials. In other words, one should use
8 < 5and 2d < 120 nm to test the genuine effects of the DQD
potential.

Figure 2(b) depicts the dependence of B, in the DQD case
ond € (1,5) and 2d € (30, 120) nm. When compared to the
B, value in the QD case, drastically lower values are found,
especially in the case of symmetric confinement with well

separated left and right QD. As an example, critical magnetic
field value B, ~ 0.085 T for the symmetric DQD confinement
with 2d = 120 nm is roughly 24 times smaller than in the QD
case.

Lower B, for the symmetric DQD confinement is followed
by at most factor 3 increase of £2;(BP?P), when compared to
Q01(BP). This slight increase, followed by lower B, below
which symmetric DQD operates, indicates a steeper rise of
Rabi frequency for symmetric DQD confinements and the
possibility to induce an even bigger difference between QODIQD

and Q(?ID for the optimal magnetic field configuration. To
investigate this possibility, we have performed a numerical
analysis of the Rabi frequency ratio QEIQD / QSID for a wide
range of DQD confinements and different magnetic field
strengths /orientations, such that both systems operate as spin
qubits. Our results confirm that symmetric DQD confinement
maximally enhances this ratio when operating at magnetic
field strengths close to B, for the DQD potential, while the
field orientation should be chosen such that & — ¢ is close
to 0 or 7. In order to illustrate this conclusion, in the left
panel of Fig. 2(c) we present the ratio leQD / Q(?ID for 2d =
120 nm and § = 1 in the DQD case, assuming field orienta-
tions 8 — ¢ € (0.05, 0.95)7 and magnetic field strengths B =
0.01T, B=0.05T, and B = 0.08 T (BP? ~ 0.085 T for this
setup). Since angles 6 — ¢ = 0, w should be excluded from
the analysis because they correspond to zero Rabi frequency,
we have restricted our plotsto a 8 — ¢ re%ion smaller than
[see the right panel of Fig. 2(c) for the 98] values], obtaining
the highest ratio of around 800. It should be noticed that for
angles closer to 0/ even bigger ratios (10*) can be obtained,
but at the cost of lowering the value of Rabi frequency.

B. Spin relaxation

Another important component for determining spin qubit
quality is the spin relaxation rate. Similarly as Rabi fre-
quency, ['g; is dependent on the magnetic field and gating
potential. However, I'g; can be additionally dependent on the
confinement in yz plane. In order to compare the influence
of three-dimensional confinement with the confinement along
the nanowire axis solely, we define one-dimensional approx-
imation of the relaxation rate Fé? by changing the transition
matrix element |(vg|e’dT|yr;)|? with |(0]e*|1)|? in Eq. (8).

It has been known that in lateral GaAs QDs spin relaxation
rates are dominated by piezoelectric field [50,51]. In our case,
we wish to analyze the influence of each relaxation channel;
thus, the overall spin relaxation rate will be divided into three
contributions:

Tt = TG~ + TG + T, (13)

each dependent on a different geometric factor, see
Egs. (9)-(11).

Before presenting the numerical results, conclusions inde-
pendent on the choice of gating potentials are provided. First,
I"'g1 shows oscillatory dependence on the 6 — ¢ angle, being
equal to zero for 6 — ¢ = 0, w and reaching the maximum
for & — ¢ = /2 in the spin qubit regime [21]. Second, for
weak magnetic field strengths (B < 0.1 T), piezoelectric fields
dominate relaxation rates. At the same time, yz confinement
can be ignored.
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FIG. 3. (a) Dependence of the relaxation rates on the magnetic
field strength B € (0.1,2) T for & — ¢ = m /2. Red circles represent
the contribution of deformation potential in the scattering rates, while
inverted pink (blue) triangles show the contribution of piezoelectric
field for the electron-phonon scattering in the transverse (longitu-
dinal) direction. Finally, black squares represent relaxation rates in
the one-dimensional approximation, in which the contribution of
the confinement perpendicular to the nanowire axis is neglected.
(b) Dependence of I'y; on the magnetic field strength B € (0.1, 1.5) T
in the case of QD and DQD confinement potential. Magnetic field
orientation is chosen such that 6 — ¢ = 0.057. In the DQD case,
the distance between the dots is set at 90 nm, while the asymmetry
parameter is varied.

To explore a new type of behavior accessible in InSb spin
qubits, we focus our attention on stronger magnetic fields and
investigate its impact on each relaxation channel and one-
dimensional approximation of the total relaxation rate I'}P.
We start from the QD potential. In Fig. 3(a), dependence of
relaxation rates on B € (0.1, 2) T for the fixed angle 6 — ¢ =
/2 is given [52]. Red circles represent the contribution of
deformation potential, pink inverse (blue) triangles denote the
impact of piezoelectric field in the electron-phonon scattering
along the transverse (longitudinal) direction. Graphs show
that relaxation rate I‘&A—PZ can safely be ignored, while
I§AP and T'J* " have nontrivial influence on I'g;. For
weak magnetic fields Fg{\’PZ term is dominant, while for
large magnetic fields F(%IA_DP should be considered solely
[39]. A different influence of T'gi "% and I'§{PF lies in
the opposite behavior of the corresponding geometric factors:
|Mra—pz(Q)I* [IMLA-Dp(q)I*] is inversely (directly) propor-
tional to the energy splitting between the Zeeman levels and
decreases (increases) with the magnetic field rise.

Contribution of the yz plane confinement on the spin relax-
ation rate can be determined by comparing the I'}P with relax-
ation rate channels. The comparison is illustrated in Fig. 3(a),
clearly demonstrating that one-dimensional approximation of
the spin relaxation rate is valid only for weak magnetic fields,
below 0.1 T. At higher fields, due to the strong g factor
of the InSb material, both |q|yy and |q|zp are greater than
one, triggering the effects of the yz plane confinement for
each relaxation rate channel. Thus, suppressed spin relaxation
represents a fingerprint of a material with a strong g factor.

In the case of DQD potentials, dependence of B, on the
form of gating presents a serious limitation on the regimes that
can be accessed. For example, if the B, value is sufficiently
weak, B, < 0.1T, the spin qubit operates under the dominant
influence of the piezoelectric field. A strong magnetic field
regime is beneficial for spin qubit operation due to strong Rabi
frequency and suppressed spin relaxation. In order to operate
in this regime, asymmetric DQD potential should be used. To
compare the influence of QD and DQD potential on Iy, in
Fig. 3(b), we plot the dependence of the spin relaxation rate in
the case of QD and DQD confinement on the magnetic field
strength B € (0.1, 1.5) T, assuming 6 — ¢ = 7 /2 and 2d =
90 nm. Besides the symmetric § = 1 confinement, asymmetric
DQD confinements (§ = 2,3) were analyzed as well. The
presented results show that DQD gating leads to increased
relaxation rates, when compared to the QD potential. This dif-
ference is minimized for highly asymmetric gating potentials.
Note that B independent I'y; values suggest that orbital qubit
is created: energy difference between the states with the same
spin component (representing the orbital qubit states in our
case) is independent on B and triggers phonons on the same
energy, leading to the observed effect. Consequently, these
points should be excluded from the spin qubit analysis.

Finally, we emphasize that in the special case of the asym-
metric DQD potential with § = 1.5 a similar trend of the spin
relaxation rate is ascertained [21], i.e., after the increase of the
spin relaxation rate in the dominant regime of the piezoelectric
field, suppression of spin relaxation is observed, followed by
the increase up to magnetic field independent saturation value
[see the green triangles in Fig. 3(b) as a comparison].

C. Spin qubit quality

Quantitative estimate of the spin qubit quality can be given
with the help of the figure of merit & [22],

Qo
I‘01 +F0’

measuring the number of qubit operations that can be imple-
mented during the qubit lifetime. In Eq. (14) T', represents
relaxation rate of decay channels different from phonons. To
divide the contribution of phonons from them, we rewrite £ in
terms of the phonon figure of merit &, = €291/I'o; and relative
influence of other channels with respect to phonons I'y/T¢;.
Thus,

3 (14)

Eph

= —_—— 15
=i (15)

We first analyze &, for the QD confinement. Neglect-
ing the weak magnetic field regime [53], in Fig. 4 we
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FIG. 4. For the QD confining potential, dependence of the fig-
ure of merit EI%D (given in dimensionless unit 7.25 § x Eo) and
Rabi frequency (in eEpxo/h units) on the relative angle 0 — ¢ €
(0.05, 0.95)r and magnetic field strength B € (0.1, 2) T is presented.

present the dependence of §§1D onBe€(0.1,2)Tand 8 — ¢ €
(0.05, 0.95)rr. The restricted & — ¢ domain plotted is due to

the a priori exclusion of 6§ — ¢ = 0, r values (F(%D =0 in

these situations). Plots show that to maximal value of & QhD
correspond relative angles 8 — ¢ = 0.057, 0.95. This result
suggests that for & — ¢ closer to 0 or 7w than presented even
bigger £op values can be obtained, at the cost of lowering the

Rabi frequency. In other words, Fng has a steeper decline to

zero than Q(?ID , when 6 — ¢ goes from /2 to 0 or 7.

Magnetic field orientation isotropy of I', [51] implies that
shift from 6 — ¢ = 7 /2 increases I',/ F(?ID also. Thus, in order
to maximize &, optimization of both ESP and FO/F(?ID is
needed. Since at high magnetic fields phonon induced relax-
ation dominates [51], deviation of 8 — ¢ from 7 /2 improves
the spin qubit quality until ',/ I‘(?ID drops below 1. This sets
up the optimal magnetic field orientation.

Finally, we compare the impacts of DQD and QD poten-
tials on the spin qubit quality. As discussed in Sec. III A,
Rabi frequency in the DQD case can be three orders of
magnitude greater than in the QD case. Enhanced Rabi fre-
quency suggests that SOC effects are more pronounced; thus,
phonon induced spin relaxation rate should be enhanced.
When compared to the QD case, an increase of F(])DIQD followed

by the negative trend of SngD ensures that spin qubit quality
decreases; symmetric DQD confinements give the poorest
results, while highly asymmetric DQD potentials provide
similar values as for QD gating.

IV. CONCLUSIONS

We have investigated the influence of gating potentials,
magnetic field strength and orientation on Rabi frequency
and spin relaxation rate in a single electron InSb nanowire
spin qubit. Due to the strong Landé g factor, we were able
to show that InSb spin qubit can operate in the regime in
which deformation potential of acoustic phonons dominate
relaxation rate. Qualitatively new behavior of spin relax-
ation rate comes from the confinement perpendicular to the
nanowire axis, offering a new regime in which spin qubit
can successfully operate. We have shown that gating potential
has a crucial role in enabling such a situation, additionally
pointing out simple harmonic potential as beneficial for the
optimal definition of a spin qubit. Although presented for InSb

nanowire spin qubits, conclusions remain valid for spin qubits
in other materials with a strong g factor. Thus, modifications
of g due to different effects, e.g., strong in-plane magnetic
field [54], do not interfere with the conclusions stated in this
work.

ACKNOWLEDGMENTS

This research was funded by the Ministry of Education,
Science, and Technological Development of the Republic of
Serbia under projects ON171035 and ON171027 and the
National Scholarship Programme of the Slovak Republic
(ID 28226).

APPENDIX A: DERIVATION OF THE EFFECTIVE
ONE-DIMENSIONAL HAMILTONIAN

Here we derive the effective one-dimensional Hamiltonian
H of the electron in an InSb quantum wire, by averag-
ing the three-dimensional kinetic energy term 73p and two-
dimensional spin-orbit Hamiltonian H2P over y and z direc-
tion. Thus, we start from the three-dimensional Hamiltonian

Hip = Typ + V(x) + HyY + Hy, (A1)
where Tsp = 3, P?/2m* (P; = p; + €Ay),
HszoD = O‘R(ngy - Pyax) + ap(Poyx — PyUy)7 (A2)

while V(x) and H, are the gating potential and the Zeeman
term, defined in Eq. (4) and Eqs. (5) and (6), respectively. The
choice of the vector potential components A, = —Bzsin6,
A, =0,A, = —Bycos# is such that it corresponds to the ap-
plied in-plane magnetic field B = B(cos 6, sin 6, 0). After av-
eraging the kinetic energy operator over the y and z direction
using the ground state wave function W(y, z) = ¥ (y)¥ (z), we
get

{(p; — eBycos§)?)

> . 2
P> eB(z)sinf (py)
T) = -
{T) 2m* m* Pxt 2m* 2m*
2B2 sin? 9 (72
2m*

In the previous equation, only the first and second term affect
the dynamics in the x direction, while all terms in the square
brackets can be considered the constant shift of energy and,
therefore, can be neglected.

Next, effective one-dimensional spin-orbit interaction
Hamiltonian is equal to

(Hyo) = ar((px — eB{(z) Sine)gy - (p}*>6x)
+ap((px — eB(z) sin6)o, — (py)oy)

= (px — eB(z) sin0)(agoy + apoy), (A4)

where we have used the fact that expectation value of the
momentum py, (py) = [0 W*(y, 2)pyW(y, 2), is explicitly
equal to zero.

A further simplification of the effective Hamiltonian can be
made by neglecting the term eB(z) sin 0 p,/m* from Eq. (A3)
and eB(z) sin 6 from Eq. (A4). Assuming that intensity of p,
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is proportional to 7i/x(, magnetic field dependent terms can be
neglected if the relation

h
— > eB(7)
Xo

(A5)

is satisfied. More concretely, when the 7/xy is for a factor of
10 stronger than the magnetic field dependent term, orbital
effects of the magnetic field are small and can be discarded.
In our calculations, the magnetic field strengths of interest are
up to 3 T, yielding the relation for the z expectation value

h

) <0l ————
@ < exo x 3T

(A6)

that has to be satisfied to successfully operate in this regime.
As discussed in Sec. II, the wave function ¥ (z) is dependent
on the strength of the applied electric field E: with the
increase of the electric field strength (z) increases. In other
words, the strength of the electric field is limited from above.
Numerical estimate for the critical value of electric field is
6.5 x 10% V/m, going to be used in our numerical calcula-
tions. Under these assumptions, the effective one-dimensional
Hamiltonian resembles the one defined in Eq. (1), used in the
rest of the paper.

APPENDIX B: NUMERICAL SOLUTION OF THE
ONE-DIMENSIONAL SCHRODINGER EQUATION

In order to find eigenvectors and eigenenergies of the
Hamiltonian H, given in Eq. (1), numerical diagonalization
is performed. After defining orbital and spin-orbit lengths as
xo and x5, = hi/ma, respectively, such that x = xou, where u
is dimensionless variable, H can be written in the following
form:

h2
———H,eq. B1
G d (B1)

H =
Eigenvectors of H are the same as of H,.q, while eigenvalues
of H and Hyq differ for the factor #%/ 2m*x3, having the energy
units. The benefits of using H,¢q instead of H stems from the
transfer into dimensionless units, more suitable for numerical
manipulation. The concrete form of H,eq is equal to

d2 . X0 d
—2i—a-. o + Verr(u) + gesgn - 0, (B2)

B = =2 ™

where gt and Vg (u) are effective Landé factor and effective
potential, respectively,

*..2
2m*xg

m*xzuBB
— 2, Ver(w) = )

72
while vectors a and n are spin-orbit and magnetic field unit
vectors, respectively, defined in the main text. The form of
effective potential depends on the choice of gating potential
(5) and (6), while effective Landé factor is linearly dependent
on the magnetic field strength B.

To numerically solve the eigenproblem of H.q4, orbital
space is discretized with an uniform grid. First and second
derivative of a wave function are approximated by finite
difference uniform grid formulas [55]

dyw) Y4 43 Yo

du  280h 105h ' 5Sh Sh

Zett = & V (xou), (B3)

Vs s Y 4 g
. _ 2 ML og®), B4
280h+ 105h  5h + 5h + O (B
>y ) Y N 8y 3 Yo 8y 205y
du> ~  560h2  315h2 5h? 5h? T2h2
8 8
Vi BB Lot @)

© 560K2 ' 315K SK2 ' 5K?

with accuracy to the 4® order, where / is the uniform grid step.
By definition, 1, = ¥ (u & nh) represent wave functions
shifted in the left/right (—/+) direction of the coordinate
space for nh.

Uniform grid formulas allow us to represent the Hamilto-
nian as a square matrix. Effective potential is represented as
a diagonal matrix, while matrix representation of the first and
second order derivative have nondiagonal terms in addition.
Since Hq4 is dependent on spin degrees of freedom also,
the orbital part of the Hamiltonian is trivially extended in
the spin space. Also, the Zeeman Hamiltonian is trivially
extended in the orbital space, while the matrix form of the
spin-orbit Hamiltonian is obtained as a tensor product of the
first derivative matrix and spin Hamiltonian a - 0.

In the QD case, harmonic potential is centered at u = 0,
while in the case of DQD potential numerical calculations
assumed each QD center range from u = £1/2 to u = £2.
We have checked that for all studied situations the choice of u
from the interval (—8, 8) is enough to capture the smooth de-
cline of the orbital wave function to O at u = %8. Also, the di-
vision of the orbital space into N = 2000 parts was enough to
ensure convergence of the results, i.e., for the increase of N to
4000 the relative difference between the results is below 1074,
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Electron-phonon (e-ph) interaction is responsible for majority of transport phenom-
ena in condensed matter. In this work, we consider the short-range (localized) e-ph
interaction described by the Holstein Hamiltonian. We develop numerically exact
path integral Monte Carlo (PIMC) methods to obtain current-current correlation
functions (CFs) and polaron mobility of one-dimensional Holstein model.

Generally, several challenges need to be overcome to reliably calculate dynamical
properties using the PIMC methods. First one is the dynamical sign-problem of
real time CFs which can be eliminated by doing calculations in imaginary time and
then analytically continuing to real time. The other challenge is that there is not
a reliable method for analytic continuation of numerically obtained values. We
overcome these limitations by combining real time and imaginary time calculations
with singular value decomposition method for analytical continuation.

For weaker e-ph interaction strengths we were able to calculate CFs in real time
for a range of temperatures by using a Monte Carlo algorithm derived from mo-
mentum representation of electronic degrees of freedom and coordinate represen-
tation of phonons. For stronger interactions such an algorithm leads to a significant
sign-problem for longer times and better results are obtained by using a different
algorithm. This algorithm is derived from site representation of electronic degrees
of freedom and coordinate representation of phonons. The phonon coordinates are
then integrated out analytically and Monte Carlo summation over electronic states
is performed. In the case of stronger interactions, where real time calculations can-
not be used to obtain CFs at longer times, doing analytic continuation of both real
time and imaginary time data gives much better results. The methods described
enabled us to calculate polaron mobility for a range of temperatures and e-ph inter-
action strengths.
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