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Using ultrafast optical pump-probe technique, we studied the temperature-dependent carrier and

phonon dynamics of the topological insulator Bi1.5Sb0.5Te1.8Se1.2 single-crystal from 10 K to 300 K.

Two relaxation processes of carriers and coherent optical/acoustic phonons have been observed. By

using the two-temperature model, we are able to attribute the fast (�ps) relaxation component to

carrier-phonon coupling involving carriers in the conduction band. We also studied the temperature

dependence of the dephasing time and frequency of optical phonon, and the optical penetration depth

of Bi1.5Sb0.5Te1.8Se1.2. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4879831]

Topological insulators have attracted intense interest in

recent years due to their importance in serving a test bed

for fundamental physics, as well as for their prospective

applications in spintronics and quantum computation.1 Their

insulating bulk but conducting surface is derived from

the presence of time-reversal symmetry and spin-orbit

interaction.2 Recently, topological insulators Bi2Te2Se

and Bi1.5Sb0.5Te1.7Se1.3 (BSTS) have been found,3 where

non-stoichiometry-induced donors and acceptors compensate

each other, yielding high bulk resistivities of 1–10 X cm and

high contribution (�70%) to the total conductance from the

surface state, thus showing a greater contrast between the

bulk and surface resistivities compared to Bi2Se3, Bi2Te3,

and Bi2Te2Se (Ref. 4) making BSTS a promising candidate

for future applications.5 The insulating/semiconducting bulk

(�0.25 eV) but metallic surface of BSTS makes it become

an ideal material for studying new physics as well.

Ultrafast optical pump-probe spectroscopy has been

widely used in studying the dynamics of non-equilibrium

carriers and phonons in solids6–10 and proved to be suitable

for studying topological insulators.11–17 Some pump-probe

studies show that A1g coherent optical phonon has been

found in Bi2Se3, Sb2Te3, and Bi2Te3.12–15 However, the dy-

namics of carriers in topological insulators has not been

fully explored with optical pump-probe techniques. In this

Letter, we report optical pump-probe results of BSTS in the

temperature range of 10–300 K. We observe two relaxation

processes of carriers and coherent optical/acoustic phonons.

By making use of the two-temperature model (TTM), anhar-

monicity and strain pulse propagation model, we are able to

explain the carrier dynamics, temperature dependence of

dephasing time and optical phonon frequency, and the opti-

cal penetration depth of this topological insulator.

Bi1.5Sb0.5Te1.8Se1.2 single crystals were synthesized by

melting high-purity (99.9999%) Bi, Sb, Te, and Se with

molar ratio 1.5:0.5:1.8:1.2 at 850 �C in an evacuated quartz

tube.5 We took temperature- and fluence-dependent

pump-probe data using two laser systems: (1) 250 kHz repe-

tition rate Coherent RegA amplified laser (pump fluence

�1 mJ/cm2), and (2) 80 MHz KMLabs Griffin oscillator

(pump fluence �lJ=cm2).18

Fig. 1 shows DR=R as a function of pump-probe time

delay, at selected temperatures using the low-fluence Griffin

laser. We observe a fast rise time of 200 fs following by a

combination of non-oscillatory-decaying plus high-fre-

quency-oscillatory signals. The initial fast rise is due to the

excitation of carriers. The high-frequency oscillations are

weak for low-fluence data ð�lJ=cm2Þ, hence we will use

only the high-fluence data (0.4 mJ/cm2) to study the oscilla-

tions later in Fig. 3. After the dip at �5 ps, DR=R rises again.

A distinct peak appears at �15 ps (indicated by arrows in

Fig. 1)—this is the crest of the low-frequency damped oscil-

latory signal that was also observed in Bi2Se3 and

Sb2Se3.14–16 Finally, DR=R decreases very slowly with a

nanosecond timescale—the result of a long-lifetime decay

process.

We fit the relaxation signal (after the first peak) with the

following expression:

DR

R
¼
X
i¼1;2

Ai exp � t� t0

sAi

� �

þ
X
j¼1;2

Bj exp � t� t0

sBj

� �
sin 2pfjtþ /j

� �
þ C: (1)

Here, Ai and sAi are the amplitude and relaxation time of the

ith non-oscillatory signal, respectively, that describes the

carrier dynamics. Bj, sBj, fj, and /j are the amplitude, dephas-

ing time, frequency, and initial phase of the jth oscillatory

signal, respectively, that describes the coherent phonon dy-

namics. C is a constant offset.

First, we will discuss the relaxation dynamics of car-

riers. After the fast excitation, the excited carriers start to

relax via two processes. The process with shorter relaxation

time ðsA1 � 1 psÞ is attributed to carrier-phonon interaction,a)Electronic mail: elbertchia@ntu.edu.sg
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while the process with longer relaxation time ðsA2 � 1 nsÞ is

attributed to the diffusion of carriers out of the excitation

volume. The latter slow relaxation will not be discussed in

this paper.

To understand the dynamics of photoexcited carriers,

we examine the bulk and surface contributions to the absorp-

tion of the pump pulse by free carriers. Given the surface

carrier density ns¼ 4.0� 1012 cm�2 and bulk carrier density

nb¼ 2.3� 1016 cm�3 from transport measurements,3,5 within

the excitation volume (50 lm diameter, 27 nm penetration

depth derived later, and 2 nm surface layer19), the number of

surface and bulk carriers of BSTS are 7.9� 107 and

1.1� 106, respectively. On the other hand, after taking into

account sample reflectance, the number of absorbed photons

per pump pulse from the Griffin laser is 5.7� 107 (for

1.3 lJ/cm2 fluence). Hence, almost all the pump photons were

absorbed by the free carriers on the surface and in the bulk.

Comparing with time-and-angle-resolved photoemission spec-

troscopy (tr-ARPES) data,20 we conclude that the shorter relax-

ation process corresponds to the relaxation of photoexcited

carriers from higher energy level to the bottom in the conduc-

tion band, which is dominated by the electron-phonon coupling.

The timescale of sA1 is consistent with that in metals,

where carrier-phonon-interaction-mediated relaxation takes

place.6 sA1 increases with increasing pump fluence and tem-

perature (Fig. 2). We explain these fluence and temperature

dependences using TTM,6,21 which was previously used to

describe the relaxation dynamics of free carriers in metals.

At low-fluence excitation (with Griffin laser), most of the

free carriers on the surface and inside the bulk will be

excited like in metals. As in other topological insulators,

BSTS contains metal-like surface and bulk in-gap impurity

states that contribute to the total electrical conduction.3

Therefore, we anticipate the TTM to be applicable for our

present scenario. In addition, we make the physically reason-

able assumption that the carrier subsystem has already ther-

malized after 200 fs. This assumption is supported by the

pump-probe works on Bi2Se3.16,22

The TTM fittings of sA1 as a function of fluence and tem-

perature are shown in Figs. 2(a) and 2(b), respectively. The

fitting process is described in the supplementary material.18

From the fittings, we obtained the electronic specific heat coef-

ficient (c) and electron-phonon coupling constant (g1). Fitting

fluence-dependent sA1 data (at room temperature) to the TTM

yields c ¼ 6:4 J m�3 K�2 and g1 ¼ 1:7� 1015 W m�3 K�1,

while fitting temperature-dependent sA1 data (at fluence of

1.3 lJ/cm2) to the TTM yields c ¼ 3:9 J m�3 K�2 and

g1 ¼ 1:1� 1015 W m�3 K�1. These values of c agree with

the cp extracted from the heat capacity measurement

ð4:7 6 2:7 J m�3 K�2Þ.18 These results confirm that TTM is

able to describe the fast relaxation of carriers under the

low-fluence optical excitation.

According to the theory of the thermal relaxation of

electrons,23 the electron-phonon relaxation time of electrons

in metals is given by

1=sE ¼ 3�hkhx2i=pkBTe; (2)

where k is the dimensionless electron-phonon coupling

constant and hx2i is the second moment of the phonon

spectrum. From the measured relaxation time at

300 K, sA1 ¼ ð1:4 6 0:2Þ ps, we obtain khx2i ¼ 4:2 6 0:6ð Þ
� 1025 Hz2 ¼ ð18:3 6 2:6ÞmeV2. By use of hx2i ¼ 1:4
�104 K2 obtained from Debye model,18 we calculate

k ¼ 0:1760:03ð Þ. The value of k is similar to that of metals

such as gold 0:13 6 0:02ð Þ and chromium 0:13 6 0:02ð Þ24

and is consistent with the reported values for Bi2Se3

(0.08–0.43).25–27

Although TTM provides a good description of electron-

phonon relaxation in the low-fluence regime, it fails to explain

the short relaxation process for the high-fluence regime (�1

mJ/cm2, measured by RegA laser). First, sA1 decreases with

increasing fluence—at odds with TTM, although the values of

sA1 in both fluence sets of data are similar (�1 ps). Second,

the rise time of �700 fs is long compared with that from

low-fluence data and of other metals. If we perform a fit to sA1

using TTM, the fitted c ¼ 7:8� 102 J m�3 K�2 is much larger

than cp. We attribute this disagreement to the electron-hole

pair generation and large optical phonon population at high

FIG. 1. Photoinduced change in reflectivity (DR=R) versus pump-probe time

delay, at selected temperatures, using the low pump fluence Griffin laser

ð�lJ=cm2Þ. Red lines are the fits to Eq. (1). The arrows indicate the first

peak of the low-frequency damped oscillation signal at 15 ps.
FIG. 2. Fast relaxation time sA1 versus (a) fluence (at room temperature) and

(b) temperature (at fluence 1.3 lJ/cm2) measured by the low pump fluence

Griffin laser. The solid curves are energy relaxation time sE from the TTM

fitting.
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fluence. At high fluence, the majority of the pump photons

will be used to excite electrons in the bulk valence

band across the band gap (�0.25 eV) into the conduction

band—this interband transition will generate a large number

of electron-hole pairs. The interaction between electrons and

holes cannot be accounted for by the TTM. Moreover, the

longer rise time could be suggesting that in the high-fluence

condition, the population of a large number of electronic

excitations may have changed the underlying crystal structure,

which influences transiently both the lattice dynamics and

the strength of electron-phonon coupling. The stronger

the electron-phonon coupling is, the more electronic energy

is transferred. This quick energy transfer effectively slows

down the energy accumulation of electronic degrees of

freedom, giving rise to a longer rise time in the pump probe

signal. Furthermore, the emission and reabsorption of optical

phonons may also cause a slow buildup of photoexcited

carriers and subsequent long rise time in the pump probe sig-

nal. Such long rise times have been seen in pump-probe data

of bilayer graphene intercalated with FeCl3,10 as well as in

sulfate-covered gold nanoparticles.28

Therefore, the interesting observation in high-fluence

data has opened a regime of non-equilibrium problem, which

calls for a development of excited-state electronic structure

theory for real materials take into account (1) contributions

from existing free carriers in the sample, (2) carriers (elec-

trons and holes) generated by the pump pulse from interband

transitions, (3) electron-hole interactions, and (4) emission

and reabsorption of optical phonons. Experimentally,

advanced techniques such as tr-ARPES are also needed to

disentangle the surface and bulk contributions to the pump-

probe signal, and ultrafast relaxation of electrons and holes

in different bands. These are unfortunately beyond the scope

of our paper.

Next, we will discuss the dynamics of coherent phonons.

With a higher pump fluence (�1 mJ/cm2), the high-frequency

oscillations are more clearly visible (Fig. 3). Since the BSTS

sample is opaque at 800 nm, displacive excitation of coherent

phonons15 should be the mechanism that causes the coherent

phonons in our case. We observe both coherent optical and

acoustic phonons from our data, which is consistent with the

previous pump-probe data on Bi2Se3.15,16

In this experiment, the high-frequency damped oscilla-

tions before 10 ps have frequency fB1 � 1:9 THz and are

attributed to the A1g symmetric coherent optical phonon,

commonly seen in other topological insulators.11,13,14,16,17

The temperature dependence of dephasing time and fre-

quency are shown in Figs. 4(a) and 4(b) suggesting a

phonon-softening with increasing temperature. Such

phonon-softening can be explained by anharmonic effects in

phonons, which comes from anharmonic terms in vibrational

potential energy.29,30 With three-phonon corrections in the

phonon self-energy, the frequency and dephasing time can

be written as29,30

1

sB1

¼ c0 þ C1 1þ 2

exp hf0
2kBT

� �
� 1

2
4

3
5; (3)

and

fB1 ¼ f0 þ C2 1þ 2

exp hf0
2kBT

� �
� 1

2
4

3
5; (4)

where c0 is a disorder-induced damping term, f0 is the optical

phonon frequency at 0 K, and C1 and C2 are constants. For

the A1g coherent optical phonon, good fits to the data were

obtained, with fitting parameters f0¼ (1.992 6 0.002) THz

and c0¼ (0.16 6 0.01) THz, which are similar to the values

for Bi2Te3 (f0¼ 1.908 THz and c0¼ 0.04 THz).30

We also show in Figs. 4(c) and 4(d) the temperature de-

pendence of the dephasing time and frequency for the low-

frequency oscillations. These low-frequency oscillations in

the pump-probe data are commonly caused by coherent

acoustic phonons (CAP), often seen in semiconductors and

metals, and explained with the strain pulse propagation

model.31 The incidence of probe beam on the sample gener-

ates a layer of strain with different dielectric functions from

the unprobed area, which can propagate within the crystal to

FIG. 3. Photoinduced change in reflectivity (DR=R) versus pump-probe time

delay, at selected temperatures, using the high pump fluence RegA laser (�1

mJ/cm2). The inset shows the signal up to 10 ps. Red lines are the fits to Eq.

(1). The arrows indicate the first peak of the low-frequency damped oscilla-

tion signal at 15 ps.

FIG. 4. (a) The dephasing time sB1 and (b) frequency fB1 of the coherent op-

tical phonon. Solid curves are the fits to anharmonic model described by

Eqs. (3) and (4). (c) The dephasing time sB2 and (d) frequency fB2 of the

coherent optical phonon.
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modulate the DR=R signal. According to this model,31 the

frequency of CAP is given by fB2 ¼ 2nvscosðhÞ=kprobe, where

n is the refraction index of BSTS, vs is the sound speed in

BSTS, h is the angle of incidence of the probe beam

ð� p=12Þ, and kprobe is the probe wavelength. Using the

value of n (� 5.4) obtained for Bi2Se3,32 we obtain an aver-

age sound speed of vs¼ 3.22� 103 m/s in the 10–300 K tem-

perature range. Then, the penetration depth of probe beam

can be estimated via the relation f ¼ vssB2 to be 27 nm.31

These parameters are consistent with the sound speed of

Bi2Te3 (2.95� 103 m/s)33 and the penetration depth of

Bi2Se3 (24 nm for kprobe ¼ 800 nm).32

In conclusion, we studied the photoinduced change in

reflectivity of the BSTS topological insulator to reveal the

dynamics of carriers and coherent optical/acoustic phonons,

with the information of Debye temperature and electronic

specific heat coefficient obtained from thermodynamical

measurements. We applied a two-temperature model to

explain the fast relaxation process of carriers in the conduc-

tion band. The obtained dimensionless electron-phonon cou-

pling constant (k) is consistent with those of conventional

metals and Bi2Se3 topological insulator. Anharmonic effects

of the A1g coherent optical phonon were used to explain the

temperature dependence of the frequency and dephasing

time of the high-frequency oscillatory signal. Finally, apply-

ing the strain pulse propagation model to the coherent acous-

tic phonon yields a penetration depth of 27 nm in BSTS for

800 nm laser light.
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