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Temperature-dependent (11.0 K�294.5 K) carrier–phonon coupling in Bi2Se3 is investigated by

ultrafast pump�probe spectroscopy. The rise time of the differential reflectivity is interpreted by a

combined effect of electron temperature relaxation and hot-phonon lifetime. The electron�phonon

coupling constant of the bulk state (k ¼ 0:6360:05) is deduced from theoretical fitting. Increasing

hot-phonon lifetime with decreasing temperature is attributed to a decreasing phonon�phonon col-

lision rate. A complete analysis of the thermalization process is presented. Understanding carrier

and phonon dynamics is essential for future optoelectronic and spintronic applications of topologi-

cal insulators. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4904009]

Topological insulators, such as Bi2Se3, Bi2Te3, and

Sb2Te3, are a state of material, which shows an insulated

bulk state and a conducting edge state protected by time-

reversal symmetry. Time- and angle-resolved photoemission

spectroscopy (trARPES)1–4 and ultrafast pump�probe spec-

troscopy have been applied to study phonon and carrier

dynamics in Bi2Se3.5–9 Due to its high probe energy

(�6 eV), trARPES shows the dynamics at the surface,

including complicated coupling between the bulk and sur-

face states, which is difficult to disentangle. By contrast, the

lower probe energy (�1.5 eV) of ultrafast pump�probe spec-

troscopy enables it to examine the dynamics of the bulk state

only. However, the differential reflectivity measured by

pump�probe spectroscopy contains contributions of carriers

and phonons. The interpretations of its rise and fall times

were contradictory in the previous studies.5–8

In this paper, temperature-dependent pump�probe spec-

troscopy of Bi2Se3 is studied. According to the temperature

dependency, the contributions of electrons and phonons are

clarified by the two-temperature model (TTM) and the hot-

phonon lifetime, respectively. The electron�phonon coupling

constant (k ¼ 0:6360:05) of the bulk state is obtained. A

recent temperature-dependent study of Bi1.5Sb0.5Te1.8Se1.2
10

focused on the dynamics on a larger time scale in lightly doped

materials, which is different from the purpose of this work.

For our experiment, n-type Bi2Se3 single crystals with a

carrier concentration of 6� 1019 cm�3 were synthesized by

stoichiometric mixtures of 5N purity of Bi and Se in sealed,

evacuated quartz tubes. The pump and probe pulses of 100 fs

duration at a repetition rate of 5.1 MHz and a center wave-

length of 800 nm were used. The fluences of the pump and

probe pulses were 37 lJ/cm2 and 2.5 lJ/cm2, respectively.

The polarizations of the pump and probe pulses were orthog-

onal to each other and both perpendicular to the surface nor-

mal of the sample. Liquid helium was used to continuously

tune the temperature of the sample from 10 to 300 K with an

accuracy of 0.5 K.

The temporal evolution of the differential reflectivity

measured at an ambient temperature of 294.5 K is shown as

the blue curve in Fig. 1. The resolution of the system was

determined by the temporal cross-correlation of the pump

and probe pulses, as shown by the black curve in Fig. 1. The

pump and probe pulses completely overlapped at t ¼ 0 ps.

The measured differential reflectivity includes signals

on very different time scales. The characteristic times and

the corresponding physical processes are listed in Table I. A

constant residual differential reflectivity starting at t < 0 ps

is related to residual carriers after carrier diffusion and

recombination between successive pump pulses. In this

study, we are not interested in these slow electron dynamics.

The details of the temperature dependence for other dynami-

cal processes are analyzed and presented below. The focus is

on the dynamics of electron-phonon coupling during the first

few picoseconds after the excitation.

The slow and fast oscillations can be attributed to coher-

ent acoustic phonons and optical phonons, respectively.

Coherent acoustic phonons oscillate at �0.04 THz; this

oscillation quickly damps within 1–2 periods, as shown in

Fig. 1. By contrast, coherent optical phonon oscillations,

which are related to the A1
1g mode, last for tens of periods.

FIG. 1. Differential reflectivity measured at 294.5 K (blue). The temporal

cross-correlation of the pump and probe pulses (black) is shown as a refer-

ence. The inset presents the same data for the first few picoseconds.

0003-6951/2014/105(23)/232110/5/$30.00 VC 2014 AIP Publishing LLC105, 232110-1
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A 2-THz high-pass filter was applied to extract the fast

oscillations; the resulting data were fitted by e�t=sdephasing

sin ð2pftþ uÞ after 1 ps, as shown in Fig. 2(a). The fre-

quency f and the dephasing time sdephasing of the optical pho-

nons obtained through this fitting process for different

ambient temperatures are summarized in Figs. 2(b) and 2(c).

When the temperature increases, both f and sdephasing

decrease due to lattice anharmonicity.11 The temperature

dependency is generally consistent with the recent observa-

tion by Raman spectroscopy.12 However, the phonon dephas-

ing time found in our experiment is longer than that

measured using Raman spectroscopy, especially at 11.0 K.

The discrepancy may be attributed to different phonon

distributions in the momentum space measured through

pump�probe spectroscopy and Raman spectroscopy.

As shown in the inset of Fig. 1, there is a non-oscillatory

signal in the first few picoseconds. Its rise time is clearly lon-

ger than, but on the same order of, the cross-correlation trace

of the pump and probe pulses. Therefore, the rise time can

neither be simply explained by the finite durations of the

pump and probe pulses nor by treating the pump and probe

pulses as delta functions. In order to discuss the non-

oscillatory signal, the residual at t < 0 ps was subtracted, and

a 2-THz low-pass filter was used. The signal, DRnon–oscðtÞ,
was fitted by the following formula:

DRnon–oscðtÞ ¼ ½aDTeðtÞ þ bhðtÞe�t=shot � IðtÞ� � IðtÞ; (1)

where the first term in the bracket represents the dynamics of

electron temperature, DTeðtÞ, and the second term represents

the decay of incoherent hot-phonons with a lifetime shot, hðtÞ
is the unit step function, a and b are time-independent fitting

constants, � represents the convolution of the two functions,

and IðtÞ is the pump/probe intensity profile given by

I tð Þ ¼ 1:7627

2Dt
sech2 1:7627t

Dt

� �
; (2)

where Dt is the 100 fs pulse duration. In Eq. (1), a is positive

because of the band filling effect introduced by excited

electrons,13 and b is assumed to be negative. Opposite signs

for electron and phonon contributions to the differential

reflectivity were also observed in other semiconductors.14

The data were fitted from t ¼ �1 ps to t ¼ 5 ps in order to

minimize the effect of the slow oscillation.

We assume that within the 100 fs pump pulse duration

the electrons and incoherent phonons were thermalized to es-

tablish an electron temperature Te and a lattice temperature

TL, respectively, but it took a longer time for the equilibrium

between the electron and lattice temperatures to be reached.

This assumption is supported by experimental observations

under similar pump conditions.2–4 Therefore, we must use the

TTM to simulate the relaxation of the electron temperature.

The Bi2Se3 sample was highly n-type doped. Therefore, the

pump pulse energy was mainly absorbed by the electrons in

the bulk conduction band so that we can use the Debye model

to describe the electron�phonon coupling.15 The initial lattice

and electron temperatures were equal to the ambient tempera-

ture, which was set at a fixed temperature that ranged from

11.0 K to 294.5 K in the experiment. The temporal evolutions

and spatial distributions of the electron and lattice tempera-

tures can be simulated by the following rate equations:

ceTe

d

dt
Te ¼

1� Rð ÞFI tð Þe�z=d

d
� Ue–ph Te; TLð Þ; (3)

CL

d

dt
TL ¼ �CLD

d2

dz2
TL þ Ue–ph Te; TLð Þ; (4)

where ce is the electron specific heat coefficient, R is the

reflectivity, F is the pump fluence, d is the absorption depth,

CL is the Debye phonon heat capacity, D is the thermal diffu-

sion coefficient, and Ue–ph is the electron�phonon energy

coupling rate given by15

Ue–ph Te; TLð Þ ¼ 4g1hD

"
Te

hD

� �5 ðhD
Te

0

x4

ex � 1
dx

� TL

hD

� �5 ðhD
TL

0

x4

ex � 1
dx

#
; (5)

where g1 is the electron�phonon coupling coefficient, and

hD is the Debye temperature. We ignore the spatial variations

TABLE I. Characteristic times of the differential reflectivity and the corre-

sponding physical processes.

Signal Time Physical process

Constant residual >10�7 s Slow electron dynamics

Slow oscillation �1010 Hza Coherent acoustic phonon

Fast oscillation �1012 Hza Coherent optical phonon

Non-oscillatory signal <10�11 s Electrons and incoherent phonons

aOscillatory signals are characterized by their oscillation frequencies.

FIG. 2. (a) Coherent phonon oscillation extracted by a 2-THz high-pass filter

(blue) fitted by a damped oscillation (red) after 1 ps at 294.5 K. (b) Coherent

phonon frequencies and (c) dephasing times at different ambient

temperatures.
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in the x and y directions parallel to the sample surface

because the laser spot size (35 lm) is much larger than the

absorption depth (26 nm). Except for g1, which is the only

fitting parameter, all other physical parameters are experi-

mentally measured values reported in the literature.2,16–19

The values of these physical parameters are listed in

Table II.

Represented by the first term in Eq. (1), the electron

contribution to the differential reflectivity is proportional

to the convolution of the temporal profile of the probe pulse

intensity and that of the electron temperature variation on the

surface, DTeðtÞ � IðtÞ. In Fig. 3, the best fitting of the simula-

tion results obtained with g1 ¼ 1:4� 1016 J K�1 s�1 m�3 are

compared to the experimentally measured electron dynamics

for different ambient temperatures, which are obtained by

subtracting the incoherent hot-phonon effect represented by

the second term of Eq. (1) from the non-oscillatory differen-

tial reflectivity signal. The relaxation time scale of DTeðtÞ �
IðtÞ found from the simulation is consistent with the experi-

mental data. For an ambient temperature between 294.5 K

and 100.0 K, both experimentally measured and theoretically

simulated temporal profiles of DTeðtÞ � IðtÞ decay slightly

faster at a lower ambient temperature. However, the experi-

mentally measured decay abruptly slows down at 50.5 K and

11.0 K, but the theoretically simulated decay slows down

slightly only at 11.0 K. Despite our best effort in getting the

best fit by finely varying the electron�phonon coupling coef-

ficient, we were not able to remove this inconsistency. This

implies that the current model is not fully applicable when

the ambient temperature is lower than 100.0 K. A close

examination of the experimentally measured traces for

50.5 K and 11.0 K in Fig. 3 reveals that each of these two

traces shows two different decay rates: a lower rate within

several hundred femtoseconds after excitation and a higher

rate afterwards. A comparison of these two traces clearly

indicates that this phenomenon is more significant for 11.0 K

than for 50.5 K. By contrast, this phenomenon is not observ-

able in the experimental traces measured at higher tempera-

tures. One possible explanation is that as the electrons dump

energy to the lattice, the phonon�phonon collisions at a tem-

perature below 100.0 K are too slow for the phonons to

instantaneously reach thermal equilibrium, leading to none-

quilibrium hot-phonons. Hot-phonons can effectively lower

the rate of electron energy loss,22,23 thus slowing down the

decay of the experimental traces measured at 50.5 K and

11.0 K. As the phonons reach equilibrium after several hun-

dred femtoseconds, the decay of these experimental traces

accelerates. It should be noted, however, that the deviation at

the low ambient temperatures may also result from the fitting

error of the second term in Eq. (1).

When Te; TL > hD, the energy transfer between elec-

trons and phonons has a particularly simple form. In this

case, g1 can be directly related to the dimensionless electro-

n�phonon coupling constant k (Ref. 20)

Ue–ph Te; TLð Þ ’ g1 Te � TLð Þ ¼ 3�hkcehx2i
pk

Te � TLð Þ; (6)

where �h is the reduced Plank constant, k is the Boltzmann

constant, and hx2i is the mean square phonon frequency,

which can be calculated by the Debye spectrum of phonons

with hD. Based on the parameters we used and listed in

Table II, the dimensionless electron�phonon coupling con-

stant is found to be k ¼ 0:5760:05, which is larger than that

of the Bi2Se3 surface state (k ¼ 0:08 � 0:4321–23). This large

k value suggests that the measured differential reflectivity is

dominated by the bulk state, including strong

electron�polar-phonon coupling.5,24

Incoherent phonon dynamics can be examined by study-

ing the fitting time constant shot in Eq. (1). The second term

in Eq. (1) mainly determines the decay of the differential

reflectivity for the first few picoseconds. The time constant

shot is related to the incoherent phonons emitted by electrons

during the relaxation process. In the analysis presented

above, we assume that the electrons couple to all phonon

modes at the same rate and the phonons are thermalized

instantaneously. However, excited electrons emit acoustic,

optical, and polar-optical phonons via different mechanisms

at different rates such as deformation potential, piezoelectric

fields, and Fr€ohlich interaction. The coupling to the polar-

optical phonons by Fr€ohlich interaction is expected to be

stronger than the other electron�phonon coupling mecha-

nisms.24 Energy may accumulate in strongly coupled phonon

modes and then gradually decay into lower-energy phonon

modes with an effective time constant shot. As shown in Fig.

4, shot increases when the ambient temperature decreases,

which can be attributed to a smaller phonon�phonon colli-

sion rate at a lower temperature. The temperature depend-

ence and the order of magnitude of the phonon lifetime are

consistent with those found in the previous studies.25,26 A

long phonon lifetime at a low temperature further supports

TABLE II. Material parameters of Bi2Se3.

ce 10 J m�3 K�2 Reference 2

CL 2:81� 1019k
TL

hD

� �3 ðhD=TL

0

x4ex

ex � 1ð Þ2
dx Reference 20

hD 180 K Reference 21

D 0:3� 10�4 m2 s�1 Reference 22

R 0:5 Reference 23

d 2:6� 10�8 m Reference 23

FIG. 3. (a) Theoretically simulated and (b) experimentally measured relaxa-

tions of the electron temperature at different ambient temperatures. The data

were normalized by its peak values.
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the possibility stated in the preceding section that the TTM

fails at low temperatures because of nonequilibrium hot-

phonons.

In Fig. 5, the theoretically simulated temporal evolution

of the differential reflectivity (red dashed curves) is com-

pared to the experimentally measured non-oscillatory signal

(blue dashed curves), where the data were normalized by the

peak values of the experimentally measured non-oscillatory

signal. Since the 2-THz low-pass filter applied to smooth out

the coherent phonon oscillations also distorts the short rise

time (blue solid and dashed curves), we further adjusted g1
to fit the original rise time of the normalized differential

reflectivity from t ¼ �1 ps to t ¼ 1 ps. The best fitting,

shown in red solid curves in Fig. 5, is obtained with

g1 ¼ 1:5278� 1016 J K�1 s�1 m�3, which corresponds to

k ¼ 0:6360:05. The fitting results are in good agreement

with the experimental data. The deviation of the peak posi-

tion at the two low temperatures of 50.5 K and 11.0 K results

from the faster decay of the simulated DTeðtÞ � IðtÞ com-

pared to the experimental data, as seen in Fig. 3 and dis-

cussed above. Note that the small kink at t ¼ 0 ps in the red

fitting curve is an artifact caused by the use of the unit step

function hðtÞ in Eq. (1) for the hot-phonon term.

In summary, we have experimentally measured and the-

oretically analyzed the temperature-dependent carrier–pho-

non thermalization dynamics of Bi2Se3 through time-

resolved differential reflectivity. A complete analysis is pre-

sented for the thermalization process by accounting various

mechanisms, including electron�phonon coupling, hot-

phonon effect, and coherent phonon oscillations. The elec-

tron�phonon coupling constant of the bulk state,

k ¼ 0:6360:05, is obtained in this study, implying that the

measured signal was dominated by the dynamics of the bulk

state. To better explain the experimental data at low ambient

temperatures, the different electron�phonon coupling rates

between different phonon modes have to be considered.

Characterization of the electron�phonon coupling of the

bulk state is important for understanding the interaction

between the bulk and surface states on the surface, which is

essential for future optoelectronic and spintronic applications

of topological insulators.

This work was supported by U.S. Air Force AOARD

under Grant Award No. FA2386-13-1-4022 and by Ministry

of Science and Technology of Taiwan, R.O.C., under Grant

No. NSC 102-2112-M-009-006-MY3.
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