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This work is devoted to the experimental study and symmetry analysis of the Raman-active vibration modes
in MnBi2Te4·n(Bi2Te3) van der Waals topological insulators, where n is the number of Te–Bi–Te–Bi–Te
quintuple layers between two neighboring Te–Bi–Te–Mn–Te–Bi–Te septuple layers. Confocal Raman
spectroscopy is applied to study Raman spectra of crystal structures with , and ∞. The
experimental frequencies of vibration modes of the same symmetry in the structures with different n are com-
pared. The lattice dynamics of free-standing one, three, and four quintuple layers, as well as of bulk Bi2Те3

 and MnBi2Te4 , is considered theoretically. Vibrational modes of the last two systems have
the same symmetry, but different displacement fields. These fields in the case of a Raman-active mode do
not contain displacements of manganese atoms for any finite . It is shown that two vibrational modes in the
low-frequency region of the spectrum (35–70 cm–1) of structures with , and 6 practically cor-
respond to the lattice dynamics of n free quintuple Bi2Те3 layers. For this reason, the remaining two vibration
modes, which are observed in the high-frequency region of the spectrum (100–140 cm–1) and are experimen-
tally indistinguishable in the sense of belonging to quintuple or septuple layer or to both layers simultaneously,
should also be assigned to vibrations in quintuple layers under immobile atoms of septuple layers.

DOI: 10.1134/S0021364022600987

1. INTRODUCTION
Prior to the discovery of the first intrinsic antifer-

romagnetic topological insulator MnBi2Te4 with a
Néel temperature of 25.4 K [1], various possibilities
were considered to create a magnetic gap at the Dirac
point of a topological insulator (TI) and to obtain the
phase of the quantum anomalous Hall effect (QAHE).
The simplest way to solve the problem was imple-
mented both theoretically [2, 3] and experimentally
[4] by doping a nonmagnetic TI with magnetic atoms.
However, since the distribution of magnetic atoms in
real TIs is nonuniform, the magnetic gap varied irreg-
ularly along the surface [5], which caused too low a

temperature of the QAHE. Another method based on
the so-called magnetic proximity effect near the
TI/ferromagnetic semiconductor interface generally
shifts the topological surface state deeper into the TI
and, correspondingly, weakens the magnetic effect [6,
7]. The above drawbacks can be overcome to a large
extent by depositing an ultrathin ferromagnetic insula-
tor film on the surface of the nonmagnetic TI provided
that the crystal structure and atomic composition of
the former are close to those of the latter [6, 8–11].
The appearance of MnBi2Te4 largely removed the
problem of creating a magnetic gap in the spectrum of
topological surface states and, at the same time, gave
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Table 1. Space group symmetry, lattice parameters, and sequence of alternation of quintuple (5) and septuple (7) layers for
each member of the MnBi2Te4·n(Bi2Te3) series

MnBi2Te4·n(Bi2Te3) n Space group
Lattice parameters Alternation of septuple (7) 

and quintuple (5) layersa (Å) c (Å)

Bi2Te3 ∞ R- 4.386 30.497 -5-
MnBi2Te4 0 R- 4.3304(1) 40.956(2) -7-
MnBi4Te77 1 P- 4.3601(1) 23.798(2) -5-7-
MnBi6Te10 2 R- 4.3685(2) 101.870(7) -5-5-7-
MnBi8Te13 3 R- 4.3927(8) 132.336(24) -5-5-5-7-
MnBi10Te16 4 P- 4.3701(7) 54.304(9) -5-5-5-5-7
MnBi12Te19 5 R- 4.377 199.410 -5-5-5-5-5-7-
MnBi14Te22 6 R- 4.379 223.908 -5-5-5-5-5-5-7-

3m

3m

3 1m

3m

3m

3 1m

3m

3m
rise to the start of research on a whole series of crystal-
line analogs of MnBi2Te4, known today as
MnBi2Te4·n(Bi2Te3), where n is the number of the
quintuple Te–Bi–Te–Bi–Te atomic layers (QLs)
between the neighboring septuple Te–Bi–Te–Mn–
Te–Bi–Te atomic layers (SLs) in a structure with a
given n value [12].

The importance of studying this series as natural
heterostructures was first emphasized in study [13] of
topological surface states and magnetic and transport
properties of MnBi2Te4·n(Bi2Te3) and, later, was
underlined in [12, 14–24], including studies of Raman
scattering [12, 19–24]. However, lattice dynamics, as
well as other properties of structures with n > 3, still
remains unexplored. A significant discrepancy
between the number of Raman-active modes which
should be observed according to the symmetry analy-
sis of a bulk crystal and that of the modes found in
Raman spectra of the structures with , 2, and 3 is
also still unexplained. It should be noted that,
although the MnBi2Te4·n(Bi2Te3) structures at room
temperature are paramagnetic, their topology is also
nontrivial [25, 26].

In this work, we report Raman studies for
MnBi2Te4·n(Bi2Te3) topological insulators with

. In addition, the lattice dynamics of
one, three, and four Bi2Те3 QLs, as well as bulk Bi2Те3
( ) and MnBi2Te4 ( ), is studied theoreti-
cally. The overall results obtained make it possible to
establish a very unusual lattice dynamics of topologi-
cally nontrivial MnBi2Te4·n(Bi2Te3) systems and to
explain the aforementioned discrepancy.

2. SAMPLE PREPARATION
AND X-RAY ANALYSIS

Single-phase samples of each member of the series
were cleaved under an optical microscope from
MnBi2Te4·n(Bi2Te3) crystalline ingots grown by the

= 1n

∞…= 0,1, ,6,n

∞=n = 0n
Bridgman–Stockbarger method from preliminarily
synthesized polycrystalline phases of each composi-
tion. The synthesis procedure and growth conditions
differed from those for MnBi2Te4 [12] only by the per-
centage of the initial components and a small change
in the growth temperature, in accordance with the
required  values. Diffraction patterns from 
planes confirming the compliance of the structure of
each of the studied samples with the required  values
were obtained using a Bruker XRD D2 Phaser X-ray
diffractometer (Cu  radiation; 5° ≤ 2θ ≤ 100°). The
phase composition was determined and the structural
analysis of the samples was carried out using the EVA
and TOPAS-4.2 software packages. Structural data
obtained for all members of the series are shown in
Table 1.

3. METHODOLOGY OF EXPERIMENTAL
AND THEORETICAL STUDIES

OF RAMAN SCATTERING

Raman scattering was studied using a Nanofinder
30 confocal setup (Tokyo Instruments, Japan) with a
diffraction grating of 1800 lines/mm and a spectral
resolution of 0.5 cm–1. Scattering was excited at a
wavelength of 532 nm by the second harmonic of a
Nd:YAG laser with a maximum power of 10 mW. The
diameter of the laser spot on the sample did not exceed
4 μm. The signal was detected in the photon count
mode by a CCD camera cooled to a temperature of
‒100°C. The signal collection time interval did not
exceed 1 min, and the signal itself was filtered out using
LP03-532RU-50 edge filters (Semrock Company).
The filter location (https://www.semrock.com/filter-
spectra-at-non-normal-angles-of-incidence.aspx)
made it possible to record 100% of the Raman signal
in the spectral range of 40–5000 cm–1 and at least 50%
of the signal in the spectral range of 35–40 cm–1. The
measurements were carried out in the backscattering

n (000 )l

n

α1K
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Table 2. Complete vibrational representation for each member of the MnBi2Te4·n(Bi2Te3) series; N is the number of atoms
in a unit cell. The group-theory notation of each representation at the Γ point is given in parentheses after the spectroscopic
notation (center of the Brillouin zone). Vibrations  and  are doubly degenerate

n N

Complete vibrational representation of MnBi2Te4·n(Bi2Te3)

Optic modes
Acoustic modes

Infrared active Raman active
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geometry. The spectra are presented in the work in the
normalized form.

Theoretical calculations were carried out within
the density functional perturbation theory. In the case
of MnBi2Te4, the pseudopotential method was used
within the ABINIT code [27] in the basis of plane
waves. In the case of Bi2Te3, we used a pseudopotential
approach and a mixed basis [28, 29], in which the
valence states are presented as a combination of plane
waves and local s and p orbitals at Bi and Te nodes,
which made it possible to reduce the cutoff energy for
plane waves to 10 Ry without loss of accuracy. The
PBE approximation [30] was used for the exchange-
correlation functional. All calculated values were
obtained taking into account the spin–orbit coupling
[31]. When integrating over the Brillouin zone, we
used 96 × 96 and 12 × 12 inhomogeneous k-point
grids near the center of the Brillouin zone (for small
k values) and for the rest of the Brillouin zone, respec-
tively.
JETP LETTERS  Vol. 115  No. 12  2022
The complete vibrational representation for all
members of the MnBi2Te4·n(Bi2Te3) series is given in
Table 2.

4. RESULTS AND DISCUSSION

Compounds with  and  are end mem-
bers of the MnBi2Te4·n(Bi2Te3) series and their struc-
tures contain only QLs and only SLs, respectively
(Table 1, last column). The Raman spectra of these
members are shown in Fig. 1.

The mode identification for MnBi2Te4 (Fig. 1, pink
line) is based on the comparison of the experimental
spectra with the calculated phonon frequencies and
symmetry at the Γ point (Fig. 2) and is in agreement
with the data recently obtained in [24], where the
polarization of the observed phonons was additionally
measured. For Bi2Te3 (Fig. 1, blue line), the observed
modes are identified by comparison with the calcu-
lated frequencies and mode symmetries shown in
Fig. 3.

∞=n = 0n
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Fig. 1. (Color online) Frequencies and symmetry of
Raman phonon modes observed in (pink line) MnBi2Te4
and (blue line) Bi2Te3.

Fig. 2. (Color online) Displacement fields of Raman-
active vibration modes in MnBi2Te4. Observed/calculated
frequencies in inverse centimeters are given at the bottom
of each mode.

Fig. 3. (Color online) Displacement fields of Raman-
active vibration modes of Bi2Te3. Observed/calculated fre-
quencies in inverse centimeters are given at the bottom of
each mode.
It can be seen in Figs. 2 and 3 that the displacement
fields for the modes with the same symmetry in
MnBi2Te4 and Bi2Te3, as well as in all other members
of the series, are different. In both figures, the hori-
zontal displacements of atoms occur in the plane of
the layers, while the vertical displacements are per-
pendicular to this plane. For simplicity, only the direc-
tions of displacement of each atom are indicated.
Manganese atoms are not involved in Raman-active
vibrations.

As seen in Table 2, six and four modes are expected
in the Raman spectra of MnBi2Te4·n(Bi2Te3) with

 (MnBi2Te4) and  (Bi2Te3), respectively. In
the spectra shown in Fig. 2, only five of six and three
of four expected Raman modes are observed, respec-
tively. As follows from the data in Fig. 1 and Table 2,
the missing mode for each material is the mode with
the  symmetry.

The observation of this low-frequency Raman
mode in the bulk Bi2Te3 sample is complicated by
instrumental limitations (see the preceding section)
and becomes impossible at a certain signal intensity.
At least, this mode was not observed in [32–37]. At the
same time, the observation of a mode with the 
symmetry and a frequency of 36.5 cm–1 in Bi2Te3 was
reported in [38–41]. In MnBi2Te4, the low-frequency

 mode with a calculated frequency of 28.2 cm–1

(Fig. 2, ) has not yet been observed in any published
works. Therefore, in further discussions, we use the
calculated value of the frequency of this mode.

Figure 4 shows the Raman spectra of all members
of the MnBi2Te4·n(Bi2Te3) series. As follows from this
figure, the most significant difference is observed
between the spectra of MnBi2Te4  and
MnBi4Te7 .

The spectra of MnBi4Te7 and MnBi2Te4 are pre-
sented in Fig. 5 (black circles) along with their decom-
position into components (solid green lines).

Let us compare the lowest frequency modes
 of MnBi2Te4 (Fig. 2) and Bi2Te3 (Fig. 3) with

in-phase displacements of Bi and Te atoms with the
lowest frequency modes in the spectra of MnBi4Te7
and MnBi2Te4 (Fig. 5, top and bottom spectra, respec-

tively), which are also easily identified as the  and

 modes.
In MnBi4Te7, these modes are blueshifted (by more

than 20%) compared to MnBi2Te4. Such a significant
increase in frequency when replacing one MnBi2Te4
SL by one Bi2Te3 QL is clearly associated with a
decrease in the number of atoms involved in in-phase
displacements, which takes place upon transition from
MnBi2Te4 to Bi2Te3 (cf. the  and  modes in
Figs. 2 and 3).

= 0n ∞=n

gE

gE

gE
1
gE

( = 0)n
( = 1)n

1 1
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Fig. 4. Evolution of Raman spectra in MnBi2Te4·n(Bi2Te3)
with the variation of . Dashed lines 1, 3, 5, and 6 connect
modes of the same symmetry and cross the lower and
upper horizontal axes as follows: (1) 38 and 41 cm–1,
(3) 57.4 and 61 cm–1, (5) 101 and 101 cm–1, and (6) 139
and 133 cm–1, respectively. Dashed lines 2 and 4 cross the
lower horizontal axis at 45.8 and 65.4 cm–1, respectively.
(The 110 cm–1 mode in MnBi2Te4 is not shown in Fig. 4.)

–1

n

Fig. 5. (Color online) Data obtained in this work for the
structures with n = (upper spectrum) 1 and (lower spec-
trum) 0. The results of decomposition of the spectra into
components are shown by green solid lines. The vertical
dashed line marks the calculated position of the lowest fre-

quency mode  in MnBi2Te4 [12].1
gE
The decomposition of the spectra into components
(Fig. 5, solid green lines) indicates that the number of
modes observed for MnBi4Te7 is clearly less than that
for MnBi2Te4, contrary to expectations. At the same
time, any additional broadening of the fundamental
modes caused by the increased number of atoms in the
unit cell of MnBi4Te7 and the increased number of
modes is absent (Table 2, second and fourth columns,
respectively). The superposition of such modes with
close frequencies should lead to the broadening of the
main lines. According to the decomposition and the
analysis of the broadening of the constituent compo-
nents for all spectra in Fig. 4, the spectra of all
MnBi2Te4·n(Bi2Te3) with n ≥ 1 contain four modes. It
is noteworthy that the number of modes for MnBi4Te7
JETP LETTERS  Vol. 115  No. 12  2022
and MnBi14Te22 could reach 12 and 36, respectively
(see data for n = 1 and 6 in the fourth column of
Table 2, respectively).

Thus, while the number of modes in the experi-
mental spectra of MnBi2Te4 completely agrees with
the data of the symmetry analysis for a bulk crystal,
their number in MnBi2Te4·n(Bi2Te3) with  at first
glance contradicts these data. This contradiction is
removed if we assume that the vibrational modes in
MnBi2Te4·n(Bi2Te3) with  are completely or
almost completely frequency degenerate.

The low-frequency  and  modes in

MnBi2Te4·n(Bi2Te3) with  correspond to  and

 vibrations of  Bi2Te3 QLs, which agrees with our
calculations carried out selectively for one, three, and
four Bi2Te3 QLs and given in Table 3.

> 0n

> 0n

1
gE 1

1gA

> 0n 1
gE

1
1gA n
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Table 3. (Second to fifth columns) Observed and (seventh to tenth columns) calculated frequencies of Raman-active vibra-
tional modes for different numbers of quintuple layers in MnBi2Te4 ·n(Bi2Te3)

*Not observed and taken equal to the frequency for 

Number n of quintuple 
layers in 

MnBi2Te4 ·n(Bi2Te3)

Eg A1g Eg A1g Number n of quintuple 
layers of Bi2Te3

Eg A1g Eg A1g

Frequency, cm–1 Frequency, cm–1

1 38 57 100.5 134 1 36.0 50.5 102 136.5
2 38.5 60 101.5 134 2 – – – –
3 40 60.5 101.5 134 3 36.5 53.0 102.4 136.1
4 41 61 101 134 4 37.2 56.2 101.2 137.2
5 41* 61 101 133 5 – – – –
6 41* 61 102.5 135 6 – – – –
∞ 41* 61 100 133 ∞ 39.3 63.1 101.9 132.3

= 4.n
In fact, it can be seen in Table 3 that the calculated
frequencies of these modes for one Bi2Te3 QL almost
coincide with the observed frequencies of the modes
with a similar symmetry in MnBi2Te4·n(Bi2Te3) with

. The frequencies of these modes tend to increase
with an increase in the number of Bi2Te3 QLs from 1
to 4, similar to that observed for low-frequency modes
in MnBi2Te4·n(Bi2Te3) when  varies from 1 to 4
(Fig. 4).

Thus, the overall data obtained for vibrational
modes indicate that a part of the lattice dynamics of
MnBi2Te4·n(Bi2Te3) with  associated at least with
low-frequency Raman modes is determined by the lat-
tice dynamics of n Bi2Te3 QLs.

This is in good agreement with the experimental
data for Raman scattering in ultrathin Bi2Te3 films
grown by the gas transport method on Si/SiO2 or f lu-
orphlogopite mica substrates [41]. Similar to the low-
frequency  mode in MnBi2Te4·n(Bi2Te3) with

, the low-frequency  mode was observed for
two Bi2Te3 QLs (the minimum number of QLs studied
in [41]) and its intensity dropped rapidly with a further
increase in the number of QLs. The difference of
~2 cm–1 between the frequencies of this mode in
MnBi2Te4·n(Bi2Te3) with n = 2 (Table 3, 38.5 cm–1)
and two Bi2Te3 QLs (36.5 cm–1 [37]) is apparently
caused by a technological factor. In the former case,
the substrate needed to obtain one (two, etc.) Bi2Te3
QLs (the second case) is absent, and the resulting
structure is free of its influence. The same as for
MnBi2Te4·n(Bi2Te3) with , in the case of one or
more Bi2Te3 layers, the low-frequency  mode is
slightly blueshifted with an increase in the number of
Bi2Te3 QLs. Our data for MnBi2Te4·n(Bi2Te3) with
nonzero n are given in Fig. 6 in comparison with the
data from [41] for Bi2Te3 with different numbers of
QLs. It is clearly seen that the effect of the substrate,

= 1n

n

> 0n

gE
> 0n gE

> 0n

1gA
which is noticeable for the case , decreases rap-
idly with increasing n and almost vanishes for .

According to the calculations (Table 3, ninth col-
umn), the high-frequency  mode in Bi2Te3 does not
experience frequency dispersion upon change in the
number of Bi2Te3 QLs in much the same way as similar
modes in MnBi2Te4·n(Bi2Te3) in Fig. 4, the frequency
of which (101 cm–1) does not change with increasing

. Although the frequencies of the Eg modes con-
nected by vertical dashed line 5 in Fig. 4 are the same
(101 cm–1), these modes cannot be considered as
identical or be attributed to vibrations associated with
MnBi2Te4 SLs or Bi2Te3 QLs in MnBi4Te7. These
modes are indistinguishable in the experimental data
obtained.

A similar situation is observed for the highest fre-
quency  mode in Bi2Te3 (Table 3, tenth column),
and for similar modes in Fig. 4. High-frequency
modes that have the same  symmetry but different
frequencies of 139 (MnBi2Te4) and 136 cm–1

(MnBi4Te7) and are connected by vertical dashed
line 6 in Fig. 4 also cannot strictly speaking be
attributed to MnBi2Te4 SLs or Bi2Te3 QLs or to both
simultaneously. A slight (2%) decrease in the fre-
quency of this high-frequency mode at the appearance
of one Bi2Te3 QL in MnBi2Te4  and the forma-
tion of MnBi4Te7  cannot be decisive for choos-
ing any one of the above options for belonging to this
mode. Nevertheless, the presence of low-frequency
modes associated with vibrations in quintuple layers
also requires the appearance of high-frequency modes
of these layers. For this reason, high-frequency modes
also have to be attributed to the vibrations of Bi and Te
atoms in quintuple layers under stationary atoms in
septuple layers. The same is required by the passage to
the limit to the spectrum of Bi2Te3, which would oth-
erwise be impossible.

= 2n
> 3n

gE

n

1gA

1gA

( = 0)n
( = 1)n
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Fig. 6. (Solid lines) Data obtained in this work for
MnBi2Te4 ·n(Bi2Te3) with , and ∞ and (cir-
cles) data obtained in [41] for bulk Bi2Te3 and two (2QL),
three (3QL), four (4QL), five (5QL), six (6QL) quintuple
layers of Bi2Te3.

= 2,3,4,5,6n
5. CONCLUSIONS

Raman-active vibrational modes of the
MnBi2Te4·n(Bi2Te3) system with  in the studied
region of the spectrum are almost completely fre-
quency degenerate. As a consequence, the number of
observed modes is limited and equals four as for
Bi2Te3. The degeneracy covers both low-frequency
modes with in-phase displacements of atoms and
high-frequency modes with out-of-phase displace-
ments of atoms. In both cases, the vibrational modes
correspond to the displacements of the Bi and Te
atoms in quintuple layers, while the atoms of septuple
layers are completely or almost immobile. Note that
the immobility of the Bi and Te atoms in septuple lay-
ers is in no way caused by the symmetry restrictions, as
in the case of the central Mn, which is not involved in
Raman-active vibrations in MnBi2Te4·n(Bi2Te3) with
any n because of the symmetry of its position.

> 0n
JETP LETTERS  Vol. 115  No. 12  2022
In general, an interesting situation is implemented
in which septuple layers of MnBi2Te4 are almost
“silent,” but this silence is not due to symmetry and is
not related to the so-called silent modes that are inac-
tive both in Raman scattering and in infrared reflec-
tion (absorption) and have nonzero displacements of
atoms. We are unaware of examples of such behavior of
vibrational modes in layered crystals.

The absence of the contribution of magnetic Mn
atoms to the Raman spectra of lattice vibrations indi-
cates the need for studies of infrared spectra of
MnBi2Te4·n(Bi2Te3) According to our estimates, the
upper limit of the frequencies of dipole vibrations
involving Mn is approximately 200 cm–1.

In the context of this work, which is based on data
obtained at room temperature, there is no connection
between vibrational modes and magnetic phase
transitions. However, such a connection can be
revealed in low-temperature studies of the entire
MnBi2Te4·n(Bi2Te3) series, and the data of this work
will serve as a starting point for the analysis of the
results obtained. We have already started work in this
direction.

ACKNOWLEDGMENTS

We are grateful to R. Heid for stimulating discussion of
the work.

FUNDING

The work was supported by the Azerbaijan Academy of
Sciences, NovelMTI project no. 120N296. E.V. Chulkov
acknowledges the support of the St. Petersburg State Uni-
versity (project no. 90383050).

CONFLICT OF INTEREST

The authors declare that they have no conflicts of interest.

REFERENCES
1. M. M. Otrokov, I. I. Klimovskikh, H. Bentmann, et al.,

Nature (London, U.K.) 576, 416 (2019).
2. V. N. Men’shov, V. V. Tugushev, and E. V. Chulkov,

JETP Lett. 94, 629 (2011).
3. J. Henk, M. Flieger, I. V. Maznichenko, I. Mertig,

A. Ernst, S. V. Eremeev, and E. V. Chulkov, Phys. Rev.
Lett. 109, 076801 (2012).

4. S.-Y. Xu, M. Neupane, Ch. Liu, et al., Nat. Phys. 8, 616
(2012).

5. I. Lee, Ch. K. Kima, J. Lee, S. J. L. Billinge, R. Zhong,
J. A. Schneeloch, T. Liu, T. Valla, J. M. Tranquada,
G. Gu, and J. C. S. Davis, Proc. Natl. Acad. Sci. U. S.
A. 112, 1316 (2015).

6. S. V. Eremeev, V. N. Men’shov, V. V. Tugushev, and
E. V. Chulkov, Phys. Rev. B 88, 144430 (2013).

7. V. N. Men’shov, I. A. Shvets, and E. V. Chulkov, JETP
Lett. 110, 771 (2019).



756 ABDULLAEV et al.
8. W. Luo and X.-L. Qi, Phys. Rev. B 87, 085431 (2013).
9. M. M. Otrokov, T. V. Menshchikova, I. P. Rusinov,

M. G. Vergniory, V. M. Kuznetsov, and E. V. Chulkov,
JETP Lett. 105, 297 (2017).

10. M. M. Otrokov, T. V. Menshchikova, M. G. Vergniory,
I. P. Rusinov, A. Yu. Vyazovskaya, Yu. M. Koroteev,
G. Bihlmayer, A. Ernst, P. M. Echenique, A. Arnau,
and E. V. Chulkov, 2D Mater. 4, 025082 (2017).

11. E. K. Petrov, I. V. Silkin, T. V. Menshchikova, and
E. V. Chulkov, JETP Lett. 109, 121 (2019).

12. Z. S. Aliev, I. R. Amiraslanov, D. I. Nasonova, A. V. She-
velkov, N. A. Abdullayev, Z. A. Jahangirli, E. N. Oruj-
lu, M. M. Otrokov, N. T. Mamedov, M. B. Babanly,
and E. V. Chulkov, J. Alloys Compd. 789, 443 (2019).

13. I. I. Klimovskikh, M. M. Otrokov, D. Estyunin, et al.,
npj Quantum Mater. 5, 54 (2020).

14. J. Wu, F. Liu, M. Sasase, K. Ienaga, Y. Obata, R. Yuka-
wa, K. Horiba, H. Kumigashira, S. Okuma, T. Inoshi-
ta, and H. Hosono, Sci. Adv. 5, eaax9989 (2019).

15. C. Hu, X. Zhou, P. Liu, J. Liu, P. Hao, E. Emmanoui-
lidou, H. Sun, Y. Liu, H. Brawer, A. P. Ramirez,
H. Cao, Q. Liu, D. Dessau, and N. Ni, Nat. Commun.
11, 97 (2020).

16. S. Tian, S. Gao, S. Nie, et al., Phys. Rev. B 102, 035144
(2020).

17. J.-Q. Yan, Y. H. Liu, D. Parker, Y. Wu, A. A. Aczel,
M. Matsuda, M. A. McGuire, and B. C. Sales, Phys.
Rev. Mater. 4, 054202 (2020).

18. C. Hu, L. Ding, K. N. Gordon, et al., Sci. Adv. 6 (30),
eaba4275 (2020).

19. R. Lu, H. Sun, S. Kumar, et al., Phys. Rev. X 11, 011039
(2021).

20. P. Rani, A. Saxena, R. Sultana, V. Nagpal, S. Islam,
S. Patnaik, and V. P. S. Awana, J. Supercond. Novel
Magn. 32, 3705 (2019).

21. H. Li, Sh. Liu, Ch. Liu, J. Zhang, Y. Xu, R. Yu, Y. Wu,
Y. Zhang, and S. Fan, Phys. Chem. Chem. Phys. 22,
556 (2020).

22. M. Rodriguez-Vega, A. Leonardo, and G. A. Fiete,
Phys. Rev. B 102, 104102 (2020).

23. C. Pei, Y. Xia, J. Wu, Y. Zhao, L. Gao, T. Ying, B. Gao,
N. Li, W. Yang, D. Zhang, H. Gou, Y. Chen, H. Hoso-
no, G. Li, and Y. Qi, Chin. Phys. Lett. 37, 066401
(2020).

24. J. Choe, D. Lujan, M. Rodriguez-Vega, Z. Ye,
A. Leonardo, J. Quan, T. N. Nunley, L.-J. Chang,

Sh.-F. Lee, J. Yan, G. A. Fiete, R. He, and X. Li, Nano
Lett. 21, 6139 (2021).

25. J. Li, Y. Li, S. Du, Z. Wang, B.-L. Gu, S.-C. Zhang,
K. He, W. Duan, and Y. Xu, Sci. Adv. 5, eaa5685
(2019).

26. Y.-J. Hao, P. Liu, Y. Feng, et al., Phys. Rev. X 9, 041038
(2019).

27. X. Gonze, J. M. Beuken, R. Caracas, et al., Mater. Sci.
25, 478 (2002).

28. S. G. Louie, K.-M. Ho, and M. L. Cohen, Phys. Rev.
B 19, 1774 (1979).

29. R. Heid and K. P. Bohnen, Phys. Rev. B 60, R3709
(1999).

30. J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev.
Lett. 77, 3865 (1996).

31. R. Heid, K.-P. Bohnen, I. Y. Sklyadneva, and
E. V. Chulkov, Phys. Rev. B 81, 174527 (2010).

32. W. Richter, H. Kohler, and C. R. Becker, Phys. Status
Solidi B 84, 619 (1977).

33. L. M. Goncalves, C. Couto, P. Alpuim, A. G. Rolo,
F. Völklein, and J. H. Correia, Thin Solid Films 518,
2816 (2010).

34. N. A. Abdullaev, N. M. Abdullaev, A. M. Kerimova,
S. Sh. Kahramanov, A. I. Bayramov, H. Miyamoto,
K. Wakita, N. T. Mamedov, and S. A. Nemov, Semi-
conductors 46, 1140 (2012).

35. Z. I. Badalova, N. A. Abdullayev, G. H. Azhdarov,
Kh. V. Aliguliyeva, S. Sh. Gahramanov, S. A. Nemov,
and N. T. Mamedov, Semiconductors 53, 291 (2019).

36. D. L. Mo, W. B. Wang, and Q. Cai, Nanoscale Res.
Lett. 11, 354 (2016).

37. V. Chis, I. Yu. Sklyadneva, K. A. Kokh, V. A. Volodin,
O. E. Tereshchenko, and E. V. Chulkov, Phys. Rev. B
86, 174304 (2012).

38. W. Kullmann, J. Geurts, W. Richter, N. Lehner,
H. Rauh, U. G. Eichhorn, and R. Geick, Phys. Status
Solidi B 125, 131 (1984).

39. K. M. F. Shahil, M. Z. Hossain, D. Teweldebrhan, and
A. A. Balandin, Appl. Phys. Lett. 96, 153103 (2010).

40. Ch. Wang, X. Zhu, L. Nilson, J.Wen, G.Wang,
X. Shan, Q. Zhang, Sh. Zhang, J. Jia, and Q. Xue,
Nano Res. 6, 688 (2013).

41. Y. Zhao, X. Luo, J. Zhang, J. Wu, X. Bai, M. Wang,
J. Jia, H. Peng, Z. Liu, S. Y. Quek, and Q. Xiong, Phys.
Rev. B 90, 245428 (2014).

Translated by L. Mosina
JETP LETTERS  Vol. 115  No. 12  2022


	1. INTRODUCTION
	2. SAMPLE PREPARATION AND X-RAY ANALYSIS
	3. METHODOLOGY OF EXPERIMENTAL AND THEORETICAL STUDIES OF RAMAN SCATTERING
	4. RESULTS AND DISCUSSION
	5. CONCLUSIONS
	REFERENCES

		2022-08-17T18:59:58+0300
	Preflight Ticket Signature




