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Стручна биографија Андријане Шолајић 

  

Андријана Шолајић је рођена 1991. године у Београду, где је завршила Математичку гимназију 
2010. године. Дипломирала је на одсеку за Физичку електронику на Електротехничком 
факултету Универзитета у Београду, на смеру Наноелектроника, оптоелектроника и ласерска 
техника, са просеком 8.26. Дипломски рад под називом „Електронска структура напрегнутих 
графенских нанотачака“ одбранила је са оценом 10 у јуну 2016. године.   

Исте године уписује мастер студије на Електротехничком факултету Универзитета у 
Београду, на модулу Наноелектроника и фотоника. У септембру 2017. године одбранила је 
мастер тезу под називом “Одређивање електронских и фононских својстава графена допираног 
стронцијумом и итербијумом ДФТ методом”, чиме завршава мастер студије са просечном 
оценом 10.0.  Мастер рад је комплетно урађен у Центру за физику чврстог стања и нове 
материјале, Института за физику у Београду, у  групи проф. др Радоша Гајића, под ко-
менторством др Јелене Пешић.   

У октобру 2017. године уписује докторске студије из Физике кондензоване материје и 
статистичке физике, на Физичком факултету Универзитета у Београду, од када волонтира у 
Центру за физику чврстог стања и нове материјале, Института за Физику Београд, у 
Лабораторији за графен, друге 2Д материјале и уређене наноструктуре. 

У оквиру свог доктората, Андријана се бави истраживањем особина нових слојевитих и 2Д 
материјала помоћу аб-инитио прорачуна, на бази теорије функционала густине, под 
менторством др Јелене Пешић.  До сада је коаутор три публикације у међународним 
часописима, као први аутор једне и други аутор на две публикације.  

 

 

 

 



Преглед научне активности Андријане Шолајић 

 

Андријана Шолајић се у свом научном раду бави истраживањем особина нових 
слојевитих и 2Д материјала помоћу ab-initio прорачуна, базираних на теорији функционала 
густине, са фокусом на електронске особине и динамику решетке оваквих структура. Теорија 
функционала густине је данас једна од најпопуларнијих унмеричких метода за моделирање 
материјала, заснована на законима квантне механике. Резултати добијени овим методом се 
углавном добро слажу са експерименталним резултатима, и користе се како за објашњење и 
потврду експерименталних резултата, тако и за предвиђање нових материјала и њихових 
својстава. . 

Током мастер студија, Андријана је мастер тезу урадила у Центру за чврсто стање 
Института  за физику у Београду, под коменторством др Јелене Пешић. Током израде мастер 
тезе бавила се истраживањем електронских и вибрационих особина допираног графена. 
Графен, као први прави дводимензиони материјал, поред неизмерне теоријске вредности, 
отвара могућност за широк спектар примена у различитим областима. Допирање графена је 
створило могућност за манипулацију његових својстава, при чему је допирање адатомима 
посебно погодно јер је кристална структура графена у равни очувана, а могуће је постићи 
висок степен допирања и контролисати Фермијев ниво. У мастер раду, посебно су 
анализирани ефекти допирања адатомима стронцијума и итербијума, по узору на 
интеркалирани графит, као и њихов утицај на електронска и вибрациона својства. Показано 
је како ови допанти мењају електронску и фононску структуру, као и да под њиховим 
утицајем долази до значајног повећања густине стања на Ферми нивоу. Резултати овог 
истраживања су објављени у истакнутом међународном часопису.  

Током докторских студија, у фокусу истраживачког рада Андријане Шолајић је 
испитивање особина нових слојевитих и 2Д материјала, путем ab-initio прорачуна. Од оваквих 
слојевитих материјала, због своје структуре, услед ван дер Валсових веза, ексфолијацијом се 
лако могу добити монослојеви, што их уз њихова различита својства чини погодним за 
примене у наноелектроници, оптоелектроници и спинтроници. У досадашњем раду, 
учествовала је у истраживању два оваква материјала, CrI3, из фамилије хром-трихалида, као 
трихалкогенида CrSiTe3, који припадају слојевитим полупроводничким материјалима са 
феромагнетним уређењем. Андријана је током ових истраживања, уз помоћ теорије 
функционала густине анализирала вибрациона својства ових структура.  Резултати добијени 
нумеричким прорачунима, показали су добро слагање са експерименталним резултатима 
добијеним од стране коаутора проистеклих радова и помогли у тумачењу експерименталних 
резултата. У оквиру истраживања везаног за 2Д материјале, испитивала је механичке и 
еластичне особине монослоја магнезијум-диборида, који је због својих електричних, као и 
суперпроводних својстава привукао велику пажњу. Тренутно се бави теоријским 
разматрањем допирања вишеслојних флекица графена добијених ЛПЕ методом. Андријана 
Шолајић учествује и у истраживању у оквиру пројекта билатералне сарадње између Србије и 
Аустрије у периоду 2018-2020. године, на теми “Моделовање и мерење фазних прелаза и 
оптичких особина код перовскита”.  
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Evidence of spin-phonon coupling in CrSiTe3
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We present Raman scattering results on the layered semiconducting ferromagnetic compound CrSiTe3. Four
Raman-active modes, predicted by symmetry, are observed and assigned. The experimental results are supported
by density functional theory calculations. The self-energies of the A3

g and the E3
g symmetry modes exhibit

unconventional temperature evolution around 180 K. In addition, the doubly degenerate E3
g mode shows a clear

change of asymmetry in the same temperature region. The observed behavior is consistent with the presence of
the previously reported short-range magnetic order and strong spin-phonon coupling.

DOI: 10.1103/PhysRevB.98.104306

I. INTRODUCTION

Trichalcogenides CrXTe3 (X = Si, Ge) belong to a rare
class of quasi-two-dimensional semiconducting materials
with a ferromagnetic order, band gaps of 0.4 eV for Si and
0.7 eV for Ge compounds, and Curie temperatures (TC) of
32 and 61 K, respectively [1–6]. Because of their layered
structure, due to van der Waals bonding, they can be exfoliated
to mono- and few-layer nanosheets, which, together with
their semiconducting and magnetic properties, make an ideal
combination for applications in optoelectronics and nanospin-
tronics [7–11]. This was further supported by the observation
of giant resistivity modulation of CrGeTe3-based devices [12].

From an x-ray diffraction study [1], it was revealed that
CrSiTe3 crystals are twined along c axes, the thermal expan-
sion is negative at low temperatures, and the thermal conduc-
tivity shows strong magnon-phonon scattering effects. A very
small single-ion anisotropy favoring magnetic order along c

axes and spin waves was found in CrSiTe3 by elastic and
inelastic neutron scattering [13]. Spin-wave measurements
suggest the absence of three-dimensional correlations above
TC, whereas in-plane dynamic correlations are present up to
300 K. First-principles calculations suggested the possibility
of graphenelike mechanical exfoliation for CrXTe3 (X = Si,
Ge) single crystals with conserved semiconducting and ferro-
magnetic properties [14]. The exfoliation of CrSiTe3 bulk to
mono- and few-layer two-dimensional crystals onto a Si/SiO2

substrate has been achieved [15] with a resistivity between
80 and 120 K, depending on the number of layers. Critical
exponents for CrSiTe3 were also determined from theoretical
analysis [16].

Spin-phonon coupling in CrGeTe3 was investigated in
Raman scattering experiments [17]. Splitting of the two
lowest-energy Eg modes in the ferromagnetic phase has been
observed and ascribed to time-reversal symmetry breaking by

*nenadl@ipb.ac.rs

the spin ordering. Furthermore, the significant renormaliza-
tion of the three higher-energy modes’ self-energies below TC

provided additional evidence of spin-phonon coupling [17].
The external pressure-induced effect on lattice dynamics and
magnetization in CrGeTe3 has also been studied [18].

The Raman spectrum of CrSiTe3 single crystals was re-
ported in Ref. [1], where three Raman-active modes have been
observed. Similar results have also been presented in Ref. [15]
for ultrathin nanosheets of CrSiTe3. Here, we report a Raman
scattering study of CrSiTe3 single crystals, with the main
focus on phonon properties in the temperature range between
100 and 300 K. Our experimental results are qualitatively
different from those previously reported [1,15] but consistent
with the results obtained for CrGeTe3 [17,18]. Furthermore,
our data reveal the asymmetry of the E3

g mode, which is
suppressed at higher temperatures. The A3

g and E3
g symmetry

modes exhibit nonanharmonic self-energy temperature depen-
dence in the region around 180 K, related to the strong spin-
lattice interaction due to short-range magnetic order [1]. Ener-
gies and symmetries of the observed Raman-active modes are
in good agreement with theoretical calculations.

II. EXPERIMENT AND NUMERICAL METHOD

Single crystals of CrSiTe3 and CrGeTe3 were grown as
described previously [19]. For a Raman scattering experi-
ment, a Tri Vista 557 spectrometer was used in the backscat-
tering micro-Raman configuration with a 1800/1800/2400
grooves/mm diffraction grating combination. A coherent
Verdi G solid-state laser with a 532-nm line was used as the
excitation source. The direction of the incident (scattered)
light coincides with a crystallographic c axis. Right before
being placed in the vacuum, the samples were cleaved in
the air. All measurements were performed in a high vacuum
(10−6 mbar) using a KONTI CryoVac continuous-helium-flow
cryostat with a 0.5-mm-thick window. Laser-beam focusing
was achieved through a microscope objective with ×50 mag-
nification, a spot size of approximately 8 μm, and a power

2469-9950/2018/98(10)/104306(7) 104306-1 ©2018 American Physical Society
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TABLE I. Calculated and experimental crystallographic lattice
parameters for CrSiTe3 (|a| = |b|), bond lengths, interlayer distance
(d), and van der Waals (vdW) gap.

CrSiTe3 Calculation (Å) Experiment (Å) [20]

a 6.87 6.76
c 19.81 20.67
Si-Si 2.27 2.27
Si-Te 2.52 2.51
Cr-Te 2.77 2.78
d 6.86 6.91
vdW gap 3.42 3.42

<2 mW on the surface of a sample. All spectra were corrected
for the Bose factor.

Density functional theory calculations were performed
in the Quantum Espresso software package [21], using the
PBE exchange-correlation functional [22], PAW pseudopo-
tentials [23,24], and energy cutoffs for wave functions and
the charge density of 85 and 425 Ry, respectively. For k-point
sampling, the Monkhorst-Pack scheme was used, with a �-
centered 8 × 8 × 8 grid. Optimization of the atomic positions
in the unit cell was performed until the interatomic forces
were minimized down to 10−6 Ry/Å. In order to obtain
the parameters accurately, treatment of the van der Waals
interactions was included using the Grimme-D2 correction
[25]. Phonon frequencies were calculated at the � point

within the linear response method implemented in Quan-
tum Espresso. Calculated crystallographic properties obtained
by relaxing the structures are in good agreement with x-
ray diffraction measurements [20]. A comparison between
our, calculated, and experimental results is presented in
Table I.

III. RESULTS AND DISCUSSION

A. Polarization dependence

CrSiTe3 crystallizes in the rhombohedral crystal structure,
described by R3 (C2

3i) [26]. Wyckoff positions of atoms,
together with each site’s contribution to phonons at the � point
and corresponding Raman tensors, are listed in Table II. The
phonon mode distribution obtained by factor-group analysis
for the R3 space group is as follows:

�Raman = 5Ag + 5Eg,

�IR = 4Au + 4Eu,

�Acoustic = Au + Eu.

Since the plane of incidence is ab, where |a| = |b| [�(a, b) =
120◦], and the direction of light propagation is along c axes,
from the selection rules, it is possible to observe all Raman-
active modes, i.e., five Ag modes and five doubly degener-
ate Eg modes. According to the Raman tensors presented
in Table II, Ag symmetry modes are observable only in
the parallel polarization configuration, whereas Eg symmetry

TABLE II. (a) Type of atoms, Wyckoff positions, each site’s contribution to the phonons at the � point, and corresponding Raman tensors
for the R3 space group of CrSiTe3. (b) Phonon symmetry, calculated optical phonon frequencies at 0 K, and experimental values for Raman-
active (at 100 K) and infrared (IR)-active (at 110 K) [1] CrSiTe3 phonons.

(a) Space group R3 (No. 148)

Atom(s) (Wyckoff positions) Irreducible representations

Cr, Si (6c) Ag + Eg + Au + Eu

Te (18f ) 3Ag + 3Eg + 3Au + 3Eu

(b) Raman tensors

Ag =
⎛
⎜⎜⎜⎝

a 0 0
0 b 0
0 0 c

⎞
⎟⎟⎟⎠ E1

g =
⎛
⎜⎜⎜⎝

c d e

d −c f

e f 0

⎞
⎟⎟⎟⎠ E2

g =
⎛
⎜⎜⎜⎝

d −c −f

−c −d e

−f e 0

⎞
⎟⎟⎟⎠

Raman active IR active [1]

Calc. Expt. Calc. Expt.
Symmetry (cm−1) (cm−1) Symmetry (cm−1) (cm−1)
A1

g 88.2 – A1
u 91.8 91.0

E1
g 93.5 88.9 E1

u 93.7 –

E2
g 96.9 – A2

u 116.8 –

E3
g 118.3 118.2 E2

u 117.1 –

A2
g 122.0 – A3

u 202.4 –

A3
g 148.0 147.4 E3

u 206.2 207.9

A4
g 208.7 – A4

u 243.7 –

E4
g 219.5 217.2 E4

u 365.8 370.4

E5
g 357.4 –

A5
g 508.8 –
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FIG. 1. Raman spectra of CrSiTe3 single crystals measured at
100 K in (a) parallel and (b) cross polarization configurations. The
gray line represents the TeO2 spectrum measured at 300 K. Inset:
Raman spectrum of CrGeTe3 in the parallel polarization configura-
tion measured at 100 K.

modes can be expected to appear for both in-parallel and cross
polarization configurations.

The Raman spectra of CrSiTe3 for two main linear po-
larization configurations, at 100 K, are shown in Fig. 1.
Four peaks can be observed in the spectra, at energies of
88.9, 118.2, 147.4, and 217.2 cm−1. Since only the peak at
147.4 cm−1 vanishes in the cross polarization configuration, it
corresponds to the Ag symmetry mode. The other three modes
appear in both parallel and cross polarization configurations
and, thereby, can be assigned as Eg symmetry modes (Fig. 1).

In order to exclude the possibility that any of the observed
features originate from the TeO2 [17,27], its Raman spectrum
is also presented in Fig. 1. It can be noted that no TeO2

contribution is present in our CrSiTe3 data. Furthermore, the
observed CrSiTe3 Raman spectra are also consistent with the
CrGeTe3 Raman spectra (see inset in Fig. 1), isostructural to
CrSiTe3. Five Raman-active modes have been observed for
CrGeTe3, two Ag modes, at 137.9 and 296.6 cm−1, and three
Eg modes, at 83.5, 112.2, and 217.5 cm−1, in agreement with
the previously published data [17,18]. The main difference in
the spectra of CrSiTe3 and CrGeTe3 arises from the change in
mass and lattice parameter effects that cause the peaks to shift.

Calculated and observed Raman-active phonon energies
are compiled in Table II, together with the experimental
energies of the infrared (IR)-active phonons [1], and are found
to be in good agreement. Displacement patterns of the Ag
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FIG. 2. (a) The E3
g mode Raman spectra of CrSiTe3 at four

temperatures measured in the cross polarization configuration. Blue
lines represent line shapes obtained as a convolution of the Fano
line shape and Gaussian, calculated to fit the experimetal data.
Temperature dependence of (b) the energy, (c) the line width, and (d)
the Fano parameter q of the E3

g mode. The dashed red line represents
standard anharmonic behavior [28,29]. All the parameters show a
change in tendency around 180 K.

and Eg symmetry modes are presented in Fig. 4, in the
Appendix.

B. Temperature dependence

After proper assignment of all the observed CrSiTe3

Raman-active modes we proceeded with temperature evolu-
tion of their properties, focusing on the most prominent ones,
E3

g and A3
g . Figure 2(a) shows the spectral region of the doubly

degenerate E3
g mode at an energy of 118.2 cm−1, at four

temperatures. Closer inspection of the 100 K spectra revealed
clear asymmetry of the peak on the low-energy side. The
presence of defects may result in the appearance of the mode
asymmetry [30], however, they would also contribute to the
mode line width and, possibly, the appearance of phonons
from the edge of the Brillouin zone in the Raman spectra [29].
The very narrow lines and absence of additional features in
the Raman spectra of CrSiTe3 do not support this scenario.
The asymmetry may also arise when the phonon is coupled
to a continuum [31]. Such a coupling of the E3

g phonon mode
would result in a line shape given by the convolution of a Fano
function and a Gaussian, the latter representing the resolution
of the spectrometer [29]. Comparison between the Fano line
shape convoluted with a Gaussian, the Voigt line shape, and
the experimental data at 100 K is presented in Fig. 5, in the
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FIG. 3. (a) A3
g mode Raman spectra of CrSiTe3 at four tem-

peratures measured in the parallel polarization configuration. Blue
lines represent Voigt line shapes. (b) Energy and (c) line-width
temperature dependence of the A3

g mode.

Appendix, with the former yielding better agreement with the
experimental data. Furthermore, it fully captures the E3

g mode
line shape at all temperatures under investigation [Figs. 2(a)
and 6].

Upon cooling of the sample, the E3
g mode energy hardens

[Fig. 2(b)] with a very small discontinuity in the temperature
range around 180 K. Down to the same temperature, the
line width monotonically narrows in line with the standard
anharmonic behavior [dashed red line in Fig. 2(c)]. Upon
further cooling, the line width increased, deviating from the
expected anharmonic tendency. This indicates activation of
an additional scattering mechanism, e.g., spin-phonon inter-
action. Figure 2(d) shows the evolution of the Fano param-
eter, |q|. Whereas in the region below 180 K, it increases
slightly but continuously, at higher temperatures it promptly
goes to lower values and the mode recovers a symmetric
line shape. We believe that the observed behavior of the
E3

g mode can be traced back to the short-range magnetic
correlations, which, according to Ref. [1], persist up to
150 K, and the strong spin-phonon coupling in CrSiTe3.
Similar behavior of the energy and line width, which dif-
fers from the conventional anharmonic, as well as the Eg

mode Fano-type line shape, was recently reported in α-RuCl3

and was interpreted as a consequence of the spin-phonon
interaction [32].

Unlike the E3
g mode, no pronounced asymmetry was ob-

served for the A3
g mode. As can be seen from Figs. 3(b) and

3(c) both the energy and the line width of the A3
g mode showed

FIG. 4. Unit cell of a CrSiTe3 single crystal (solid lines) with
the displacement patterns of the Ag and Eg symmetry modes. Arrow
lengths are proportional to the square root of the interatomic forces.

a similar change in tendency in the same temperature region
as the E3

g mode, most likely due to the spin-phonon coupling.

IV. CONCLUSION

The lattice dynamics of CrSiTe3, a compound isostruc-
tural to CrGeTe3, is presented. An Ag and three Eg modes
were observed and assigned. The experimental results are
well supported by theoretical calculations. The temperature
dependences of the energies and line widths of the A3

g and
E3

g modes deviate from the conventional anharmonic model
in the temperature range around 180 K. In addition, the E3

g

mode shows clear Fano resonance at lower temperatures. This
can be related to the previously reported short-range magnetic
correlations at temperatures up to 150 K [1] and the strong
spin-phonon coupling.
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FIG. 5. Analysis of the E3
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to fit the experimental data. The Voigt profile deviates from the
experimental data at the peak flanks.
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APPENDIX

1. Eigenvectors of Raman-active modes

Figure 4 summarizes the Ag and Eg symmetry mode
displacement patterns of a CrSiTe3 single crystal (R3 space
group). Arrow lengths are proportional to the square root of
the interatomic forces.

2. Asymmetry of the E3
g line

The peak at 118.2 cm−1, which we assigned as the E3
g sym-

metry mode, at low temperatures shows a significant asym-
metry towards lower energies. The possibility of additional
defect-induced features in Raman spectra can be excluded,
since the modes are very narrow, suggesting high crystallinity
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FIG. 6. The E3
g mode Raman spectra of CrSiTe3 at all temper-

atures measured in the cross polarization configuration. Blue lines
represent calculated spectra obtained as the convolution of the Fano
line shape and Gaussian.

of the sample. Also, the theoretical calculations do not predict
additional Raman-active modes in this energy region. On the
other hand, coupling of the phonon mode to a continuum may
result in an asymmetric line shape described with the Fano
function. Due to the finite resolution of the spectrometer it has
to be convoluted with a Gaussian (�G = 1 cm−1). In Fig. 5 we
present a comparison of the line obtained as a convolution of
the Fano line shape and a Gaussian (blue line) and a Voigt line
shape (orange line) fitted to the experimental data. Whereas
the Voigt line shape deviates at the peak flanks, excellent
agreement has been achieved for convolution of the Fano line
shape and a Gaussian.

3. E3
g mode temperature dependence

Figure 6 shows Raman spectra of CrSiTe3 in the region of
the E3

g mode in the cross polarization configuration at various
temperatures. Solid blue lines represent the convolution of
the Fano line shape and Gaussian fitted to the experimental
data. The asymmetry is the most pronounced below 190 K.
Above this temperature, the asymmetry is decreasing, and at
high temperatures the peak recovers the fully symmetric line
shape.
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The vibrational properties of CrI3 single crystals were investigated using Raman spectroscopy and were
analyzed with respect to the changes of the crystal structure. All but one mode are observed for both the
low-temperature R3̄ and the high-temperature C2/m phase. For all observed modes the energies and symmetries
are in good agreement with DFT calculations. The symmetry of a single layer was identified as p3̄1/m. In
contrast to previous studies we observe the transition from the R3̄ to the C2/m phase at 180 K and find no
evidence for coexistence of both phases over a wide temperature range.
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I. INTRODUCTION

Two-dimensional layered materials have gained attention
due to their unique properties, the potential for a wide spec-
trum of applications, and the opportunity for the development
of functional van der Waals heterostructures. CrI3 is a member
of the chromium-trihalide family which are ferromagnetic
semiconductors [1]. Recently they have received significant
attention as candidates for the study of magnetic monolayers.
The experimental realization of CrI3 ferromagnetic monolay-
ers [1] motivated further efforts towards their understanding.
CrI3 features electric field controlled magnetism [2] as well as
a strong magnetic anisotropy [3,4]. With the main absorption
peaks lying in the visible part of the spectrum, it is a great
candidate for low-dimensional semiconductor spintronics [5].
In its ground state, CrI3 is a ferromagnetic semiconductor with
a Curie temperature of 61 K [1,6] and a band gap of 1.2 eV
[6]. It was demonstrated that the magnetic properties of CrI3

mono- and bilayers can be controlled by electrostatic doping
[2]. Upon cooling, CrI3 undergoes a phase transition around
220 K from the high-temperature monoclinic (C2/m) to the
low-temperature rhombohedral (R3̄) phase [3,7]. Although
the structural phase transition is reported to be first order,
it was suggested that the phases may coexist over a wide
temperature range [3]. Raman spectroscopy can be of use here
due to its capability to simultaneously probe both phases in a
phase-separated system [8–10].

A recent theoretical study predicted the energies of all
Raman active modes in the low-temperature and high-
temperature structure of CrI3 suggesting a near degeneracy
between the Ag and Bg modes in the monoclinic (C2/m)
structure. Their energies match the energies of Eg modes in
the rhombohedral (R3̄) structure [7].

In this article we present an experimental and theoretical
Raman scattering study of CrI3 lattice dynamics. In both
phases all but one of the respective modes predicted by

symmetry were observed. The energies for all modes are
in good agreement with the theoretical predictions for the
assumed crystal symmetry. Our data suggest that the first-
order transition occurs at Ts ≈ 180 K without evidence for
phase coexistence over a wide temperature range.

II. EXPERIMENT AND NUMERICAL METHOD

The preparation of the single crystal CrI3 sample used in
this study is described elsewhere [11]. The Raman scatter-
ing experiment was performed using a Tri Vista 557 spec-
trometer in backscattering micro-Raman configuration with
a 1800/1800/2400 groves/mm diffraction grating combina-
tion. The 532 nm line of a Coherent Verdi G solid state laser
was used for excitation. The direction of the incident light
coincides with the crystallographic c axis. The sample was
oriented so that its principal axis of the R3̄ phase coincides
with the x axis of the laboratory system. A KONTI CryoVac
continuous helium flow cryostat with a 0.5-mm-thick window
was used for measurements at all temperatures under high
vacuum (10−6 mbar). The sample was cleaved in air before be-
ing placed into the cryostat. The obtained Raman spectra were
corrected by the Bose factor and analyzed quantitatively by
fitting Voigt profiles to the data whereby the Gaussian width
�Gauss = 1 cm−1 reflects the resolution of the spectrometer.

The spin polarized density functional theory (DFT) calcu-
lations have been performed in the Quantum Espresso (QE)
software package [12] using the Perdew-Burke-Ernzehof
(PBE) exchange-correlation functional [13] and PAW pseu-
dopotentials [14,15]. The energy cutoffs for the wave func-
tions and the charge density were set to be 85 and 425 Ry,
respectively, after convergence tests. For k-point sampling, the
Monkhorst-Pack scheme was used with a 8 × 8 × 8 grid cen-
tered around the � point. Optimization of the atomic positions
in the unit cell was performed until the interatomic forces

2469-9950/2018/98(10)/104307(6) 104307-1 ©2018 American Physical Society
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S. DJURDJIĆ-MIJIN et al. PHYSICAL REVIEW B 98, 104307 (2018)

were smaller than 10−6 Ry/Å. To treat the van der Waals
(vdW) interactions a Grimme-D2 correction [16] is used in
order to include long-ranged forces between the layers, which
are not properly captured within LDA or GGA functionals.
This way, the parameters are obtained more accurately, es-
pecially the interlayer distances. Phonon frequencies were
calculated at the � point using the linear response method
implemented in QE. The phonon energies are compiled in
Table III together with the experimental values. The eigen-
vectors of the Raman active modes for both the low- and
high-temperature phase are depicted in Fig. 5 of the Appendix.

III. RESULTS AND DISCUSSION

CrI3 adopts a rhombohedral R3̄ (C2
3i) crystal structure

at low temperatures and a monoclinic C2/m (C3
2h) crys-

tal structure at room temperature [3], as shown in Fig. 1.
The main difference between the high- and low-temperature
crystallographic space groups arises from different stacking
sequences with the CrI3 layers being almost identical. In the
rhombohedral structure the Cr atoms in one layer are placed
above the center of a hole in the Cr honeycomb net of the two
adjacent layers. When crossing the structural phase transition
at Ts to the monoclinic structure the layers are displaced
along the a direction so that every fourth layer is at the same
place as the first one. The interatomic distances, mainly the
interlayer distance, and the vdW gap, are slightly changed by
the structural transition. The crystallographic parameters for
both phases are presented in Table I. The numerically obtained
values are in good agreement with reported x-ray diffraction
data [11].

The vibrational properties of layered materials are typically
dominated by the properties of the single layers composing
the crystal. The symmetry of a single layer can be described
by one of the 80 diperiodic space groups (DG) obtained by

ICr(a)

(b)

ac

b

a

c

b a

c

b

a

bc b a

c

b a

cc

FIG. 1. Schematic representation of (a) the low-temperature R3̄
and (b) the high-temperature C2/m crystal structure of CrI3. Black
lines represent unit cells.

TABLE I. Calculated and experimental [11] parameters of the
crystallographic unit cell for the low-temperature R3̄ and high-
temperature C2/m phase of CrI3.

Space group R3̄ Space group C2/m

T (K) Calc. Expt. [11] Calc. Expt. [11]

a (Å) 6.87 6.85 6.866 6.6866
b (Å) 6.87 6.85 11.886 11.856
c (Å) 19.81 19.85 6.984 6.966
α (deg) 90 90 90 90
β (deg) 90 90 108.51 108.68
γ (deg) 120 120 90 90

lifting translational invariance in the direction perpendicular
to the layer [17]. In the case of CrI3, the symmetry analysis
revealed that the single layer structure is fully captured by the
p3̄1/m (D1

3d ) diperiodic space group DG71, rather than by
R3̄2/m as proposed in Ref. [7].

FIG. 2. (a) Compatibility relations for the CrI3 layer and the crys-
tal symmetries. Raman spectra of (b) the low-temperature R3̄ and
(c) the high-temperature C2/m crystal structure measured in parallel
(open squares) and crossed (open circles) polarization configurations
at 100 and 300 K, respectively. Red and blue solid lines represent fits
of Voigt profiles to the experimental data.
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TABLE II. Wyckoff positions of the two types of atoms and their contributions to the �-point phonons for the R3̄ and C2/m as well as the
p3̄1/m diperiodic space group. The second row shows the Raman tensors for the corresponding space groups.

Space group R3̄ Diperiodic space group p3̄1/m Space group: C2/m

Atoms Irreducible representations Atoms Irreducible representations Atoms Irreducible representations

Cr (6c) Ag+Au+Eg+Eu Cr (2c) A2g +A2u+Eg+Eu Cr (4g) Ag+Au+2Bg+2Bu

2A1g+A1u+A2g I (4i) 2Ag+2Au+Bg+BuI (18f ) 3Ag+3Au+3Eg+3Eu I (6k) +2A2u+3Eg+3Eu I (8j ) 3Ag+3Au+3Bg+3Bu

Ag =
⎛
⎝

a

a

b

⎞
⎠ A1g =

⎛
⎝

a

a

b

⎞
⎠ Ag =

⎛
⎝

a d

c

d b

⎞
⎠

1Eg =
⎛
⎝

c d e

d −c f

e f

⎞
⎠ 2Eg =

⎛
⎝

d −c −f

−c −d e

−f e

⎞
⎠ 1Eg =

⎛
⎝

c

−c d

d

⎞
⎠ 2Eg =

⎛
⎝

−c −d

−c

−d e

⎞
⎠ Bg =

⎛
⎝

e

e f

f

⎞
⎠

According to the factor group analysis (FGA) for a single
CrI3 layer, six modes (2A1g + 4Eg) are expected to be ob-
served in the Raman scattering experiment (see Table II). By
stacking the layers the symmetry is reduced and, depending
on the stacking sequence, FGA yields a total of eight Raman
active modes (4Ag + 4Eg) for the R3̄ and 12 Raman active
modes (6Ag + 6Bg) for the C2/m crystal symmetry. The
correlation between layer and crystal symmetries for both
cases is shown in Fig. 2(a) [18,19].

Figure 2(b) shows the CrI3 single crystal Raman spectra
measured at 100 K in two scattering channels. According
to the selection rules for the rhombohedral crystal structure
(Table II) the Ag modes can be observed only in the parallel
polarization configuration, whereas the Eg modes appear in
both parallel and crossed polarization configurations. Based
on the selection rules the peaks at about 78, 108, and 128 cm−1

were identified as Ag symmetry modes, whereas the peaks
at about 54, 102, 106, and 235 cm−1 are assigned as Eg

symmetry. The weak observation of the most pronounced
Ag modes in crossed polarizations [Fig. 2(b)] is attributed to

the leakage due to a slight sample misalignment and/or the
presence of defects in the crystal. The energies of all observed
modes are compiled in Table III together with the energies
predicted by our calculations and by Ref. [7], and are found
to be in good agreement for the Eg modes. The discrepancy is
slightly larger for the low energy Ag modes. Our calculations
in general agree with those from Ref. [7]. The A4

g mode of
the rhombohedral phase, predicted by calculation to appears
at about 195 cm−1, was not observed in the experiment, most
likely due to its low intensity.

When the symmetry is lowered in the high-temperature
monoclinic C2/m phase [Fig. 2(c)] the Eg modes split into an
Ag and a Bg mode each, whereas the rhombohedral A2

g and A4
g

modes are predicted to switch to the monoclinic Bg symmetry.
The correspondence of the phonon modes across the phase
transition is indicated by the arrows in Table III. The selection
rules for C2/m (see Table II) predict that Ag and Bg modes
can be observed in both parallel and crossed polarization
configurations. Additionally, the sample forms three types of
domains which are rotated with respect to each other. We

TABLE III. Phonon symmetries and phonon energies for the low-temperature R3̄ and high-temperature C2/m phase of CrI3. The
experimental values were determined at 100 and 300 K, respectively. All calculations were performed at zero temperature. Arrows indicate the
correspondence of the phonon modes across the phase transition.

Space group R3̄ Space group C2/m

Symm. Expt. (cm−1) Calc. (cm−1) Calc. (cm−1) [7] Symm. Expt. (cm−1) Calc. (cm−1) Calc. [7] (cm−1)

E1
g 54.1 59.7 53 B1

g 52.0 57.0 52

A1
g 53.6 59.8 51

A1
g 73.33 89.6 79 A2

g 78.6 88.4 79

E2
g 102.3 99.8 98 A3

g 101.8 101.9 99

B2
g 102.4 101.8 99

E3
g 106.2 112.2 102 B3

g 106.4a 108.9 101

A4
g 108.3 109.3 102

A2
g 108.3 98.8 88 B4

g 106.4a 97.8 86

A3
g 128.1 131.1 125 A5

g 128.2 131.7 125

A4
g – 195.2 195 B5

g – 198.8 195

E4
g 236.6 234.4 225 A6

g 234.6 220.1 224

B6
g 235.5 221.1 225

aObserved as two peak structure.
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FIG. 3. Temperature dependence of the A1
g and A3

g phonon
modes of the rhombohedral structure and the corresponding A2

g

and A5
g modes of the monoclinic structure, respectively. (a) and (b)

Raman spectra at temperatures as indicated. The spectra are shifted
for clarity. Solid red lines represent Voigt profiles fitted to the data.
(c) and (d) and (e) and (f) Temperature dependence of the phonon
energies and linewidths, respectively. Both modes show an abrupt
change in energy at the phase transition at 180 K.

therefore identify the phonons in the C2/m phase in relation
to the calculations and find again good agreement of the
energies. The B3

g and B4
g modes overlap and therefore cannot

be resolved separately. As can be seen from the temperature
dependence shown below [Fig. 4(b)] the peak at 106 cm−1

broadens and gains spectral weight in the monoclinic phase in
line with the expectance that two modes overlap. The missing
rhombohedral A4

g mode corresponds to the monoclinic B5
g

mode, which is likewise absent in the spectra.
The temperature dependence of the observed phonons is

shown in Figs. 3 and 4. In the low-temperature rhombohe-
dral phase all four Eg modes as well as A1

g and A2
g soften

upon warming, whereas A3
g hardens up to T ≈ 180 K before

softening again. Crossing the first-order phase transition from
R3̄ to C2/m crystal symmetry is reflected in the spectra
as a symmetry change and/or renormalization for the non-
degenerate modes and lifting of the degeneracy of the Eg

modes as shown in Table II. In our samples, this transition
is observed at Ts ≈ 180 K. The splitting of the Eg phonons
into Ag and Bg modes at the phase transition is sharp (Fig. 4).
The rhombohedral A1

g and A3
g phonons show a jump in energy

and a small discontinuity in the linewidth at Ts (Fig. 3). Our
spectra were taken during warming in multiple runs after
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FIG. 4. Temperature dependence of the rhombohedral A4
g and Eg

modes. (a)–(c) Raman spectra in parallel (open squares) and crossed
(open circles) light polarizations at temperatures as indicated. The
spectra are shifted for clarity. Blue and red solid lines are fits of
Voigt profiles to the data. Two spectra were analyzed simultaneously
in two scattering channels with the integrated intensity as the only
independent parameter. (d)–(f) Phonon energies obtained from the
Voigt profiles. Each Eg mode splits into an Ag and a Bg mode above
180 K.

cooling to 100 K each time. We found that the temperature
dependence for the phonon modes obtained this way was
smooth in each phase. McGuire et al. [3,20] reported Ts in
the range of 220 K, a coexistence of both phases and a large
thermal hysteresis. However, they also noted that the first and
second warming cycle showed identical behavior and only
found a shift of the transition temperature to higher values for
cooling cycles. We therefore consider the difference between
the reported transition around 220 K and our Ts ≈ 180 K
significant. To some extent this difference may be attributed
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to local heating by the laser. More importantly, we find no
signs of phase coexistence in the observed temperature range.
The spectra for the low-temperature and high-temperature
phases are distinctly different (Fig. 2) and the Eg modes
exhibit a clearly resolved splitting which occurs abruptly at Ts.
We performed measurements in small temperature steps (see
Figs. 3 and 4). This limits the maximum temperature interval
where the phase coexistence could occur in our samples to
approximately 5 K, much less than the roughly 30 to 80 K
reported earlier [3,20]. We cannot exclude the possibility
that a small fraction of the low-temperature phase could still

coexist with the high-temperature phase over a wider tempera-
ture range, whereby weak peaks corresponding to the remains
of the low-temperature R3̄ phase might be hidden under the
strong peaks of the C2/m phase.

IV. CONCLUSION

We studied the lattice dynamics in single crystalline CrI3

using Raman spectroscopy supported by numerical calcu-
lations. For both the low-temperature R3̄ and the high-
temperature C2/m phase, all except one of the predicted
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FIG. 5. Raman-active phonons in CrI3 for (a) the monoclinic phase hosting Ag and Bg modes and for (b) the rhombohedral phase hosting
Ag and Eg modes. Blue and violet spheres denote Cr and I atoms, respectively. Solid lines represent primitive unit cells. Arrow lengths are
proportional to the square root of the interatomic forces. The given energies are calculated for zero temperature.
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S. DJURDJIĆ-MIJIN et al. PHYSICAL REVIEW B 98, 104307 (2018)

phonon modes were identified and the calculated and experi-
mental phonon energies were found to be in good agreement.
We determined that the symmetry of the single CrI3 layers is
p3̄1/m. Abrupt changes to the spectra were found at the first-
order phase transition which was located at Ts ≈ 180 K, lower
than in previous studies. In contrast to the prior reports we
found no sign of phase coexistence over temperature ranges
exceeding 5 K.
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APPENDIX: EIGENVECTORS

In addition to the phonon energies we also calculated
the phonon eigenvectors which are shown in Fig. 5(a)
for the high-temperature monoclinic phase and in Fig. 5(b)
for the low-temperature rhombohedral phase. The energies,
as given, are calculated for zero temperature. The relative
displacement of the atoms is denoted by the length of the
arrows.
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Abstract
Since the 1960s, Graphite intercalation compounds (GIC) have been extensively stud-
ied, showing many new properties and exotic physics. This inspired many to investigate 
a single or few-layer intercalated graphene. Intercalated graphene has many extraordinary 
properties and it is different compared to pristine graphene or bulk GICs, with great spec-
tra of characteristics induced by various intercalants. This method opens new possibili-
ties for research and applications in electronics and photonics. Here we present the results 
of a DFT study on electronic and vibrational properties of the graphene doped with Sr 
and Yb adatoms, taking into account that only their corresponding bulk compounds have 
been investigated so far. The calculations were performed in Quantum Espresso software 
package.

Keywords Graphene · DFT · Electronic properties · 2D materials

1 Introduction

Since the experimental discovery in Novoselov et al. (2004), graphene has been attracting 
enormous attention. The relativistic behaviour of the low-energy excitations (the so-called 
Dirac fermions) leads to many interesting effects and the linear electronic dispersion of gra-
phene in the vicinity of the K-point mimics the physics of the massless fermions in quan-
tum electrodynamics, at speed 300 times smaller than the speed of light. Therefore, many 
unusual properties can be observed in graphene, such are the Klein paradox (Katsnelson 
et al. 2006) or the anomalous integer quantum Hall effect (Gusynin and Sharapov 2005; 
Neto et  al. 2006) which can be observed at room temperatures (Novoselov et  al. 2007). 
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Graphene has excellent thermal conductivity, high electron mobility (Bolotin et al. 2008) 
and transparency, and at the same time it is one of the strongest materials known (Lee 
et  al. 2008), about 200 times stronger than structural steel, yet very flexible and stretch-
able. With all its unique properties, graphene has various potential applications in almost 
all research fields, especially in electronics and optoelectronics (Ferrari 2015; Blake et al. 
2008; Todorović et al. 2015). With high electrical and optical conductivity, it is promising 
candidate for applications in energy storage (Bonaccorso et al. 2015), detectors (Sassi et al. 
2017; Liu et  al. 2014), or even for the flexible touch screen technology (Ahn and Hong 
2014; Bae et al. 2010). Ultra-thin graphitic films are also well researched for applications 
in photonics with high transparency and electrical conductivity (Matković et al. 2016).

Already extraordinary characteristics of graphene can be tailored and enhanced in 
many ways—by various types of disorders, controlling the type of edges (Peres et al. 2006; 
Wakabayashi et  al. 1996, 2009), number of layers, by doping, applying the strain (Levy 
et  al. 2010; Choi et  al. 2010; Settnes et  al. 2016; Masir et  al. 2013), etc. Among them, 
doping graphene is an excellent way to make graphene suitable for various applications 
(Sharma and Ahn 2013; Wang et  al. 2010; Qu et  al. 2010; Jeong et  al. 2011; Cui et  al. 
2011). Especially interesting is intercalation of various species in a few layer graphene (or 
doping a single layer graphene with adatoms), in a similar manner to the graphite inter-
calation compounds (GIC). This provides very high level of doping and leads to many 
interesting effects that are not present in pristine graphene, offering a new way to design 
various materials with magnetic, highly conductive or superconducting properties. Doping 
via adsorption is also very convenient, as the graphene can host various adatoms or small 
molecules while preserving its own structure, and at the same time drastically change its 
electronic properties. By covering the graphene sheet with the layer of adatoms, significant 
structural changes are avoided, as the dopant atoms are not fitted in the graphene lattice 
instead of the carbon atoms. However, adsorbed atoms can strongly affect the electronic 
properties of graphene, dominantly through the pz orbitals. Therefore, it is an excellent 
tool for tuning the properties of graphene in a wide range and obtain new effects. GIC 
have been extensively researched since the 1960s (Rüdorff 1959; Enoki et al. 2003; Dres-
selhaus and Dresselhaus 2002), but the interest for them has significantly raised with dis-
covery of the superconductivity in some of the alkali or alkaline earth metal intercalated 
graphite structures, among which are CaC

6
 and YbC

6
 (Weller et al. 2005) with relatively 

high critical temperatures of Tc = 11.5K and Tc = 6.5K . As research of 2D materials has 
raised in the last decade, the superconductivity in GIC imposed a question of investigating 
the monolayer graphene doped with alkali and alkaline earth metal adatoms, searching for 
the atomically thin superconductors. The electrical characteristics of the doped graphene 
depend strongly on the species of the used adatom. Reports on related structures suggest 
the occurrence of superconductivity in some of them, usually with alkali or alkaline earth 
metals doping, similar to the GICs. The explanation for the emergence of the superconduc-
tivity in the alkali doped graphene lies in the electron-phonon coupling that arises from 
the new intercalant-derived band and the graphene �-bands at the Fermi level. Among 
first researched doped graphene structures was Li decorated graphene (Profeta et al. 2012; 
Pešić et  al. 2015), which is superconducting with the critical temperature of T = 5.9K . 
It can also be enhanced by applying the strain (Pešić et al. 2014). The experimental evi-
dence of superconductivity in the Li doped graphene (Ludbrook 2015) inspired many to 
search for other 2D superconducting structures (Calandra et al. 2012; Penev et al. 2016; 
Shimada et al. 2017; Saito et al. 2016). Graphene doped with the Ca atoms is also reported 
to be superconducting as the doped monolayer (Profeta et  al. 2012) and bilayer interca-
lated graphene (Mazin and Balatsky 2010; Margine et al. 2016), there are also reports for a 
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few-layer potassium doped graphene (Xue et al. 2012). Among other similar structures, the 
heavily n-doped graphene was also predicted to be superconducting (Margine and Giustino 
2014), the combination of biaxial strain with charge doping, which leads to the supercon-
ductor with Tc estimated to be up to 30  K (Si et  al. 2013), or the hole-doped graphane 
which was predicted to be a high Tc superconductor, with a critical temperature in range 
60–80  K (Durajski 2015). However, many possible structures based on doped graphene 
with potential superconducting properties are not considered yet.

In this paper we studied the electronic and vibrational properties of Sr and Yb doped 
graphene using the density functional theory approach. We were motivated by the fact that 
both structures are known as superconductors in their corresponding bulk compounds, 
YbC

6
 with critical temperature of Tc = 6.5K (Weller et  al. 2005) and SrC

6
 with up to 

Tc = 3.03K (Calandra and Mauri 2006). We are first to report the results for a monolayer 
graphene doped with those adatoms.

2  Computational details

All calculations were performed using the Quantum Espresso software package (Giannozzi 
et  al. 2009), based on the plane waves and pseudopotentials. We used norm-conserving 
pseudopotentials (Perdew and Zunger 1981) and LDA exchange-correlation functional. 
The plane wave energy cutoff is 120 Ry for SrC

6
-mono and 160 Ry for YbC

6
-mono. The 

unit cell for both structures is modelled as 
√

3 ×

√

3R30◦ supercell of the graphene unit 
cell, with adatoms positioned in the H-site. This is the favorable adsorption site for both 
adatoms, according to the DFT study (Nakada and Ishii 2011). The value of the hexagonal 
cell parameter a is 4.26Å taken theoretically, as there are no experimental realization of 
those structures. The top and side view of the structures are shown in Fig. 1. In order to 
avoid interactions between layers, the hexagonal cell parameter c of the unit cell was cho-
sen to be sufficiently large, c = 11.4 Å for SrC

6
-mono and 11.3 Å for YbC

6
-mono. Prior to 

any calculations, the ionic positions in systems are fully relaxed to their minimum energy 
configuration, using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm. Obtained 
vertical distance between graphene layer and the adsorbed atom is h = 2.22Å for SrC

6
-

mono and h = 2.25Å for YbC
6
-mono. Phonon properties are obtained with the Density 

(a) (b)

Fig. 1  a Top view of the graphene structure with the adatoms adsorbed in the H-site. Unit cell is marked 
with the black line, b side view of the one hexagon with the adatom above
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Functional Perturbation Theory (DFPT) implemented in the PHonon part of the Quantum 
Espresso software.

3  Results and discussion

As we said in Sect. 2, the unit cell for our H-site doped structures is enlarged compared to 
the pristine graphene. Due to the increase in the size of the primitive cell in direct space, 
basis vector lengths in reciprocal space are reduced. As a consequence, the K-point of the 
Brillouin zone of graphene is folded to the Γ point of the Brillouin zone of H-site doped 
graphene. Brillouin zones of the graphene unit cell and the H-site doped graphene are 
shown in Fig. 2.

3.1  Electronic properties

Electronic dispersions along Γ-M-K-Γ high symmetry points for SrC
6
-mono and YbC

6
-

mono are shown in Fig. 3. Fermi level is set to zero in all figures. Folding the � and �∗ 
bands of graphene from K-point to Γ-point, the inner and outer carbon � and �∗ bands are 
obtained, crossing at the Γ point. For both structures, lower bands from the � bonds in the 
valence band are almost unaffected, as expected, and they are not shown in figures. The 
Fermi level is shifted up in both structures. By deposition of adatoms on top of graphene, 
new interlayer band derived from the Yb or Sr adatoms is formed around the Fermi level, 
showing a nearly free-electron-like dispersion. They are placed at 2.2 and 1.5 eV below 
the Fermi level in the YbC

6
-mono and SrC

6
-mono, respectively, being partially occupied. 

The density of states on Fermi level is also raised. The carbon � bands are not affected 
by the presence of the adatoms. Previously unoccupied �∗ bands now intersect the new 
up-shifted Fermi level and are strongly hybridized with the new band derived from the 
adsorbed atoms. In YbC

6
-mono, 4f orbitals coming from the Yb atoms form a set of flat 

non-dispersive bands, similar to the bulk YbC
6
 (Csányi et al. 2005). Those flat bands are 

characteristic for most lanthanides. They are localized at 0.7 eV below the Fermi level with 
the corresponding peak clearly observed in the density of states. As reported for the bulk 
YbC

6
 , calculations with the Hubbard+U corrections do not give significant changes and 

result only in slightly shifting down those bands, so the same is expected for the monolayer. 
The Dirac points from graphene are folded to the Γ point in the H-site doped graphene, and 

Fig. 2  Brillouin zones of 
graphene (black) and the H-site 
doped graphene (red). (Color 
figure online)
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they are now below the Fermi level. Due to the adatom presence, the symmetry is broken 
and a gap is opened. In the SrC

6
 , interlayer band is placed between the � and �∗ and a very 

small gap can be observed in the density of states, while in the YbC
6
-mono, the new inter-

layer band intersect the � band and the gap is closed.

3.2  Phonon properties

The symmetry group of graphene with adatoms adsorbed in the H-site is Dg77 = T
�

C
6v , 

which is a subgroup of the diperiodic group of graphene, Dg80 = TD
6h (Damljanović et al. 

2014). In order to connect the phonon modes of the H-site doped graphene with the cor-
responding phonon modes of graphene, the corresponding irreducible representation of 
group Dg77 of graphene to its subgroup Dg80 (Damljanović et al. 2014). The modes from 
the Γ point, ΓE

2g and ΓB
1g correspond to ΓE

2
 and ΓB

1
 . For the modes of graphene in the K 

point, KA′

1
 corresponds to the modes A

1
 and B

2
 , KA′

2
 to A

2
 and B

1
 , KE′ and KE′′ to E

1
 and E

2
 

(Altmann and Herzig 1994; Damljanović and Gajić 2012). The modes A
1
 and E

1
 are both 

infrared and Raman active, while E
2
 modes are only Raman active. The symmetry classifi-

cation of optical modes and Raman tensors for H-site doped graphene are given in Table 1. 
The displacement patterns of the SrC

6
-mono and YbC

6
-mono, in the Γ point are shown in 

Fig. 4. Those modes have displacement patterns similar to those of graphene phonons at Γ 
and K points, which happens due to the Brillouin zone folding. As the K point of graphene 
is folded to the Γ point of the new Brillouin zone in the H-site doped graphene, the phonon 
modes in graphene at the Γ and K points correspond to the Γ modes in the H-site doped 

Fig. 3  Electronic dispersions 
of a SrC

6
-mono and b YbC

6

-mono. Thickness of the red lines 
is proportional to the the Sr/Yb 
character and the interlayer band 
is marked in green dotted line. 
(Color figure online)

(a)

(b)
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structures. This is valid for all H-site doped graphene structures as the unit cell is the type. 
As the Kohn anomaly is present in graphene at Γ and K points in E

2g and KA′

1
 modes, we 

expect it to be present in the H-site doped graphene structures for the modes related to 
these two. Modes with Kohn anomaly can not be calculated precisely using the density 
functional theory as the DFT is based on the adiabatic Born-Oppenheimer approximation 
which is in this case broken. Comparing the calculated phonon modes for graphene at K 
and Γ point, with the corresponding phonon modes at the Γ point of the SrC

6
 and YbC

6
 

monolayers, we can observe small differences in the corresponding frequencies. Some of 
these are lower than in pristine graphene and some frequencies are split. For example, fre-
quencies of E

2
 mode in Sr and Yb doped graphene are 1470 cm−1 and 1488 cm−1 , respec-

tively, while the frequency of E
2g in pristine graphene is 1550 cm−1 ; Frequency of E′ mode 

in graphene is 1200 cm−1 , and corresponding modes in doped graphene are E
2
 at 1180 cm−1 

and E
1
 at 1200 cm−1 ; E′′ mode in graphene is at 580 cm−1 , and corresponding modes in 

doped graphene are E
2
 at 495 cm−1 and E

1
 at 510 cm−1 for SrC

6
-mono and E

2
 at 477 cm−1 

and E
1
 at 500 cm−1 for YbC

6
-mono. This can be ascribed to the adatoms impact, and in 

general, it depends on the type of the adatom.

4  Conclusion

Using the density functional theory approach, we calculated the electronic and phonon 
properties of the Sr and Yb doped graphene, in a similar manner to the GICs. Their cor-
responding bulk compounds have been studied so far and we are first to investigate the 
monolayer graphene doped with those adatoms. The electronic and phonon properties are 
of essential interest for electron-phonon coupling as well as the guidelines for experimental 
research. From the electronic band structure calculations, we can observe a new adatom-
derived interlayer band crossing the Fermi level in both structures, which hybridize strongly 
with the carbon pz orbitals. Density of states on the Fermi level is also raised. Those results 
can be indicating a possible superconductivity and can be inspiring for further research of 
those structures. Displacement patterns calculated in the Γ point are similar to those in the 
K and Γ point of the pristine graphene, as a consequence of the zone folding effect, but due 
to the adatoms impact we can observe some differences in frequencies and the splitting of 

Table 1  Raman tensors and symmetry classification of optical modes

Raman tensors

Graphene A1g E1g E2g

Dg80 = TD6h

Oz ∥ C6

Ox ∥ C
�

2

⎛

⎜

⎜

⎝

a 0 0

0 a 0

0 0 b

⎞

⎟

⎟

⎠

⎛

⎜

⎜

⎝

0 0 0

0 0 c

0 c 0

⎞

⎟

⎟

⎠   

⎛

⎜

⎜

⎝

0 0 − c

0 0 0

c 0 0

⎞

⎟

⎟

⎠

⎛

⎜

⎜

⎝

d 0 0

0 − d 0

0 0 0

⎞

⎟

⎟

⎠   

⎛

⎜

⎜

⎝

0 − d 0

−d 0 0

0 0 0

⎞

⎟

⎟

⎠

A� A1 E1 E2

Dg77 = TC6v

Oz ∥ C6

Ox ∥ �v

⎛

⎜

⎜

⎝

a 0 0

0 a 0

0 0 b

⎞

⎟

⎟

⎠

⎛

⎜

⎜

⎝

0 0 c

0 0 0

c 0 0

⎞

⎟

⎟

⎠   

⎛

⎜

⎜

⎝

0 0 0

0 0 c

0 c 0

⎞

⎟

⎟

⎠

⎛

⎜

⎜

⎝

d 0 0

0 − d 0

0 0 0

⎞

⎟

⎟

⎠   

⎛

⎜

⎜

⎝

0 − d 0

−d 0 0

0 0 0

⎞

⎟

⎟

⎠

Optical modes
A� �opt = 2A1 + A2 + 2B1 + B2 + 3E1 + 3E2



Ab‑initio calculations of electronic and vibrational properties…

1 3

Page 7 of 10  276 

(a)

(b)

Fig. 4  Displacement patterns of a SrC
6
-mono and b YbC

6
-mono. Acoustic modes ( � = 0 ) are not shown in 

pictures
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some modes. The results obtained in this paper are important base for further theoretical 
and experimental research of those two structures, as well for future research of similar 
structures of graphene doped with other metal adatoms.
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