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Origin of coherent phonons in Bi, Te; excited by ultrafast laser pulses
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Femtosecond laser pulses are used to excite coherent optical phonons in single crystal Bi,Te; thin films.
Oscillations from low- and high-frequency A, phonon modes are observed. A perturbation model based on
molecular dynamics reveals various possibilities of phonon generation due to complex interactions among
different phonon modes. In order to elucidate the process of phonon generation, measurements on thin films with
thicknesses below the optical absorption depth are carried out, showing that a gradient force is necessary to excite
the observed A, phonon modes, which provides a refined picture of displacive excitation of coherent phonon.
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Bismuth telluride (Bi,Te;) has been an important semi-
conductor thermoelectric material. Bulk Bi,Te; possesses
a thermoelectric figure of merit (ZT) of about 1.0, while
ZT of BiyTe;/Sb,Te; superlattice was reported as high as
2.4 (see Ref. 1). The recent discovery of BiyTe; thin films
as a topological insulator has drawn new interest.” One
of the material’s fundamentals is the excitation of energy
carriers and interactions among energy carriers including
photons, electrons, and phonons. Femtosecond time-resolved
phonon spectroscopy is a powerful technique for investigat-
ing phonon dynamics. The ability to generate and control
coherent phonon oscillations using optical pulses has triggered
interests in the study of semimetals,”© transition metals,’
semiconductors,® 1! superlattices,12 semi-insulators,'? and
resonant interactions between filled atoms and cage lattice.'*
For many materials, knowing phonon excitation and inter-
action processes is vital for the investigation of transport
properties.

Ithas been generally established that in absorbing materials,
coherent phonon is excited through a displacive excitation of
coherent phonon (DECP) process,'> which was considered to
be a special case of impulsive stimulated Raman scattering
(ISRS).'®!7 For absorbing materials, the laser energy is first
coupled into electrons. If the equilibrium positions of ions are
altered by hot electrons or the electric field, the ions would
oscillate coherently around their new equilibrium positions.
This coherent vibration can be detected using time-resolved
optical measurements. Even though DECP and ISRS have been
accepted in most literatures, some specific phonon-excitation
processes have also been suggested. Boschetto et al.'® and
Garl et al."” indicated that the polarization force exerted by the
laser electric field, the ponderomotive force which originates
from the nonuniform oscillating electric field, and the thermal
force caused by the spatial gradient of the temperature
difference between hot electrons and the cold lattice can
be responsible for the coherent phonon generation in Bi.
Therefore, the processes of phonon generation and the re-
sulting complex phonon oscillation are still a subject of
discussion.
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In this paper, we employ femtosecond time-resolved
phonon spectroscopy to investigate coherent phonon dynamics
in single-crystal Bi, Tes thin films. Excitation of low- and high-
frequency optical phonons is observed. A perturbation model
based on molecular dynamic (MD) simulation is developed
to explain the interactions among the phonon modes. The
combined MD studies and the phonon spectroscopy on single-
crystal films with thicknesses ranging from a few nm to
hundreds of nm reveal phonon interactions and the driving
forces for coherent phonon excitation.

All experiments were performed in a collinear two-color
(400 nm and 800 nm) pump-probe scheme. The laser pulses
have 100 fs full width at half maximum pulse width, 800 nm
center wavelength, and repetition rate of 5 kHz. A second
harmonic crystal is used to generate pump pulses at 400 nm.
The pump and the probe beams are focused onto the sample at
normal direction with diameters of 80 and 20 «m and fluence
of about 0.25 mJ/cm? and 0.02 mJ/cm?, respectively. The
samples are c-plane orientated single crystalline Bi,Te; thin
films grown via metal-organic chemical-vapor deposition on
GaAs (100) substrates.”’ The penetration depths for 400 nm
and 800 nm are about 9.1 nm and 10.0 nm calculated by data
in (Ref. 21), so the entire excited region is probed. We also
tested using an 800-nm pump and a 720-nm probe, which led
to similar results. The thickness of the samples ranges from
1.0 um to 5 nm.

Bulk Bi,Te; has a rhombohedral primitive cell in space
group R3m, and the corresponding conventional unit cell
is hexagonal, consisting of periodically arranged fivefold
stacks along the c¢ axis: Tel-Bi-Tell-Bi-Tel.>?> The five
atoms in each primitive unit cell give three acoustic phonon
modes and twelve optical phonon modes. The twelve optical
modes are two Aj, and two E, (Raman active), and two
Ay and two E; modes (IR active). Only eight modes are
counted here due to the degeneracy of the transverse modes.??
Figure 1 illustrates the corresponding atomic displacements
for these modes. For MD simulations, we employ two-body
potentials that are derived from the density-functional theory
and have been implemented in MD to calculate the bulk lattice
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FIG. 1. Optical phonon modes in Bi, Te;.

thermal conductivity’® and the mode-wise lattice thermal
conductivity.?* The two-body potential is used together with
the Wolf’s summation® to evaluate the long-range Coulomb
interaction. Small perturbations are introduced to the molec-
ular system by slightly displacing the atomic positions along
the directions indicated in Fig. 1. For example, the A} . phonon
mode is generated in MD by stretching the two pairs of Bi
and Tel atoms away from the center along the ¢ axis. In
this calculation, the stretching distance is about 2% of the
nearest-bond distance. The temperature rise caused by this
perturbation is about 8 K from an initial temperature of 300 K.
This is equivalent to a laser fluence of about 0.03 mJ/cm?. The
atoms are then released to allow for vibrations determined
by the interatomic potentials, which reflects the phonon
dephasing and interaction processes. The phonon frequencies
obtained from the calculation can then be compared with the
experimental data.

Figure 2 shows the experimentally observed oscillations
from the 1-pum-thick Bi,Tes film. The optical signal consists
of a nonoscillatory background, the initial drop, and a
slow recovery, which is related to electron excitation and
lattice heating via electron-lattice coupling and oscillatory
components appearing right after laser excitation. Our previous
study has shown that the dominant phonon oscillation is the
A}g phonon mode.?® For the oscillation patterns in Fig. 2, a
Fast Fourier Transform (FFT) of the data reveals fast and slow
oscillations at 3.91 THz and 1.82 THz, corresponding to the
frequencies of A%g and A%g phonon modes with a slight red
shift compared with the Raman measurements (Table I). We
consider these two phonon oscillation modes and employ the
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FIG. 2. Coherent phonons excited by femtosecond laser pulses
(dots) in the 1-pum-thick Bi, Te; film and the fitting result (solid line).
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TABLE 1. Comparison of phonon frequencies from Raman and
IR spectroscopy, femtosecond time-resolved spectroscopy, and MD
simulation. All units are in THz.

Raman Femtosecond MD
Mode (Refs. 22 and 27) IR (Ref. 22) spectroscopy simulation
A}g 1.88 1.82 1.84
Afg 4.02 391 3.74
Al 2.82 2.88
Al 3.60 3.58
Eé 1.1 1.47
Eé 3.09 342
E! 1.50 1.43
E2 2.85 2.90

model below to fit the reflectivity signal:

R = Ace™ + A’ + Appe 7 cosl(Qpy + Bprii
+@prl+ Apse 7 cos[(Rps + Bpst + @ps]. (1)

Equation (1) represents the total reflectivity response Rioal
from electron relaxation (e), lattice heating (L), fast phonon
mode (pf), and slow phonon mode (ps), respectively. A
is the amplitude of reflectivity change. t denotes the time
constant (the decay time) of each process. €2, B, and ¢ stand
for phonon angular frequency, chirping coefficient, and initial
phase of phonon vibration, respectively. Taking into account
the finite pulse width of the pump and the probe pulses, the total
response is convoluted with the experimentally determined
cross-correlation of pump and probe pulses, G ross—correlations
giving F = Ryptal ® Gcross—correlations Which is used to fit the
experimental data. The solid curve in Fig. 2 shows that a good
fit can be obtained.

MD calculations produced frequencies of all the phonon
modes, including IR active modes, which are all in close
agreement with the Raman or IR measurement data, as
summarized in Table I. Moreover, MD calculations reveal
interactions among different phonon modes. Figures 3(a)
and 3(b) show the transient atomic displacements of Tel
atoms for excitation of Aj, and Aj, mode, respectively. The
corresponding FFT spectra are shown in Figs. 3(c) and 3(d). It
is seen that for the case of Ai , phonon excitation, coherent A%g
phonons are also generated and vice versa. Phonon dephasing
times are also computed. When the A} . mode is excited, the

dephasing time for A{g and A%g phonons are about 12 ps
and 4 ps, respectively. From experiments, the dephasing time
of A%g phonon is about 5.4 ps, and the dephasing time of
A%g phonon is much shorter, 0.72 ps. The possible reasons for
stronger phonon damping observed experimentally are that
more than one mode can be excited (see below) and also the
existence of defects in the sample.

We now analyze the possible processes that drive phonon
oscillations, specifically, the ponderomotive force, the thermal
force, and the polarization force.'® Since our sample has its ¢
axis perpendicular to the sample surface, the ponderomotive
force and the thermal force that originate from the electric
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FIG. 3. Transient atomic displacements of Tel atoms with (a) A} . excitation and (b) Afg excitation. (c), (d) Corresponding FFT spectra for

Al, and A% excitation. (¢) FFT spectra with Ey excitation.

field gradient and temperature gradient along the ¢ axis can
be responsible for generating the longitudinal A{g and A%g
phonons. The ponderomotive force and the thermal force can
be estimated as:!”

Foon ep—11 p __ NekpTe max
pond as c ’ thermal 83

@)

For Bi,Tes, the Drude-type cross-plane dielectric constant
ep is 12.81, calculated from the dielectric constant,?! and
the penetration depth is about 9.1 nm for the excitation
wavelength of 400 nm. ¢ is the speed of light, and kp is the
Boltzmann constant. The peak laser intensity is estimated as
I = F/t,, where F is the laser fluence and ¢, is the pulse width
(0.25 mJ/cm? and 100 fs). The hot electron density is estimated
as n, = aF/(AES;), where « is the absorptivity (0.31 at

400 nm) and AFE is the bandgap [0.15 eV for Bi,Tes (see
Ref. 21)]. Here avalanche excitation of electrons is assumed
since the photon energy (3.1 eV) is much larger than the band
gap. The value of n, is determined to be 3.55 x 10?7 m~3,
which is then used to evaluate the Fermi energy of the excited
electrons, e = h2(37%n,)*? /(2m) (see Ref. 28), where m is
the mass of electrons and 7 is the reduced Planck’s constant.
The value of ¢ is calculated to be 0.85 eV. The specific heat
of the excited electrons is calculated as ¢, = 712k129 T.n./Q2ep),
where T, is the electron temperature. The absorbed energy
density by electronsis « F' /&, = f T: “" ¢, dT,where T, max and
Ty are the maximum temperature and the initial temperature,
respectively. The maximum electron temperature 7T, max is
then estimated as 7, max = [48FOlF/7T21’le(SS]1/2/kB, where
T, max is assumed to be much higher than 7y and 7, max
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FIG. 4. (a) Coherent phonons in Bi,Te; thin films with different thicknesses. (b) Coherent phonon amplitude versus the Bi,Te; film
thickness, obtained by fitting with a damped oscillator. (c) Raman spectra of Bi,Te; thin films with different thicknesses. The three peaks

are 62 cm~' (1.86 THz), 102 cm™! (3.06 THz), and 132 cm™! (3.96 THz) for the A!

10-nm-thick Bi,Tes thin film illuminated by 30° incident pump beam.

is determined to be 2636 K. It is then found from Eq. (2)
that in our case, the thermal force f,, ., = 1.42 x 10'"°N/m’
dominates at the end of pump pulse, which is about two
orders of magnitude higher than the ponderomotive force,
Frona = 1.08 x 10MN/m’.

Both the thermal force and the ponderomotive force are
gradient force, as they depend on either a thermal gradient or
an electric-field gradient. On the other hand, we note that the
gradient force does not produce the exact motion on Bi or Te
ions of the A g orthe A%g mode as depicted in Fig. 1(a), rather, it
produces a combination of the motions of the two modes. This
indicates that these two modes can be excited simultaneously,
which agrees with the experimental observation that there is
no time delay between generations of the two phonon modes.

In our experiments, transverse phonons, which can be
generated by the polarization force, are not observed since
anisotropic detection?” is not implemented. It is possible
that the transverse modes are also generated but decay into
the observed longitudinal phonons quickly. For example, the
lifetime of the E, mode is found to be short in Bi.%0 In addition,
the excited carrier density in our case is similar to that used for
Bi where strong phonon-phonon interaction is predicted.>!
The MD calculations also show that it is indeed possible that
transverse phonons can generate longitudinal phonon modes.
Figure 3(e) shows the phonon spectra if the initial excitation
is the B, mode. In this case, both A}, and Aj, phonons are

> the E, and the A7, modes. (d) Pump-probe signal of

also generated. In addition, due to the asymmetrical Bi,Tes
lattice structure, the polarization force can directly excite the
longitudinal phonon modes. The polarization force can be
estimated as:'”

¥ Amxol
polarization d ¢ ’

where xo = (ep — 1)/4m (see Ref. 32), and d is the averaged
nearest-neighbor distance (~3.33 A for Bi,Tes). The polariza-
tion force is estimated to be about 2.96 x 1015N/m3, larger
than the ponderomotive force but smaller than the thermal
force.

To evaluate the possibility that the observed A, modes are
generated by initially excited E, phonons or directly excited by
the polarization force, experiments were carried out on samples
with thinner thicknesses, from 100 nm to 5 nm. It is seen from
Fig. 4(a) that while the oscillations in 100-nm- and 50-nm-
thick films have similar amplitudes (also similar to the 1-pum
film), the amplitude of coherent phonon decreases significantly
when the film thickness decreases, and no coherent phonons
can be observed when the thickness is 10 nm [Fig. 4(b)]. We
verified that the thinner films still have crystalline structure, as
shown in the Raman scattering data in Fig. 4(c). The widths
of the Raman peaks in the thinner films are slightly wider,
indicating longer interatomic distances or larger tensile stress
and stronger anharmonicity in thinner films. The band gap in

3
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the very thin Bi, Te; films can be wider, for example, ~0.25 eV
in 5-nm-thick films compared with 0.15 eV in bulk,*® but
still much smaller than the laser photon energy, so the light
absorption process is still interband transition.

We attribute the sharp decrease of the phonon oscillations
in 10-nm and 5-nm films to the lack of gradient force driving
the phonon generation. This is because the optical absorption
depth in BiyTes is 9.1 nm at 400 nm wavelength. These result
in a nearly uniform electric field across a thickness less than
10 nm. We also irradiate the pump pulse at an inclined angle
with respect to the sample surface. The polarization force
thus has a component along the c axis of the Bi,Tes crystal.
Figure 4(d) shows that similar to the results in Fig. 4(a), no
coherent phonon oscillation is observed. This indicates that
the polarization force is not sufficient to generate the observed
longitudinal phonon modes. Therefore, we conclude that the
longitudinal phonon modes observed in the experiments are
not decayed from the E; mode excitation or directly excited
by the polarization force. An additional observation from
Fig. 4(a) is that there is a large amplitude, slow varying
reflectivity change. Measurements taken at longer time showed
oscillations with period of 20 ps, regardless of the film
thickness. Therefore, these oscillations can be different from
the acoustic breathing modes whose oscillation periods are
thickness dependent®* and need to be further investigated.

PHYSICAL REVIEW B 88, 064307 (2013)

The absence of coherent oscillations in the very thin films
shows that a gradient force, such as the one produced by ther-
mal force, is needed to drive the coherent phonon oscillation.
This is in fact contradictory to the ISRS mechanism, which
does not require a gradient in the excitation field. On the other
hand, coherent phonon excitation by gradient force(s) should
still follow the general picture of DECP, i.e., a sudden force
field displaces ions out of their equilibrium positions, causing
coherent phonon oscillations, which is a refined picture of
phonon generation process within DECP.

In summary, we studied the coherent phonon dynamics in
Bi, Te; using ultrafast phonon spectroscopy and perturbation-
based MD simulations. Complex features observed in phonon
spectroscopy were determined to be the Al ., and the A%g
longitudinal phonon modes. Using thin films with thicknesses
comparable or less than the optical absorption depth in
combination with the MD analyses, it was found that the A,
phonons were driven by gradient forces such as thermal force,
which provides a refined picture of phonon generation process
within DECP.
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