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Recent experiments on the thermal expansion of Sb2Te3, a prototypical example of strong three-dimensional
topological insulators, have shown an intriguing anomaly in the thermal expansion coefficient along the hexagonal
axis (α‖ ), which drops sharply to almost zero in a narrow range of temperature around ∼225 K. With no
accompanying signatures in other properties, the origin of this anomaly is not understood. We present here
femtosecond pump-probe differential reflectivity measurements on single crystals of Sb2Te3 as a function of
temperature from 3 to 300 K to determine the temperature dependence of coherent optical and acoustic phonons
along with the dynamics of the photoexcited carriers. We find clearly anomalous temperature dependence of the
parameters associated with vibrational and electronic relaxation in the narrow temperature range of 200–250 K.
Within first-principles density functional theoretical analysis, we show that the observed anomalies can be
explained with a mechanism of formation of stacking faults stabilized by vibrational entropy above 200 K. As a
similar anomaly in the thermal expansion is also observed in other chalcogenides in the same family, the proposed
mechanism may also be applicable to these layered strong topological insulators.
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I. INTRODUCTION

Starting from Bi1−xSbx as a three-dimensional topological
insulator (3D-TI) [1–3], Sb2Te3, Bi2Te3, and Bi2Se3 were
identified as 3D-TIs in the same crystal family with a single
surface Dirac cone [4–7]. These compounds have layered
structures with quintuple layers of the formula unit stacked
along c axis which are held together by weak van der Waals
interaction. In recent years, most experimental measurements
on TI focused on surface electronic structure and investigations
of their bulk properties have remained relatively scarce. Recent
x-ray diffraction and dilatometry experiments have shown
an intriguing anomaly in the thermal expansion coefficients
of bulk Sb2Te3 [8] and Bi2Se3[9], without any structural or
electronic phase transition. The coefficient of linear thermal
expansion along the trigonal c axis (α‖) in Sb2Te3 deviates
significantly from the Debye law in the temperature region of
200–240 K. It decreases sharply within the range showing a
minimum at 225 K (even crosses zero and becomes negative)
and then increases abruptly in the temperature region 225–
236 K. Importantly, the specific heat measurements do not
show any corresponding anomaly in this temperature range.
A similar anomalous behavior of thermal expansion has also
been seen for Bi2Te3 [10].

As no other physical property has been shown so far to
display anomalous temperature dependence in this range, the
origin of the observed anomaly in the thermal expansion
coefficient is unclear. The aim of the present work is to
experimentally probe coherent optical and acoustic phonons
along with the relaxation dynamics of the photoexcited carriers
in Sb2Te3 over the complete range of 3 to 300 K using
ultrafast time-resolved pump-probe experiments. In particular,
we are interested in finding signatures, if any, of anomalous
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temperature dependence of phonon and electron dynamics and
provide a theoretical framework to explain the anomaly.

We use ultrafast pump pulses of energy (1.57 eV) above the
band gap of Sb2Te3 to generate nonequilibrium electron-hole
excitations. The transient differential reflectivity �R(t)/R0 is
monitored by a weaker time-delayed probe pulse as a function
of time delay. Together with electronic excitation, coherent
optical phonons are generated due to displacive excitation
of coherent phonons (DECP) in opaque materials [11]. Our
experiments show that the frequency of A1

1g optical phonon
decreases near the anomaly temperature (Ta ∼ 225 K). A
significant deviation in the temperature dependence of the
frequency shift from the cubic anharmonic decay and thermal
expansion contribution is observed.

The pump laser also induces transient electronic and ther-
mal stresses at the surface of the sample which is responsible
for the generation of coherent acoustic phonons [12,13].
A strain pulse launched by the pump pulse at the surface
propagates into the bulk with longitudinal sound velocity
(v

LA
). It is expected that structural changes with temperature

in anomalous thermal expansion range will affect the optical
properties, sound velocity, and modulus of elasticity. Using the
strain pulse propagation model we extract the refractive index
(n), longitudinal modulus of elasticity (Y

LA
), and longitudinal

sound velocity (v
LA

) as a function of temperature [13,14]. A
large change of about ∼97% in v

LA
is observed around Ta .

With first-principles density functional theory (DFT) calcu-
lations, we examine various possibilities to understand the
observed anomaly. We propose a mechanism associated with
the formation of stacking faults (SFs) in the layered structure
of Sb2Te3, which becomes energetically favorable above the
temperature of the observed anomaly. Our theoretical results
qualitatively explain the observed variation in n, v

LA
, and cor-

responding Y
LA

near Ta identifying the structural origin of the
anomaly.
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FIG. 1. (a) �R/R0 signal at 300 K showing different processes: excited carrier relaxation, coherent optical phonon A1
1g , and acoustic

phonon. Solid line is the fit as discussed in text. Inset shows zoomed view of A1
1g optical phonon oscillations with solid lines (red color) as

fit. Temperature dependence of (b) initial amplitude Ae and (c) carrier relaxation time τe (dashed lines in red color joining through data points
are guide to eye). Optical phonon A1

1g (d) oscillation amplitude B
OP

(e) scattering rate � and (f) frequency ν
OP

as a function of temperature.
Solid lines (red color) in (d) and (e) are fit with cubic anharmonicity model for B

OP
and �. Solid line (red) in (f) is fit to frequency shift with

temperature by cubic anharmonic model together with thermal expansion contribution. Error bars are smaller than symbol size.

II. EXPERIMENTAL DETAILS

A single crystal of Sb2Te3 (6 × 5 × 0.5 mm3) with a fresh
cleaved surface normal to trigonal c axis was mounted on
the cold finger of a continuous helium flow optical cryostat
(Oxford Instruments, Microstat He). Degenerate optical pump
probe experiments were done with pulses of central photon
energy 1.57 eV derived from Ti:sapphire amplifier (Spitfire,
Spectra Physics Inc.) at 1 KHz repetition rate. The spot size
of the pump and probe lasers were ∼1.03 and 0.86 mm [full
width at half maximum (FWHM)], respectively. The laser
pulse width was measured to be ∼78 fs (FWHM) at the sample
point. The pump and probe polarizations were kept orthogonal
and an analyzer orthogonal to pump polarization was kept at
the detector to prevent scattered pump light from reaching the
detector. Both pump and probe beams were incident close to
normal on the crystal. During the entire temperature-dependent
experiments, the pump and probe polarization, angle of
incidence, and orientation of crystal inside the cryostat were
kept fixed. A lock-in amplifier slaved to the modulation
frequency of the pump laser (at 257 Hz) was used to improve
the signal to noise ratio. The transient differential reflectivity
signals were recorded for several temperatures between 3 to
300 K at a pump fluence of 702 μJ/cm2.

III. RESULTS AND DISCUSSION

The Sb2Te3 crystal, a layered structure with space group
R3̄m (No. 166), is made up of closed-packed atomic layers
which are periodically stacked along the c axis with a
unit of five atomic planes (Te(1)-Sb-Te(2)-Sb-Te(3)) called a
quintuple. These layers are bonded by weak van der Waals
force [15,16]. There are five atoms in the rhombohedral
unit cell of Sb2Te3 [15,16]. Group theoretical analysis of

the symmetry of the centrosymmetric rhombohedral (D5
3d )

Sb2Te3 crystal predicts 12 optical phonons at the � point
with irreducible representations as 2A1g(R) + 2Eg(R) +
2A2u(IR) + 2Eu(IR) [16], where R and IR refer to the
Raman and infrared active modes, respectively [15–17]. The
frequencies of the A1g modes at 80 K are 72 cm−1 (2.16 THz)
and 174.5 cm−1 (5.23 THz) and those of the Eg modes are
43 cm−1 (1.29 THz) and 131.5 cm−1 (3.94 THz) [15,17].

Figure 1(a) shows �R(t)/R0 at 300 K. The �R(t)/R0

signal shows a fast and a slow oscillatory component superim-
posed on a background of an exponentially decaying compo-
nent which arises from the relaxation of photoexcited charge
carriers. The fast oscillatory component has a frequency of
2.04 THz (68 cm−1) and is attributed to the A1

1g optical phonon,
in agreement with the reported ultrafast and Raman results on
Sb2Te3 [15–19]. The slow oscillation of frequency ∼34 GHz
is attributed to coherent longitudinal acoustic phonons. To
determine the temperature dependence of the electronic
relaxation parameters, optical and acoustic phonon frequen-
cies, amplitude and damping time, the transient differential
reflectivity �R/R0 signals at each temperature are fitted with
the following function convoluted with a Gaussian laser pulse

�R

R0
= (1 − e−t/tr ){Aee

−t/τe

+B
OP

e−t/τ
OP cos(2πν

OP
t + φ

OP
)

+B
LA

e−t/τ
LA cos(2πν

LA
t + φ

LA
)}. (1)

The term (1 − e−t/tr ) represents the initial rise of the
�R/R0 signal. The rise time tr is the time taken to attain
the maximum value of �R/R0 after the pump excitation.
The �R/R0 signal takes ∼77 fs to reach its maximum value,
corresponding to the rapid thermalization of excited carriers.
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FIG. 2. Temperature dependence of (a) reflectivity R, longitudi-
nal acoustic phonon (b) initial amplitude BLA, (c) dephasing time τLA,
and (d) frequency of oscillations νLA obtained by fitting differential
reflectivity signals �R/R0 at each temperature. Obtained temperature
dependence of optical constants (e) refractive index n, (f) extinction
coefficient k, (g) sound velocity v

LA
, and (h) longitudinal modulus of

elasticity Y
LA

. Dashed lines joining through data points are guide to
eye. Error bars are smaller than symbol size.

Ae and τ
e

−1 are the amplitude and decay rate of photoexcited
charge carriers. We see a single exponential relaxation kinetics
with decay rate (τ−1

e ) of ns duration [Fig. 1(c)]. The expected
electron-optical phonon mediated relaxation (∼1.5−3.1 ps)(as
seen in Bi2Se3 thin films without optical phonons [20]) is not
well resolved due to the presence of the oscillatory component
due to coherent optical phonons. The rate of relaxation (τ

e

−1)
cannot be attributed to the heat leaving the probe spot. This
can be confirmed by calculating the lattice heat diffusion time
given by tD = l2

d/K , where ld is the diffusion length and K

is therml diffusivity. Thermal diffusivity is given by [21] K =
κ/ρC where κ = 40.72 mw cm−1 ◦C−1 is thermal conductivity
[22], ρ = 6.51 g/cm3 is density, and C = 125 J mole−1 K−1

is specific heat [8]. Taking diffusion length as the penetration
depth of probe beam [23] ∼11 nm gives the characteristic
diffusion time of ∼39 ps. We attribute the relaxation time
(τ

e

−1) to the localization of photoexcited carriers and their
recombination, in agreement with the slow relaxation on the
ns scale observed in Bi2Se3 [20]. The amplitude |Ae| (related to
the change in probe reflectivity modulated by the thermalized
carriers) attains a maximum value at Ta ∼ 225 K and decreases
steadily for T � 225 K, showing a significant change, greater
than three-fold, in the amplitude [Fig. 1(b)]. This change in
|Ae| is related to the decrease in reflectivity of the pump beam
as will be discussed later [Fig. 2(a)]. Although a gradual
increase in τ

e
(from 1 ns at 3 K to 1.5 ns at 300 K) can

be observed in Fig. 1(c), analysis of the temperature depen-
dence of the electronic relaxation is not the focus of this
work. The parameters B

OP
(B

LA
), τ

OP
(τ

LA
), ν

OP
(ν

LA
), and

φ
OP

(φ
LA

) are amplitude, damping time, frequency, and phase
of the coherent optical (acoustic) phonons, respectively. The
fit was found to be excellent over the entire temperature range.

Figures 1(d), 1(e), and 1(f) show the temperature depen-
dence of B

OP
, � (τ−1

OP
), and ν

OP
, respectively. The temperature

dependence of the optical phonon frequency and scattering
rate is given by the well-known cubic anharmonic decay
model [24–26]. The amplitude of the coherent optical phonons
observed in ultrafast experiments varies similarly to the
Raman peak intensity [27]. Since the Raman cross section
for a phonon of frequency ν0 ∝ [n(ν0) + 1], where n(ν0) =
[exp( hν0

kBT
) − 1]−1 is the Bose-Einstein factor and the scattering

rate �(T ) ∼ [2n(ν0/2) + 1], the coherent phonon amplitude
should vary as ∼ n(ν0)+1

2n(ν0/2)+1 , as shown by the solid line in
Fig. 1(d).

We clearly see that the amplitude B
OP

is anomalous near
Ta ∼ 225 K (∼335% higher than the cubic anharmonic fit).
Figure 1(e) shows scattering rate � (τ−1

OP
) of the A1

1g coherent
optical phonon as a function of lattice temperature T . The
value of the scattering rate at room temperature is 0.45 THz
which agrees well with the results in Ref. [28]. We note
that the scattering rates as measured by Raman scattering
are higher in Sb2Te3 [29] as compared to Bi2Se3 [29,40] and
Bi2Te3 [40]. According to the cubic anharmonicity model, the
scattering rate of the optical phonon of frequency ν0 is given as
�(T ) = �0 + C[2n(ν0/2) + 1] [24] where �0 is the disorder-
induced temperature-independent decay rate and C is related
to phonon-phonon interaction. The solid line in Fig. 1(e) is
a fit with �0 = 0.17 ± 0.01 THz, C = 0.022 ± 0.001 THz,
and ν0 = 2.142 ± 0.001 THz. The anharmonic model agrees
well below 200 K, but fails to capture the anomalous increase
close to Ta . Figure 1(f) shows the temperature dependence
of the optical phonon frequency ν

OP
. The frequency shift

with temperature can be well described by cubic anhar-
monicity, but a more accurate description should include
the quasiharmonic contribution to the shift due to thermal
expansion, i.e., ν

OP
(T ) = ν0 + �ν(1)(T ) + �ν(2)(T ). �ν(1) =

A[2n(ν0/2) + 1] is the cubic anharmonic contribution with A

as the measure of the strength of the cubic anharmonicity and
�ν(2) is the contribution to the frequency shift solely due to
the volume expansion [29–32] given by

�ν(2)(T ) = ν0

[
exp

(
−γ

∫ T

0

[
α‖ (T

′) + 2α⊥ (T ′)
]
dT ′

)
− 1

]
,

(2)

where γ = 2.3 is the mode Grüeinsen parameter [9] of
the mode, α⊥ (T ) and α‖(T ) are the coefficients of thermal
expansion along the a and c axes of the hexagonal lattice,
respectively. α‖ (T ) has been taken from the thermal expansion
results [8]. We take the lattice parameter a(T ) from Refs. [9,29]
to calculate α⊥ (T ). The solid line in Fig. 1(f) is a fit to the
parameters A = −0.0041 ± 0.0001 THz and ν0 = 2.142 ±
0.001 THz. We see that the contribution of anomalous thermal
expansion at Ta is only 0.003 THz and hence its contribution
to the frequency shift does not capture the data between 200
to 250 K.

We now investigate the slow oscillation observed in �R/R0

traces (Fig. 2) attributed to stress-generated longitudinal
acoustic pulse propagating into the bulk with sound velocity
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(v
LA

) [13]. Following the Thomsen model [13], the probe
reflectivity change owing to the strain pulse is given by

�R ∝ cos

(
4πnv

LA
t

λ
− δ

)
e−z/ξ , (3)

with δ being the phase shift, n and k are the real and imaginary
parts of the refractive index, n∗ = n + ik, ξ = λ/4πk is the
probe penetration length, v

LA
the sound velocity, and λ is

the probe wavelength. Figures 2(b), 2(c) and 2(d) show the
temperature dependence of B

LA
, τ

LA
, and ν

LA
, respectively. We

see more than two-fold higher acoustic phonon amplitude B
LA

at Ta ∼ 225 K, showing the strongest pump-induced strain
pulse launched at the anomaly temperature. The reflectivity
of the sample at λ = 790 nm (1.57 eV), keeping the pump
pulse blocked, was measured at each temperature, [Fig. 2(a)].
Noteworthy is a large drop in reflection near 225 K. Using
R(T ), ν

LA
(T ), and τ

LA
(T ) in the strain propagation model (see

Ref. [14]) we obtain the refractive index n(T ), k(T ), and v
LA

(T )
as shown in Figs. 2(e) and 2(g). v

LA
at room temperature is

2.7 × 103 m/s, in good agreement with the reported value
[33]. The longitudinal modulus of elasticity related to the LA
mode along the c axis is given by Y

LA
(T ) = v2

LA
(T )ρ(T ), where

ρ(T ) is density calculated using the temperature dependence
of the lattice parameters of Sb2Te3 [8,29]. Figure 2(h) shows
that Y

LA
at room temperature is 47.2 GPa, in close agreement

with the reported value of 44.8 GPa [34]. Near Ta , a significant
decrease is observed in n and k, while the v

LA
and Y

LA
show a

significant increase near Ta .
To uncover the origin of anomalous temperature depen-

dence of the experimentally observed quantities, e.g., n(T ),
Y

LA
(T ), we analyzed the structural, electronic, and vibrational

properties of Sb2Te3 as a function of temperature using DFT
calculations. As the Kohn-Sham DFT is a ground-state theory
and it cannot directly (without molecular dynamics) take
into account the effect of temperature, we incorporated tem-
perature dependence in our calculations using experimental
temperature-dependent lattice constants [a(T ) and c(T )]. We
used the QUANTUM ESPRESSO (QE) [35] code which treats
only the valence electrons, replacing the potential of ionic
cores with smooth pseudopotentials. We used fully relativistic
(to take into account the effect of spin orbit coupling) and
scalar relativistic norm-conserving pseudopotentials treating
the exchange-correlation energy functional with a generalized
gradient approximation (GGA) [36]. Since strong spin-orbit
coupling (SOC) is responsible for nontrivial electronic topol-
ogy [37,38], we included SOC while calculating the electronic
structure of Sb2Te3. Our calculation of phonons at a fixed
lattice constant both with and without SOC reveals that the
change in the phonon frequencies is quite small (∼1 cm−1). As
calculations of phonons with SOC are computationally quite
expensive, we calculated the phonon frequencies of Sb2Te3

without including SOC. We truncated the plane wave basis
used in the expansion of the Kohn-Sham wave functions and
the charge density with energy cutoffs of 60 and 240 Ry,
respectively. We used 9 × 9 × 9 and 12 × 12 × 2 uniform
grids of k points for sampling the Brillouin zone integrations
of the rhombohedral and hexagonal unit cells, respectively,
in self-consistent field (SCF) calculations along with the
occupation number of electrons smeared with the Fermi-Dirac
distribution function. We used the DFT linear response with

PH package, available within QE, to determine the phonon
frequencies [35]. The high frequency dielectric constant (ε∞)
(and hence refractive index n = √

ε∞) is calculated first
without SOC using the linear response theory, keeping the
occupation numbers of the electrons fixed, and was scissor-
corrected to take into account the effect of SOC through the

band gap using nSOC = nNSOC
ESOC

g

ENSOC
g

, where n is the refractive

index, Eg is the band gap, SOC and NSOC indicate whether
a quantity is calculated with (SOC) and without (NSOC)
spin-orbit interaction, respectively. The longitudinal modulus
of elasticity is calculated as the second derivative of the total
energy (calculated with SOC) with respect to the uniaxial strain
(εzz) in the hexagonal structures. We used the nudged elastic
band (NEB)-climbing image (CI) procedure (without taking
into account the effect of SOC) to search for the occurrences
of isostructural phase transition in Sb2Te3.

Taking the temperature-dependent experimental lattice con-
stants of Sb2Te3 [8,29], we fully relaxed the atomic positions
in the rhombohedral unit cell and determined its electronic
structure and phonon frequencies as a function of temperature.
We find that the electronic bands and the phonon frequencies
show negligible change as a function of temperature with no
anomaly. We also explored if the observed changes in our
experiments can be associated with an isostructural phase
transition. To find the presence of another local minimum of
Sb2Te3 within the anomalous temperature range (200–250 K)
of Sb2Te3, we picked the rhombohedral crystal structure of
Sb2Te3 at a representative temperature of 215 K from the
range of temperature (200–250 K) related to the anomaly and
varied the position of one of the two Te layers (which sits at
the point of centrosymmetry) within the unit cell, keeping the
symmetry of the crystal unchanged. We do find an isostructural
metastable state of Sb2Te3 which is 0.65 eV/f.u. higher in
energy than the ground-state minimum at 215 K. The transition
path connecting the stable and metastable structures of Sb2Te3

at 215 K determined with the nudged elastic band climbing
image (NEB-CI) method reveals that the barrier height for the
transition path is too high (5.4 eV) for the phase transition to
occur. Thus, the possibility of an isostructural phase transition
between the two local minima of Sb2Te3 as the origin of the
observed anomalies is also ruled out.

As the formation of SFs are expected to be energetically
inexpensive in layered materials [39], we explored the for-
mation of SFs as a possible mechanism of the anomalies in
the physical properties of layered Sb2Te3. We introduce SFs
in the basal plane of the hexagonal structure (equivalent to
the rhombohedral one) of Sb2Te3 and constructed the pristine
(with cell vectors |�a0| = |�b0| and �c0) and faulted configuration
(with cell vectors: �aSF = �a0,�bSF = �b0,�cSF = �c0 + 1

3 �a0 + 2
3
�b0)

of Sb2Te3, where �a,�b, and �c denote the lattice vectors of the
hexagonal unit cell of Sb2Te3 [Fig. 3(a)]. We calculated the
free energy F = Etot + Fvib of these structures as a function of
temperature within the harmonic approximation, where Etot is
the total energy at 0 K and Fvib is the vibrational contribution
to the free energy given by Fvib = kBT

Nq

∑
iq log[2sinh( h̄ωiq

2kBT
)].

Here Nq is the total number of wave vectors q in the Brillouin
zone, ωiq is the frequency of the ith phonon with wave
vector q obtained using DFT linear response calculations. The
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(a)

FIG. 3. (a) Hexagonal crystal structure of pristine Sb2Te3, its side view and stacking faulted configuration as seen from a side view. (b)
Free energy difference (�F ) of faulted and pristine structures as a function of temperature. (c) Electronic structures of the pristine and faulted
configurations of Sb2Te3, calculated with spin orbit coupling (SOC). (d) Total energy (setting zero as the energy of the pristine structure) (e) band
gap (determined with SOC), (f) calculated refractive index, and (g) longitudinal modulus of elasticity (calculated using Y

LA
= 1

V

∂2Etot
∂ε2

zz
|εzz=0,

where V is volume of the unit cell, Etot is the total energy obtained with SOC, and εzz is the uniaxial strain) is plotted for the pristine, faulted,
and their intermediate configurations along the path parameterized by f . P and F represent the positions of pristine and faulted configurations,
respectively.

free energy difference (�F ) of pristine and faulted structures
with optimized cell parameters decreases with temperature
and becomes negative at 165 K [Fig. 3(b)]. This means
that a structure with infinitely extensive SF stabilizes above
T calc

a = 165 K. Thus, our first-principles theoretical analysis
points out that the observed anomaly in experiments is very
likely associated with the formation of SFs in the layered
Sb2Te3 above Ta . Considering all the approximations, we do
not expect the T calc

a [Fig. 3(b)] to match quantitatively the
experimental anomaly temperature (∼225 K).

To corroborate the mechanism of SFs, we estimated other
properties of Sb2Te3, at intermediate deformed states along the
path connecting the pristine (P) structure to the faulted (F) one,
parameterized with f to induce variation in �c of the hexagonal
cell �c = �c0 + 1

3f �a0 + 2
3f �b0 and 0 � f � 1 (�c0, �a0, and �b0

are the pristine hexagonal unit cell lattice parameters). f = 0
and f = 1 correspond to the pristine and faulted structures,
respectively. Figure 3(d) shows the total energy at intermediate

configurations along the path of formation of the stacking fault
relative to the pristine configuration. The energy difference
between the pristine and stacking faulted structure is 24 meV
(i.e., 8 meV/f.u.) which is very small compared to the energy
of the isostructural transition (i.e., 0.65 eV/f.u.) indicating the
formation of the stacking fault to be a possible mechanism.
We find that the band gap, refractive index, longitudinal elastic
modulus [Figs. 3(e) to 3(g)] vary significantly along the path
(as a function of f ). The refractive index (n), obtained as√

ε∞ exhibits a dip followed by a sharp rise along the path,
qualitatively in agreement with experimental observation near
Ta = 225 K [Figs. 2(e) and 3(f)]. This rise in the refractive
index (n) correlates with a minimum in band gap along the path
at f = 0.67 [Figs. 3(e) and 3(f)]. We note that the refractive
index (n) was estimated using scissor correction based on
the calculated band gap obtained after including SOC. Thus,
the SOC and the subtle changes in the electronic structure
and the band gap during the formation of SFs appear to
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be responsible for the observed anomalies. The calculated
longitudinal elastic modulus along the path exhibits a peak
[Fig. 3(g)] as the faulted structure forms, also consistent with
the observed behavior [Fig. 2(h)]. This analysis assumes that
SFs start forming in a narrow range of temperature below Ta .
The observed anomalous temperature window of 200 to 250 K
is associated with the path of formation of SFs in our model.

We now check whether the faulted structure of Sb2Te3

has the same electronic topology as that of its pristine
structure by exploring the adiabatic continuity between the
pristine and the faulted structures. For this, we calculated
the electronic structures of configurations at the smoothly
deformed intermediate states between the pristine and faulted
structures [Fig. 3(c)]. We find that the band gap of intermediate
configurations does not close, and hence we do not expect any
electronic topological phase transition to occur [Fig. 3(e)]. This
implies that the electronic topology of the faulted structure is
nontrivial. Hence, a drop in the calculated band gap close to the
faulted configuration is responsible for the observed anomalies
in the refractive index and longitudinal modulus of elasticity.
The temperature dependence of the optical phonon amplitude
(B

OP
), scattering rate (�), and frequency ν

OP
[Figs. 1(d) to 1(f)]

show that the system is more anharmonic in the temperature
window of 200 to 250 K. It is reasonable to expect that large
anharmonicity and disorder both can arise due to SFs [40].
Either or both can be responsible for the phonon softening
and linewidth increase near Ta . We are unable to separate their
relative contributions at this stage. Further work is required to
address this.

The materials of this class are also known for their
thermoelectric properties [41–44]. Thermoelectric efficiency
can be enhanced by reducing the thermal conductivity (κph).
As optical phonons are more anharmonic near ∼Ta , stacking
faults can be engineered in these materials which may scatter

the phonons and not the electrons [45]. This can further
enhance the existing thermoelectric efficiency of this class
of materials.

IV. CONCLUSION

In conclusion, we probed the temperature dependence of
photoexcited carriers, optical phonon, and acoustic phonon
dynamics in Sb2Te3 using ultrafast pulses with particular
emphasis in the temperature range near Ta = 225 K, where
the anomaly in thermal expansion was reported. We observe
anomalous behavior in the relaxation dynamics of photoex-
cited carriers, optical phonons, and acoustic phonons. The
anomaly is clearly reflected in the refractive index, sound
velocity, and elastic modulus extracted within a strain pulse
propagation model. Our first-principles DFT calculations
show that the anomalies in the measured quantities are
associated with the formation of SFs in the layered structure
of Sb2Te3, stabilized by vibrational entropy. Above 200 K
the electronic structure changes nonmonotonously across the
anomaly with no change in the electronic topology. As
other three-dimensional topological insulators like Bi2Te3 and
Bi2Se3 are also layered materials, we expect the stacking fault
mechanism to be responsible for their anomalous temperature
behavior in the appropriate window [9,10].
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