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In this report, we have investigated the Density functional theory (DFT) calculation, temperature-dependent
thermoelectric power and Raman spectroscopy of Bij gDyo 1Tes topological insulator (TI). In this system,
discrepancy due to the rare earth ion Dy initiates a Red-shift in Raman active modes in the Bi;Te3 TI. Here, the
lattice thermal conductivity (k) was evaluated in the Umklapp scattering limit using the temperature de-
pendency of the vibrational phonon modes and was used to evaluate the Figure of merit (ZT) of the system. It has

been demonstrated that the estimated Power factor and ZT is very large, confirming the efficiency of
Bij gDyyg.1Tes for better thermoelectric and electronic applications. Such immense thermoelectric power value of
the corresponding system was further supported by the DFT calculation.

1. Introduction

Commencement of the topological insulators as a new family of
quantum material initiated advanced perspectives for applications such
as spintronics and quantum computing as well as for fundamental issues
of quantum electrodynamics [1-3]. TIs can be described by linearly
dissipated spin-polarized gap-less surface states sandwiched by the bulk
band gaps. Investigation of the exotic topological properties containing
new topological phases has gained enormous interest in recent years.

Raman spectroscopy is an essential non-contact method to study the
optical phonon modes. This technique is believed to be complementary
to spin and angle-resolved photoemission spectroscopy, providing
additional and relevant information about the unique surface state of TIs
[4]. Raman spectroscopy provides information about structural features,
electron-phonon interactions, and inherent phonon oscillations even at
very low dimensions. In the past few years, Raman spectra have been
studied in conventional TIs such as BiyTeg, BisSes, SboTes single crystals
as well as topological nano-scaled films [5-10]. Bi;Tes exhibits Rhom-
bohedral crystal structure and belongs to the D3,;(R — 3m) space group
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symmetry. Each unit cell of Bi;Tes is constructed by five atoms forming
five layers sandwiched structure [Te;-Bi-Tey-Bi-Te;]. They are bonded
together by van der Waals force of interaction [10-12]. As reported in
the group theory, the phonon spectra of BisTes crystal consist of fifteen
lattice dynamic vibrational modes. These modes are classified as three
acoustic and twelve optical phonon modes. Out of all these vibrational
modes, eight are detected as nondegenerate. Among those eight
nondegenerate spectra, four are Raman-active (A;g, Eg) and the
remaining four are infrared-absorption-active (A1, E,), which are usu-
ally mutually exclusive. The zone-center phonons can be represented as:
I' = 2E; + 2A;; + 2E, + 2Ay, [4,5,8,11-13]. In the pump-probe exper-
iments, apart from the excitation of the coherent transverse phonon
modes, the detection of the transverse phonon modes is much more
difficult than that of the longitudinal modes. Thus, the phonon-induced
anisotropy in the material should be measured to detect the transverse
phonon modes [14]. BiyTes has already been proved to have novel
Raman optical properties and possess potential applications as ther-
moelectric devices both as bulk (3-D) and nanoscale (2-D) structure [7,8,
10,15-17]. Moreover, the rare-earth ion Dy3+ (4 has a very high
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magnetic moment (10.65 pp) due to spin-orbit coupling [18]. Therefore,
in the present work, Raman spectroscopy was studied in Bi; gDy 1 Tes to
explore the surface crystal lattice dynamics and to scrutinize the influ-
ence of Dy doping on the structural and spectroscopic properties of
BizTe3.

BioTes, along with its derivative compounds, is a highly studied
thermoelectric material. Such compounds and alloys are widely adopted
as thermoelectric materials in solid-state cooling devices and electrical
power generators operating near room temperature. Thermoelectric
techniques are considered a substitution for reusing waste heat energy to
solve the energy crisis and environmental issues. Thermoelectric mate-
rials are beneficial for converting waste heat directly into electricity.
Such materials are believed to be one of the effective solutions to the
current energy crisis [19-23]. The efficiency of a thermoelectric mate-
rial can be determined by the power factor (PF) and figure of merit.
Power factor can be estimated by the formula PF = S?¢ and figure of
merit is defined as ZT = "Sj I where S stands for the Seebeck coefficient,
o represents the electrical conductivity, k implies the thermal conduc-
tivity, and T is the absolute temperature. Further, the total thermal
conductivity (x) is composed of both electronic (ke) and lattice (k)
contributions and can be derived as k = k. + k. [24,25]. Where k. arises
from the charge carriers and k;, emerges from the phonons. The slope of
the Seebeck coefficient with temperature confirms the type of majority
charge carrier present inside the material. Higher S value indicates the
power factor and ZT value increment, which directly signifies the good
thermoelectric material [21,24,26]. To investigate the value of ZT, this
is necessary to evaluate the thermal conductivity of the material. The
study of temperature-dependent Raman spectroscopy is an efficient
approach to investigating the value of thermal conductivity, thermal
expansion properties, and inter-layer coupling of the relevant system.
The temperature dependency of the Raman active peaks can be used to
determine the first-order temperature coefficient by analyzing the
Raman line shapes at different temperatures. From this temperature
coefficient, the electronic thermal conductivity of the material can be
evaluated [4,27]. Further, the Lattice thermal conductivity (k) can be
evaluated in the Umklapp scattering limit [7] by employing the tem-
perature dependency of the vibrational phonon modes. The appraised
value of k;, along with the electronic thermal conductivity (ke), can be
used further to calculate the total thermal conductivity (k) as well as the
figure of merit of the system [24]. In the present investigation, we have
shown that Bij gDyq 1Tes Topological insulator exhibits a large power
factor and large figure of merit and verified the results by the Density
functional theory calculation.

2. Experimental

Single crystals of 5% Dy doped Bi;Tes were prepared using the melt
growth technique. The granules of Bi (99.999%), Te (99.999%) and Dy
(99.999%) were mixed in proper stoichiometric ratio and heat-treated at
950 °C overnight in a sealed evacuated quartz tube. Then it was cooled
from 950 °C to 550 °C at the rate of 5 C/h and annealed for 72 h, then
cooled down slowly (60 'C/h) to room temperature. X-ray powder
diffraction (XRD) measurement was performed associated with Cu Ka
radiation using a Rigaku (MiniFlex II DESKTOP) powder diffractometer
to confirm the structure and phase of the prepared sample. The doping
impact on the thermoelectric properties and thermal conductivity of the
prepared sample was investigated using the thermoelectric setup in our
lab. Temperature-dependent Raman spectra were recorded by 633 nm
(He-Ne laser) excitation line (LabRam HR evolution spectrometer,
maker: Horiba) to understand the effect of Dy doping on the structural
anharmonicity and asymmetry of the system.
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3. Result and discussions
3.1. Raman scattering

Pure Bi;Te3 exhibits rhombohedral crystal symmetry, which belongs
to the space group R3-m (D3;). A primitive unit cell of pure Bi;Tes ac-
commodates two non-equivalent Te atoms formulated as Te; and Te;.
Two Bi atoms are bonded with Te;, while Te; limits the quintuple layer.
In other words, these layers are secured by van der Waals forces of
interaction [17]. From symmetry consideration, the crystal lattice of the
pure BiyTes sample contains five atoms in a primitive unit cell, there-
fore, have fifteen lattice-driven modes at the center of the Brillouin zone
at momentum q = 0. As described in the introduction part, optical
phonon modes are distinguished as 2A;4, 2Eg, 2A1y, and 2E,. Such a
system acquires a center of inversion. Regulated by the crystal symmetry
of the system, these optical modes are either Raman active or Infrared
(IR) active. Each Raman active Eg and Ajg mode is doubly degenerated
[28,29]. The IR active E,, modes are aroused by polarized electric fields
that are normal to the c-axis, while the A;, modes are by polarized
electric fields parallel to the c-axis. Considering the one-dimensional
nature of Ajg; modes, the atom quivers along the (111) direction,
while Eg modes admitting two-dimensional nature, vibrate along normal
to the (111) direction in the rhombohedral cell [14,27]. Among the four
Raman active modes, three are usually visible in Raman spectra, except
for the lowest frequency E;. The E; and E; modes exhibit the transverse
atomic displacement, while the A {; and A 3, modes demonstrate lon-
gitudinal dislocation of atoms with the c-axis [17,30]. For pure BizTes3
single crystal, the peak frequencies of the Raman active A 1, EZ and A ,
modes have been observed approximately at 63, 105, and 138 cm ™,
respectively at 300 K [10,15,17,31-33]. In the present work, 5% Dy
doped Bi;Te3 shows Raman active A |, E2 and A §, modes at 59, 98 and
137 cm ™}, respectively at 300 K. The Raman spectra shown in Fig. 1(a)
were deconvoluted to four peaks as 59, 98, 117, 137 em~! at room
temperature, which are slightly red-shifted compared to the previously
reported results [29,32,34]. This shifting might be caused by the rare
earth magnetic Dy ion doping in the pure BiyTes crystal. Each Raman
active modes demonstrated conventional Lorentzian line shapes sup-
pressing asymmetries. The Raman spectra of the Bij gDyp 1Tes single
crystal are shown in Fig. 1(b) at different temperatures ranging from
100 K to 300 K. Three prominent Raman active modes are clearly
detected along with an extra peak at 117 cm™!. These Raman active
peaks are readily identified as two A;y modes and one E; mode by
comparing with the literature [10,15]. Verifying the remarkable simi-
larity of the Raman spectra between pure BizTes and Bij gDyg 1Tes, it
can be concluded that both the Dy doped and pure BiyTes samples share
the same crystal structure. The additional peak at 117 cm™! might be
identified as Infrared active A?,. But there are certain controversies
behind this theory. A number of literatures have been appeared claiming
that the longitudinal optical phonon mode A;, at wave number 117
cm ! is IR active and correlated with the phonon at the zone-boundary.
That might be appeared due to the lack of translational symmetry
causing by a few layers of Bi;Tes. The IR active A;, modes appertain to
odd parity, meanwhile, the Raman active modes Eg, A belong to even
parity conserving inversion symmetry. However, for a few quintuple
layers (FQL) the crystal symmetry often breaks along the third dimen-
sion by virtue of the restricted thickness and the existence of the in-
terfaces. Due to such broken inversion symmetry, IR mode can be
appeared in Raman spectra notwithstanding the segregated behavior of
Raman and IR modes in a center symmetric crystal [10,15,34]. Some
literature conveys IR active modes are incapable to appear in a Raman
spectrum. They explained that by losing the crystal symmetry, the
one-phonon density of states can be realized in a Raman scattering
spectrum. In that consequence, a Raman spectrum might be disappeared
caused by declination of the energy conservation. Further, the presence
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Fig. 1. (a) Raman spectra of Single crystalline Bi; gDyo 1Tes representing the convoluted curves fitted by the Lorentzian line shape function accepting Four optical

1

phonon mode central frequencies at 59, 98, 117, 137 em ! corresponds to A 1g>

EZ, A%, and A }, optical modes at 300 K. Inset represents the projection of colour

contour corresponding to the temperature-dependent Raman spectra. (b) Temperature-dependent Raman spectra exhibiting the optical phonon modes of the single
crystalline Bi; gDyg 1Tes corresponding to 100 K, 150 K, 200 K, 250 K, 273 K and 300 K temperatures. (c) Peak positions of the optical phonon modes showing
distinguished red-shift as a function of temperature. (d) Peak intensities of the optical modes increase with rising temperature until 250 K. (¢) FWHM of Raman active
optical phonon modes are linearly dependent on temperature. (f) Area under the curve of each mode differs with respect to temperature. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

of phonon modes in a Raman spectrum justifies the translational
invariance in a bulk crystalline sample. Thus, the selection rules are
maintained in a Raman spectrum with the existence of distinct maxima
analogous to phonon vibrations. According to C Rodriguez-Fernandez
et al., due to the difference in physical mechanisms, an IR active phonon
frequency peak hardly can arise in a Raman measurement. They eluci-
dated over that the excess number of Te atoms may exist in the sample
initiating extra peaks in Raman spectra, as a result of the cluster for-
mation in a Te-rich crystal [32]. Under certain consequences, the exis-
tence of additional peaks in the Raman spectra was observed in different
pieces of literature. In the present work, the emergence of enormous
surface properties due to rare earth doping was observed in the layered
Bi; 9Dy 1Tes sample [35]. The enhanced surface property and the
presence of the interfaces in the layered crystal might be a reason behind

the broken inversion symmetry suppressing the third dimension. In
those circumstances, Infrared active A2, mode conceivably appeared at
117 em ! in the Raman spectra of single-crystalline Bij gDy 1Tes.

In the temperature-dependent Raman study, with the increase in
temperature A },, E; and A {, modes are shifted towards lower wave-
numbers (Fig. 1(c)), denoted as the red-shift. Single-crystalline
Bi; 9Dyo.1Tes exhibits very large magnetoresistance (MR) (1500% at 7
T), demonstrating the surface state’s robust nature. At the lowest tem-
perature, the surface state achieves the most prominent property with
the highest MR [35]. Eventually, the surface state gradually diminishes
with raising the temperature, which is consistent with the red-shifted
phonon modes. The first-order temperature coefficient was evaluated
from the shifting of the peaks, as they exhibit a linear dependency on the
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temperature. The thermal expansion and contraction of the crystal and
phonon modes cause anharmonicity. This anharmonicity results in the
temperature-dependent peak shifting of Raman active modes between
100 K and 300 K temperature range. The value of the temperature co-
efficient is comparable with the shifting of the peak. The position of the
peak centers along with the FWHM of the phonon modes were evaluated
by the Raman line shape analysis. The estimated phonon frequencies
were plotted against temperature and observed to be changed mono-
tonically with rising temperature. These phonon frequencies were then
fitted by a linear expression, w(T) = wo + yT; where g signifies the
vibrational frequency at absolute zero temperature, y stands for the first
order coefficient of temperature corresponding to each mode [27,36].
The value of the temperature coefficient for A}, F2, A3, and A%,
phonon modes were appraised as —0.00397, —0.00334, —0.01121, and
—0.00659 cm’l/K, respectively (Fig. 1(c)). This is noticeable that the
value of the first order temperature coefficients calculated for the
Bi; 9Dyyg.1Tes single crystal is very small. Lower y value corresponds to
higher value of figure of merit [27], which confirms Bi; ¢Dyq.1Tes as a
good thermoelectric material. Thus, a lower value of temperature co-
efficients was confirmed in the single-crystalline Bi; gDy(.1Tes adopting
the temperature dependency of phonon mode frequencies [14,16,27,
34]. The intensity of the Raman active vibrational phonon modes in-
creases with rising temperature up to 250 K (Fig. 1(d)) which might be
due to the electron-phonon coupling interaction. The reason behind the
downturn behavior above 250 K might be the enhancement of lattice
phonon vibration at higher temperatures. The FWHM of the vibrational
phonon modes has a positive linear dependency on temperature (Fig. 1
(e)). The temperature-dependency of the peak intensity and FWHM is
possibly attributed to the zone center decaying into an optical and an
acoustic phonon [14,27]. Using the values anticipated from the Raman
line shape analysis, the first-order thermal coefficients can be deter-
mined, which are equivalent to the thermal conductivity of the system.
The area under the curve corresponding to each Raman active mode was
also determined by analyzing the deconvoluted peaks of the Raman
spectra and plotted with temperature (Fig. 1(f)). The area under the
curve and the peak intensity of each longitudinal Raman mode increase
with increasing temperature up to 250 K and then decreases due to
thermal scattering. The area under the curve corresponding to the
transverse mode deviates from 200 K, whereas the infrared active mode
increases with temperature, as shown in Fig. 1(f).

The significance of phonon anharmonicity on the lattice thermal
conductivity (k) of the present Bij gDy 1Tes single-crystalline system
can be estimated by the determination of k;, in the Umklapp scattering
limit, derived by Slack [37]. The value of ki, used to be determined by
diverse mechanisms like phonon scattering, phonon-phonon interaction
and defect scattering. The Umklapp process is predominant in scattering
heat conduction in phonons. The heat conduction is possible by acoustic
phonons and at high temperature [7,38]. It is essential to acknowledge
the anharmonic nature of the phonon-phonon interaction in the
Umklapp process. The lattice thermal conductivity can be derived as,

MOp®5
Ye2n2/3T

~3.1 x 1075, M attributes the atomic mass average in each unit cell,

kL =A as described by Slack [37]; Where A is a physical constant

which is 168.29 a.m.u. for Bi;Tes, §° is the atomic volume ~ 33.8 A3 nis
the number of atoms in the primitive cell which is 5 for the present
system. T denotes the corresponding temperature that is taken as 300 K
[7,39]. Debye temperature Op was evaluated as 157 K for BisTeg per-
forming specific heat measurement at D. BESSAS et al. [39]. yg is
denoted as the Gruneisen parameter, which identifies the appearance of
the higher-order anharmonic effects near room temperature providing a
detailed glimpse of the phonon dynamics and anharmonicity. Assess-
ment of the Gruneisen parameter considering an anharmonic deterio-
ration of the optical phonon modes explained the
temperature-dependent Raman spectra as well as the thermal expan-
sion parameters of Bij gDyg 1Tes crystals. The mode value of the Gru-
neisen parameter illustrates the anharmonicity of the vibrational
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phonon mode. The anharmonic contribution in lattice thermal expan-
sion directly corresponds to yg [7,40].

The value of y for the Eg vibrational mode (frequency = 98 cm ™ at
300 K) in Bij gDy 1Tes crystal was estimated using the relation, Y = —

"dll‘:l(}’ ; Where V is unit cell volume denoted as [7], V = §a2c = 508.105
AS. The lattice parameters a and ¢ were demonstrated performing
Rietveld refinement of the powder XRD data of Bij 9Dy 1Tes single
crystal [35]. From the linear relation, Gruneisen parameter was calcu-
lated as 2.5898 at 300 K which is commensurate to the value of pure
BiyTes crystal [39]. Using the evaluated parameters, the lattice thermal
conductivity, k;, was estimated as 1.1095 W mK! for Bij 9Dyo.1Tes
crystal at room temperature. This value was used further to calculate the
total thermal conductivity as well as the figure of merit as a thermo-
dynamic parameter. The evaluated value of thermal conductivity is
comparable to the pre-estimated value of the first order temperature
coefficients. Such a low value of k|, corresponds to the higher value of the
figure of merit stands for the good thermoelectric material.

3.2. Thermoelectric property

The Seebeck coefficient (S) for 5% Dy doped Bi;Te3 was observed to
be showing a negative slope with temperature indicating the dominance
of electron-like charge carriers. S value reaches 207 pV/K at room
temperature (Fig. 2). The efficiency of thermoelectric power has been
determined by power factor (PF), utilizing the equation PF = 6S?, where
o is designated as the electrical conductivity (6 =1 /p) (Fig. 3 inset). The
temperature reliant variation of PF for Bi; 9Dy 1Tes is shown in the
corner inset of Fig. 2. For Bij 9Dyg.1Tes, the value of PF reaches 5.13 x
1072 W/K?m at room temperature, which is much larger in comparison
to those already reported for pure BiyTes [20,22,41-43]. The enhance-
ment of the number of conduction channels is the most probable reason
behind the increment in the value of the PF due to Dy doping in Bi,Tes.
Linear dependency of Seebeck coefficient (S) on the logarithmic value of
temperature for extrinsic semiconductors conceivably described as [23]
S = A’%ln T+ Sp, by the foundation of Semiclassical Boltzmann
Transport Theory (SCBT). Sy represents the value of S at the absolute
temperature (T = 0 K). The evaluation of the factor A in the up written
equation depends on the dimensionality of the system. From the SCBT
fitted statistics (Fig. 2), the value of A was evaluated to be 1.63, which is

[

[—3

(=}
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SCBT fit R
A=1.63

o
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wn
[ ]

PF(10° W/K*m)
w -
[ ]
[ ]

.
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3.0 35 4.0 4.5 5.0 5.5
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Fig. 2. Variation of Seebeck coefficient with In (T) is displayed in the graph
where the red line represents the fitted trajectory of the Semi classical Boltz-
mann transport theory. Inset manifests the Power Factor of Bi; gDyg 1Tes as the
temperature variance. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. The calculated values of the figure of merit are represented with respect
to temperature. Inset shows the variation of electrical conductivity with
temperature.

consistent with the 3D electron system. For the degenerated system like
Bij 9Dy 1Tes, in consequence with the semiclassical Mott Jones formula
of electron transport, Seebeck coefficient can be represented as [24,44]

3eh? \3ne
for the conventional Boltzmann constant, h is denoted as the Planck’s
constant, and n. signifies the carrier concentration (n-type in the present
system). As the Seebeck coefficient is already been demonstrated at 300
K, the carrier density (n.) was evaluated as 3.03 x 10 cem™! by the Mott
Jones formula. This value is comparable to the n. evaluated from the
hall resistivity measurement [35]. As a consequence, acquiring the
n-type charge carriers, the Fermi level (Eg) should be situated near the
bulk conduction band. Further, the Fermi level (Ef) was evaluated as
28.3 meV based on the Drude model for free electron gas using the
kT
Gekr
reduction of temperature coefficient was confirmed with the increase in
temperature. With a greater value of S and a smaller value of the thermal
coefficient, the figure of merit enhances, denoting the single crystalline
Bi; 9Dyo.1Tes as a better thermoelectric material. The total thermal
conductivity incorporates the electronic k. and lattice k;, contribution as
k = ke + k.. The electronic contribution of the thermal conductivity was
anticipated by the Wiedemann-Franz law [23,24,46]: k.(T) = LTo,
where L is denoted as Lorentz number and ¢ stands for the electrical
conductivity. L is treated as a universal factor with value 2.44 x 1078
WQK 2 (degenerate limit), which can be demonstrated from the
measured S(T) data. Thus, x.(T) was evaluated as 0.8709 W m 'K ! for
Bi; 9Dyo.1Tes adopting the estimated values of L and measured re-
sistivity (p(T)) value at 300 K. Fig. 4 represents the electronic contri-
bution of thermal conductivity varies with raising temperature. This
electronic contribution was realized mainly due to the metallic surface
state of the present TI. Using the evaluated parameters by the Umklapp
process, the lattice thermal conductivity, k;, was determined as 1.1095
W m~'K! for Bij 9Dyyg.1Tes crystal at room temperature. According to
the Wiedemann—Franz law, the evaluated values of xj, and k. confirmed
that the lattice thermal conductivity dominates over the electronic
thermal conductivity [25] (Fig. 4). This justifies the idea that the insu-
lating bulk plays an important role in the thermoelectric property of the
system. Accepting the values of k;, and k., the total thermal conductivity
(x) (Fig. 4) for Bij gDyg.1Tes was determined as 1.9804 W m KL We
have also measured the thermal conductivity at room temperature using
the steady state method. The obtained value (2.17765 W m K is

2 2/3 .
S =8k (L) m’ T, where m* represents the effective mass, kg stands

equation [45],S = . According to the vibrational phonon study, the
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consistent with the estimated thermal conductivity value (mentioned
above). From the fitted values of magneto conductivity, the contribution
of the electron-electron and electron-phonon interactions were calcu-
lated as Aee = —163.44 nm ™2 and Aep = —0.19 nm~% respectively.
Electron-phonon interaction plays a crucial character in electrical con-
ductivity, adjusting both the lifetime and the dispersion relation of
electron and phonon states [47]. The dominating electron-electron
interaction contributes to the thermal conductivity of the material.
Further, using the estimated values of the thermal conductivity (k) and
the electrical conductivity (c) at room temperature (300 K), the figure of
merit was calculated as ZT = @ = 0.7764 (Fig. 3). On the other hand,
using the value of thermal conductivity measured by steady state
method figure of merit was evaluated as 0.7061 which is consistent with
the estimated ZT value (0.7764). The obtained value of figure of merit is
certainly a high value to be reported confirming Bi; 9Dyg 1 Tes acquires a
good thermoelectric property.

3.3. Theoretical analysis

In order to further understand the effect of Dy doping in BiyTes,
which results in a large power factor and figure of merit value, we have
performed spin-polarized calculation within the framework of density
functional theory (DFT) [48] using the Vienna ab-initio simulation
package (VASP) [49]. The Perdew-Bruke-Ernzerhof generalized
gradient approximation (PBE-GGA) [50] is used as exchange-correlation
functional, and the core and valence interaction effects are included in
terms of the projector-augmented-wave (PAW) method. We consider Dy
(6s, 4f), Bi (6s, 6p) and Te (5s, 5p) as valence electrons, while other
states are assumed as core electrons. Plane-wave basis sets are used with
an energy cutoff equal to 350 eV. High energy convergence criteria
(10’6 eV) are used for all sets of calculations. The Brillouin zone (BZ)
integration for conventional cell (supercell) was performed at 8 x 8 x 8
(6 x 6 x 1) Monkhorst-Pack [51] k-points mesh by adopting a conjugate
gradient scheme. The residual Hellman-Feynman force on atoms
reduced up to <0.01 eV/A. We are using experimentally measured lat-
tice constants (a = b = 4.386(8) 10\, ¢ = 30.499(5) A) for the pure BisTes
system. However, to dope Dy atoms into BiyTes lattice, a supercell of size
2 x 1 x 2 was generated. The structure optimization in the form of
relaxation of the atomic position shows that the neighboring atoms of Dy
move towards and accommodate with smaller Dy-Te bond length, but
the atoms far from Dy show a minute change in Dy-Te bond length and
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maintain its crystal structure. The change in bond length between Dy-Te
varied from 0.01 to 0.1 A with respect to Bi-Te. The electronic proper-
ties of the Dy-doped system were studied for supercell of size 2 x 1 x 2
consisting of six Quintuple layers (QLs), as shown in Fig. 5(a). The
calculation has been made by considering the spin-orbit coupling. It has
been established that the use of GGA functional into calculation of
electronic structure of a material may severely underestimate energy
band gap of a material. Therefore, to overcome this difficulty we adopt
GGA + U [52] approach and shifted the f orbital of Dy by taking into
consideration the Hubbard term U = 7.0 eV [53], which matches our
experimental results well. Further, to unearth the underlying physics,
we have performed systematic studies of electronic band structure and
electronic density of states of pristine and Dy doped BiyTes and
compared the role of spin-orbit coupling (SOC) in band splitting. The
calculated band structures of pure BiyTes in a hexagonal lattice with and
without SOC have been illustrated in Fig. 5(b). From Fig. 5(c), it is clear
that the SOC effect strongly dominated in the material, and drastic
change originated in valence and conduction band edge while moving
for I' to M direction in Brillouin zone. However, without SOC calcula-
tions, both the valence and conduction band edges lies at I' and renders
the material as direct energy band gap of 0.29 eV. On the other hand,
after including SOC, results show that the energy band gap of the ma-
terials changes from direct to indirect energy band gap may be due to
shifting of valence and conduction band edges (Fig. 5(c)). Thus, for the
study of Dy»Bis>Tesq system, we have intentionally incorporated SOC
effect while calculating the band structure. The calculated band struc-
ture for Dy;BizoTess system is depicted in Fig. 5(d). It is evident that the
separation between valence and conduction band minimum (CBM) at I"
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is ~ 55 meV, which supports our experimental result. This reduced band
gap clearly indicates that the doping of Dy into Bi;Tes enhances metallic
character. It will be interesting to know the band character responsible
for introducing the metallic property in Dy;BigsTese.

Thus, charge carrier density increases by introducing Dy ion in
BiyTes. Conductivity displays linear relation with the PF and ZT of the
system. This is established experimentally that Dy doping enhances the
PF (5.13 x 1072 W/K?m) and ZT (0.7764) values presenting
Bi; 9Dyp.1Tes as a better thermoelectric material. To get deep insight
into the electronic structure, we now concentrate our attention on pre-
dicting hybridization between different atomic orbitals. For that pur-
pose, we have calculated the projected density of states (PDOS), as
presented in Fig. 5(e). Looking to PDOS for the bulk system, it is clear
that both valence and conduction band edges are formed by strong hy-
bridization of Bi-p and Te-p orbitals. The contribution of Dy-f orbitals
appears around 0.5 eV above the Fermi energy level.

4. Conclusion

The temperature dependency of the phonon dynamics in the
Bi; 9Dyg.1Tes sample is readily described by the anharmonicity of
phonon-phonon interaction, indicating a dominant surface state.
Temperature-dependent Raman spectra demonstrated the red-shift of
Raman modes and broadening of FWHM with increasing the tempera-
ture from 100 K to 300 K. Linear temperature dependency of the
vibrational phonon modes of Bi; gDy 1 Tes was revealed. Thermoelectric
measurement proved the higher value of the Seebeck coefficient (207
HV/K at 300 K) as well as an enlarged power factor (5.13 x 10~> W/
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Fig. 5. (a) The optimized cell of Dy,Bis;>Tese of size 2 x 1 x 2 in hexagonal lattice where Dy (blue), Bi (magenta) and Te (green) atoms are represented by filled solid
sphere, (b) band structure of pure Bi,Tes calculated without SOC and (c) with SOC effect. The band structure and PDOS of Dy,Bi2Tej are presented in (d) and (e),
respectively (calculated with SOC). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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K?m). Using the Umklapp method, the lattice contribution of thermal
conductivity was determined as 1.1095 W m~!K™! estimating the
anharmonic Gruneisen parameter. The electronic contribution of ther-
mal conductivity was estimated as 0.8709 W m™'K~! employing the
Wiedemann-Franz law. The total thermal conductivity was determined
by adding both the lattice and electronic contributions and was proven
to be comparable with the measured thermal conductivity value at room
temperature. Further, the figure of merit was evaluated as 0.7764 using
the values of Seebeck coefficient, thermal conductivity and electrical
conductivity at room temperature. The large power factor and Figure of
merit have been supported by DFT calculation. This is noteworthy to
mention that the Single crystalline Bi; ¢Dyg 1Tes demonstrates the pos-
sibility of being used as an excellent thermoelectric material. Better
quality crystals along with large-scale production obtaining high per-
formance, will push its application in the field of better thermoelectric
materials. The main findings in this work will be beneficial to future
thermoelectric and electronic applications.
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