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Study on lattice vibrational properties and Raman spectra of Bi,Te;
based on density-functional perturbation theory”
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We present a variational density-functional perturbation theory (DFPT) to investigate the lattice dynamics and vibra-
tional properties of single crystal bismuth telluride material. The phonon dispersion curves and phonon density of states
(DOS) of the material were obtained. The phonon dispersions are divided into two fields by a phonon gap. In the lower field,
atomic vibrations of both Bi and Te contribute to the DOS. In the higher field, most contributions come from Te atoms. The
calculated Born effective charges and dielectric constants reveal a great anisotropy in the crystal. The largest Born effective
charge generates a significant dynamic charge transferring along the ¢ axis. By DFPT calculation, the greatest LO-TO
splitting takes place in the infrared phonon modes and reaches 1.7 THz in the Brillouin zone center. The Raman spectra
and peaks corresponding to respective atomic vibration modes were found to be in good agreement with the experimental

data.
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1. Introduction

Bismuth chalcogenide alloys, possessing a special topo-
logical layered structure, have drawn numerous research inter-
ests in the realm of superconductive, thermoelectric, and ther-
momagnetic applications.!'*! Among the chalcogenide com-
pounds, BiyTes crystal exhibits a quintuplicate atomic layer in
a sequence of Te'-Bi-Te?’-Bi-Te!. This topological layered
Bi,Tes structure exhibits a lower thermal conductivity but a
higher electrical conductivity at room temperature; >~ these
intrinsic transport properties make it a promising thermoelec-
tric material in a sustainable energy solution.

The topological layered structure of the Bi;Te; material
plays a major role in the thermoelectric performance. For in-
stance, the weak Van der Waals bonding between the crystal
layers can result in cleavages perpendicular to the ¢ axis of the
material. Correspondingly, the electrical conductivity along
the ¢ axis is three times larger than that along the a axis.[®!
The thermal conductivity along the ¢ axis, however, is less
than a third of the a axis.[®! Being easily exfoliated along the
cleavage planes, the resultant single layer of this material has
a high electrical conductivity and low thermal conductivity;
as a newly formed nanomaterial, this method provides a new
route to greatly improve the thermoelectric performance of
this compound by the confinement of charge carriers or acous-
tic phonons. [10-12]

To make a clear image of the above properties depen-
dent on the topological structure of the BiyTes crystal, a num-
ber of experimental and theoretical studies were presented.
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The electronic structure of BirTes has been addressed to ex-
plain the anisotropic properties in mechanics and electronic
transformation.[!3! However, from the aspect of atomic lattice
vibrations, the anisotropic thermal conduction of BiyTes ma-
terial has not been well understood yet. Previously, Richter
et al." studied the lattice vibrations of the Bi,Tes crys-
tal and obtained three Raman modes experimentally; but the
low-frequency mode Egl has not been observed. Bessas et
al.'"3) have also proved that the crystal phonon dispersion
and the phonon density of states cannot be fully described
in experiments due to the fact that a perfect single BiyTes
crystal is hardly obtained.!'%!”] Additionally, the unperfected
theory modes!'®2% and the half part empirical calculated

15211 have provided a few partial phonon dispersion

modes!
or the phonon densities of states, but have not provided a
clear relationship between the atomic lattice vibrations and the
phonon vibration strength in the BiyTes crystal. Those the-
oretical calculations did not yield the knowledge of a great
anisotropy in the static dielectric constant and Born effective
charge that yield a strong LO-TO splitting at the Brillouin
zone center. An accurate description of these lattice dynamic
properties will play a significant role in determining the elec-
tronic and thermal transport properties.

For these reasons mentioned above, we present a the-
oretical study of the vibrational properties of bulk Bi,Tes
single crystal with the density-functional perturbation theory
(DFPT).!??! The theory is the most efficient technique to cal-
culate the phonon frequency of materials.[>3>-2%) It allows the
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calculation of the crystal response to external electric fields
as well as the atomic displacements. The phonon disper-
sion, phonon density of states, Born effective charges, di-
electric constant, LO-TO (longitudinal optical-transverse op-
tical) splitting, and Raman intensities of the BiyTes crystal
were computed and compared with reported experimental re-
sults. The vibrational properties of the Bi,Tes crystal and the
anisotropic transport properties in thermal conductivity are ad-
dressed to understand the underlying physical mechanisms of

phonon transmission in the BiyTes crystal.

2. Calculation methods

The crystal structure of BiyTes is rhombohedral with the
space group R3m.!?’! Bi and Te elements construct a unit cell
with three quintuple layers of atoms. As shown in Fig. 1(a),
the layers of atoms with a sequence of Te' -Bi-Te’~Bi-Te! are
arranged along the ¢ axis. The lattice parameters, a and ¢, of
Bi,Tes are taken to be 4.38 A and 30.36 A, respectively. The
first Brillouin zone with five high symmetric points, shown in
Fig. 1(b), is used for the first-principle calculation by the Cam-
bridge Serial Total Energy Package (CASTEP).[?®]

O Tel
&® Te?
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Fig. 1. The crystal structure of Biy Tes is rhombohedral and constructed
with three quintuple layers of atoms. Each quintuple layer is arranged
along the ¢ axis in a sequence of Te'-Bi-Te>-Bi-Te! (a). Five high
symmetric points and three axes are plotted in the first Brillouin zone
(b). Here, the binary axis (2-fold rotation symmetry) is along x, the
bisectrix axis (in the reflection plane) is along y, and the trigonal axis
(inversion 3-fold rotation symmetry) is along z.

The norm-conversing pseudopotentials for Te and Bi
atoms were taken for electron—ion interactions in pseudo-
atomic calculation.*”) The wave function was expanded by
using plane waves. The local density approximation with the
Ceperley—Alder—Perdew—Zunger functional **! was applied to
evaluate exchange—correlation energy. The cut-off energy
of atomic wave functions was set as 500 eV. The Broyden—
Fletcher—Goldfarb—Shanno method®! was employed to relax

the lattice parameters and atomic internal coordinates. Sam-
pling of the irreducible wedge of the Brillouin zone (BZ) was
generated by the regular Monkhorst-pack grid of 8 x 8 x 8 (60
k points).['3] The predetermined convergence tolerance was
set as the root mean square (RMS) force below 0.01 eV/A,
max displacement under 5 X 10~* A, max stress less than
0.02 GPa, and energy change less than 1 x 1076 eV/atom.

For the phonon dispersion evaluation, the density func-
tional perturbation theory was used to compute the atomic vi-
brational properties. The interatomic force constants of the
crystal dynamical matrices were calculated by means of the
Fourier interpolation technique with a g-mesh 0.03 A~! and
used to plot the phonon densities of states and phonon disper-
sion. At the G point, the infrared (IR) and Raman active modes
were distributed by using the group theory. Four g points in
the vicinity of the BZ center at different directions were taken
to calculate the vibrational frequencies, Born-effective charge,
and dielectric tensor.

3. Results and discussion
3.1. Phonon dispersion

Figure 2 shows the phonon dispersion curves along the
high symmetry directions of the Brillouin zone from the
Fourier interpolation and dynamic matrix calculation. The
right side of the figure displays the partial density of phonon
states (PDOS). It is noted that the calculated unit cell of
BiyTes crystal contains five atoms. That is, there are three
acoustic phonon branches and 12 optical phonon branches.
The low-energy vibrations of Bi and Te atoms contribute to
the three acoustic branches and the first three low-frequency
optical branches, presenting a mixed character of these six
low-frequency modes. The rest of the high-frequency optical
branches are mainly determined by the vibration of Te atoms
that contribute to 80% vibration amplitude.

Another finding is the phonon modes in the GZ direction
displaying much lower phonon dispersion. Here, the GZ di-
rection is the ¢ axis ([111] direction of crystal). Along the
¢ axis, there exists a weak coupling between the adjacent Te
layers, leading to a small dispersion of phonons in the BiyTes
crystal. For the experimental evidence, such a small disper-
sion of phonons can be clearly observed in the weak coupling
layers of graphite!*?! and BiTeCl1*3 materials. As shown in
Fig. 2, the low-frequency acoustic branches match well with

[34] and they play a main role in the ther-

the experiment data
mal conduction of BiTes crystal. The high-frequency phonon
branches, possessing lower group velocity, contribute less to
the thermal conduction.®>! Additionally, the phonon modes
are separated into low phonon modes and high ones due to
the difference in atomic mass, producing a band gap between

the three lower optical branches and the higher optical ones.
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Those lower-frequency phonon modes, expect for the intrin-
sic three-phonon scattering, can be highly scattered by the de-
fects in the crystal, minifying the lattice thermal conduction
efficiently. 3!

To further illustrate the phonon properties of the BiyTes
crystal, the phonon density of states (DOS) is plotted in Fig. 3.

This DOS is based on DFPT calculation with a smearing width

5.0

of 0.1 THz.
matching well with the values of 4.5 THz measured by Rauh
et al.®¥ and 4.35 THz calculated by Qiu ez al.?!! In addition,

the calculated DOS in this paper can successfully produce the

The calculated cutoff frequency is 4.56 THz,

positions of the peaks, as in Fig. 3, and provide accessible data

for the phonon thermal conductivities.?”]
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Fig. 2. (color online) Phonon dispersion curves of BiTes at the high symmetry points and the partial density of phonon states (PDOS)

is shown at the right side. The square point along the GZ direction is the experimental data.
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Fig. 3. (color online) Calculated phonon density of states for BiyTes
crystal, together with the ab initio calculation!?'! and experimental
data.[34

3.2. Phonons at G point

The lattice dynamic properties in bismuth telluride are
fully comprehended, expecting to understand the phonon dis-
persion. The indispensable knowledge of LO-TO splitting of
the BZ center optical modes is needed by means of calculat-
ing the non-analytic contribution to the dynamic matrix. The
knowledge of how to dealt with the non-analytic term is pro-
vided by the Born-effective tensor Z; (i) and the dielectric

tensor egﬁ. At the BZ center G point, Born-effective tensor

[34]

Z;5 (i) P4 is given as:

— |, M
6ui (g= 0) E=0

apli) = £
where i represents the i-th atom, Q the volume of the unit
cell, 0P, the first-order polarization of the position vector a,
and Suf3 the first-order change of the position vector 8 of the
i atom. Due to the crystal symmetry of BiyTes, the tensors
are diagonal with only two independent parameters and are la-
beled parallel (]|) and perpendicular (L) to the ¢ axis.

Table 1 shows the magnitude of Born-effective charge
tensors Z;ﬁ (i) of the BiyTes crystal calculated from Eq. (1).
A large anisotropy of Born-effective charge tensors emerges
in both Zi‘ (i) and Z7 (i). The ratios of Z (i)/Z; (i) are over
unit and the maximum corresponding to Te! atom reaches
4.461, indicating that the electronic aggregations are different
in these two directions. As a result, a significantly dynamic
charge transfer takes place along the c axis. This charge trans-
mission anisotropy has been verified in the experiment that
demonstrates the electron conductivity perpendicular to the ¢
axis being one third of the one at the parallel direction.®!

In addition, we also observe a strong correlation between
the effective charge Z, B (i) and atomic positions. For example,
Te'! belongs to the Wyckoff site of 3a and Te? is 6¢. The values
of ZlT(Te') and ZW(TeZ) are —4.28304 and —6.02926, respec-
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tively. As shown in Table 1, it reveals another strong correla-
tion displaying between Zi‘ (Bi) and Z‘T (Te?). This correlation
can be attributed to the fact that the displacement between Bi
and Te? modulates the Bi-Te? bond parallel to the ¢ axis.

Table 1. The calculated values of independent atomic Born-effective charge
Zyp (i) and the dielectric tensor 8;}. The subscript || and L represent the

component parallel and perpendicular to the ¢ axis, respectively.

Born-effective charge . .
Dielectric tensor

Bi Te! Te?
zZf 729767  —4.28304  —6.02926 g 39.07842
zZ 3.58873  -0.96075  —5.25597 £ 30.1409
z/z; 2.034 4.461 1.147 g/€L 1.2965

Another parameter, the dielectric tensor 8;;'[3, also exhibits
the anisotropy in the BiTes crystal. In Table 1, the value
of g /€, reaches 1.2965. This value is first reported by the
theoretical calculation and no experimental data are available.
Previous research work has pointed out that the dielectric con-
stants of Bi,Tes alloy play a critical role in growing micro or
nanoscale Bi>Te3 particles and film from the solution.*8! For
this aspect, our calculated results may provide a mechanism to
elucidate the formation of stable Bi,Te3 particles and films.

Table 2. The calculated frequencies of the optical phonon branches

with their infrared and Raman activities at the BZ center G point. The
unit of frequency is in THz.

Mode Frequency IR active Raman active TO/LO
E} 1.26 - Y TO
A} 1.88 - Y LO
E} 2.35 Y - TO
E2 3.15 Y - TO
E2 351 - Y TO
Al 3.52 Y - LO
A2 4.04 Y - LO
A2 433 - Y LO

Table 2 gives the optical phonon branches with infrared
The BZ center
phonon frequencies of the BiyTes crystal are calculated using

(IR) and Raman activities at the G point.

linear response formalism. The LO-TO splitting of the BZ
center was estimated on its non-analytic contribution to the
dynamic matrix. The calculation results indicate that all the
optical phonons belong to infrared or Raman activities. Two
optical modes belong to A and the other two to A,, and eight
to E, where E mode is twofold-degenerate, including IR and
Raman-active modes. In these 12 optical modes, there are four
LO modes and four doubly degenerate TO modes and no rela-
tionship between the TO and LO modes through the eigenvec-
tor analysis. This finding matches well with the reported result
by Rauh et al.®¥ As listed in Table 2, LO-TO splittings are
observed for the infrared-active modes at the BZ center. The
maximum value of A} minus E! reaches 1.17 THz. This large
LO-TO splitting value is due to the large Zi‘ effective charge
and dielectric tensors €| in the crystal. The phonon spectrum
splitting in the high symmetry points is also calculated. The

LO modes of both IR and Raman-active branches are splitting
at the G and Z points.

3.3. The Raman analysis

The Bi,Tes crystal belongs to the space group of Dg 4 and
assumes hexagonal close-packed atomic layers. As shown in
Fig. 1(b), it possesses one trigional axis parallel to the c axis
and three binary axes perpendicular to the ¢ axis. There are
three mirror planes that include the trigonal axis and perpen-
dicular to the binary axis, and one center of inversion with a
Te? atom in the crystal. On the basis of the group theory and
symmetry analysis, the optical modes in the Bi, Te3 crystal are
divided as Iy = 2I7" (R) + 2137 (R) + 31 (I) + 315 (I) at the
center of the Brillouin zone, where R and I represent the Ra-
man and infrared active, respectively. The 12 optical branches
belong to 2A,, 2E,, 2A,, and 2E, symmetry, where A, E, g,
and u are out-plane lattice vibrations, in-plane lattice vibra-
tions, Raman-active modes, and IR-active modes, respectively.

By aiding the DFPT calculation at the Brillouin zone
center, the results of Raman eigenwavenumbers of phonon
modes and the displacements of atoms were obtained. Fig-
ure 4 shows the Raman frequency of BirTes crystal. There
are four peaks of wave, and the maximum eigenwavenumber
reaches 134.7 cm~!. The rest of the Raman eigenwavenum-
bers are given in Table 3, together with previously calculated
and experimental data.[**! The theoretical calculation result of
Eg1 is 42.3 cm™!, close to the measured value of 38.9 cm™!
by Shahil e al.!'! but it is lower than 50.6 cm™! reported by
Richter et al.'"l For higher Raman-active modes, e.g., A o
E?, and A%g, the calculated eigenwavenumbers fit well with
the experimental data as shown in Table 3.

O expt. data
—— this work 107

100 120 140
—1

Wavelength/cm

160 180

Fig. 4. (color online) The Raman curve of BiyTes crystal together with
experimental data. 3]

Table 3. The calculated Raman wavenumber peaks in Bi, Te3 and other
experimental and calculation results. All the wavenumbers are in units
of em™!.

E s} A { o E ; A% o Comments
38.9 61.3 101.3 133.0 nano film?
36.5 62.0 102.3 134.0 bulk®
50.6 71.1 118.5 128.3 calc. bulk®
423 62.0 107.0 134.7 our work

aRef. [11]. PRef. [39]. °Ref. [22].
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A Raman wavenumber peak is related to a specific atom
vibration. Figure 5 gives the E, and Ay modes vibrating in the
form of in-phase and out-of-phase. For the Eé1 mode, the up-
per two layers of Bi and Te atoms vibrating in the same direc-
tion make a greater atomic displacement and produce a lower
phonon frequency. For the A! ¢ mode, both Bi and Te atoms vi-
brating in opposite directions with a short displacement induce
a higher frequency (107 cm~!). As for the A ¢ modes vibrating
out of phase, the bonding of each neighboring atom is stronger
than that of the E, modes. As aresult, the atomic vibration dis-
placement of A, modes is restricted and the atomic vibrational
frequency of A, modes is stronger than that of £, modes. For
example, the frequency of A% o 18 1347 cm~!, nearly one half
larger than that of E{? mode. The change in phonon frequency
exerted by the difference in atomic vibrations will directly en-
hance the anisotropy in the lattice thermal conduction of the

©
@
©
O

crystal.

O Te!
® Te?

@ Bi
B2 Al
@
® lle
g
S
S
Al
By

Fig. 5. Atomic displacements of five atoms for double E, modes in
Bi;Te; crystal are 42.3 cm™! and 107.0 cm™! and double Ag modes are
62.0cm~! and 134.7 cm ™.

The low-frequency phonons emerge at different frequen-
cies along the three axes in the BiyTes crystal that dominate
the heat conduction of the crystal. Even they are hardly scat-
tered by the point defects in the solid but can be scattered by
the boundaries of crystal because the free path lengths for the
phonons vary strongly with the vibrational frequency.[40?1
So the topological structure of the BiyTes crystal, the £ and A
modes vibrating in forms of in-phase and out-of-phase, which
result in different phonon frequencies, i.e., the dissimilar free
path length of the phonons, generating the lattice conductiv-
ity parallel to the ¢ axis, is approximately 2-2.5 times smaller

(21,43

than that of the perpendicular direction. I This anisotropic

lattice thermal conduction in the BiyTes crystal is enhanced

from the phonon vibration modes. It can be used to design
and search for high performance thermoelectric materials with

lower thermal conductivity.

4. Conclusions

Density-functional perturbation theory calculations have
been applied to study the vibrational properties of binary
BiyTes; thermoelectric material. The calculated dispersion
curve of the material indicates that the phonon vibrational
spectra can be divided into lower active phonon modes and
higher ones. The lower phonon modes are attributed to the
atomic vibrations of Bi and Te atoms, dominating the conduc-
tion of heat in the Bi,Tes crystal. The Boren-effective charges
and dielectric tensors reveal that the topological structure of
the crystal leads to a strong anisotropy in the directions per-
pendicular and parallel to the ¢ axis. The obtained large Zl’l‘
effective charge and dielectric tensors &) show a great LO-TO
splitting at the center of the Brillouin zone. The calculation
results are in good agreement with the previously reported ex-
perimental data. The density-functional perturbation theory is
proved to be a practical method which can successfully pre-
dict the atomic vibration properties and Raman spectra of the
Bi;Tes material.
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