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Observation of coherent phonons in strontium titanate: Structural phase transition and ultrafast
dynamics of the soft modes
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Coherent phonons were observed in SrTiO; by using ultrafast polarization spectroscopy. The ultrafast
dynamics and softening of phonon modes, which contribute to the structural phase transition at 105 K, are
studied. The temperature dependences of the phonon frequency and the relaxation rate are obtained from the
observed damped oscillation of coherent phonons. The observed phonon relaxation is explained well by a
population decay due to anharmonic phonon-phonon coupling for the soft mode phonons.
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I. INTRODUCTION

Strontium titanate (SrTiO;) is a well-known quantum
paraelectric material. Its dielectric constant increases extraor-
dinarily with decreasing temperature, while the paraelectric
phase is stabilized by quantum fluctuations without a ferro-
electric phase transition. The dielectric property and the lat-
tice dynamics have been extensively studied. Recently, fer-
roelectricity induced by the isotopic substitution! of
oxygen-18 for oxygen-16 and strong enhancement of the di-
electric constant by uv-light irradiation??® were discovered,
and deeper interest has been taken in SrTiO; again.

SrTiO; is also known to undergo a structural phase tran-
sition at 7,=105 K.* The crystal has a cubic perovskite struc-
ture (O,) above T., where all phonon modes are Raman for-
bidden. The crystal structure changes into tetragonal (Dy;,)
below T, where Raman-allowed modes of symmetries A,
and E, appear.’ The phase transition is due to the collapse of
the I'y5 mode at the R point of the high-temperature cubic
Brillouin zone. Below T, the R point becomes the I" point of
the D, phase. The phase transition is characterized by the
softening of phonons at the R point and concomitant dou-
bling of the unit cell.

The distortion consists of an out-of-phase rotation of ad-
jacent oxygen octahedra in the (100) planes.* The order pa-
rameter for the phase transition is inferred to be the angle of
rotation of the oxygen octahedra. Only a small rotation of the
oxygen octahedra is involved for the transition. The rotation
angle for the oxygen octahedra varies from ~2° of arc near
0 K down to zero at 7,.=105 K; the transition is second or-
der. At liquid nitrogen temperature, the rotation angle is
about 1.4° and the linear displacement of the oxygen ions
about their high-temperature equilibrium positions is less
than 0.003 nm. This oxygen octahedron motion can be de-
scribed as a rotation only as a first approximation; the oxy-
gen ions actually remain on the faces of each cube and there-
fore increase in separation from the titanium. Because the
(100) planes are equivalent in the cubic phase, the distortion
produces domains below T, in which the [100], [010], or
[001] axis becomes the unique tetragonal ¢ axis.

Optical information on the dielectric response is usually
obtained from the Raman scattering or the infrared spectros-
copy experiments. Observations of coherent phonons have
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also been demonstrated to be very useful for the investiga-
tion of low-frequency dielectric response. The time-resolved
study of the dynamics of phonons® and phonon polaritons’
turns out to be a very good probe for the properties of the
low-frequency optical phonons. At low frequencies this tech-
nique is very sensitive and gives a superior signal-to-noise
ratio compared to the conventional frequency-domain tech-
niques, while at higher frequencies the conventional tech-
niques will show a better performance. Hence the coherent
phonon spectroscopy and the conventional frequency-
domain techniques can be considered to be complementary
methods for the investigation of the dielectric response.

The observed signal of the Raman scattering® in SrTiOj is
very weak because the distortion from cubic structure in the
low-temperature phase is very small. The intensity of the
first-order Raman signal is of the same order of magnitude
with many second-order Raman signals, and then a
background-free signal of the first-order Raman scattering
cannot be observed.

In the present work, ultrafast polarization spectroscopy is
used to observe the coherent optical phonons in SrTiO;,
which are created by femtosecond optical pulses through the
process of impulsive stimulated Raman scattering.®!'* Time-
dependent linear birefringence induced by the created coher-
ent phonons is detected as a change of the polarization of
probe pulses. High detection sensitivity of ~10~> in polar-
ization change has been achieved in our detection system.
We show that our approach in the time domain is very useful
for the study of the soft phonon modes. Damped oscillations
of coherent phonons were observed, and temperature depen-
dences of the phonon frequency and the relaxation rate are
measured. The mechanism of the phonon relaxation is dis-
cussed by using a population decay model, in which an op-
tical phonon decays into two acoustic phonons due to anhar-
monic phonon-phonon coupling.

II. EXPERIMENT

Coherent phonons and their softening observed in the
time domain are studied by ultrafast polarization spectros-
copy with the pump-probe technique. The pump pulse is pro-
vided by a Ti:sapphire regenerative amplifier and the probe
pulse by an optical parametric amplifier. The linearly polar-
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FIG. 1. Observed transient birefringence at 6 K for 0° pumping.
The vertical axis is the ellipticity 7 in electric-field amplitude of the
transmitted probe pulse. (a) A large signal due to the optical Kerr
effect appears at zero delay. (b) Damped oscillation of coherent
phonons follows after the Kerr signal. The vertical axis of (b) is
enlarged by 50 from that of (a).

ized pump and probe beams are nearly collinear and focused
on the sample in a temperature-controlled refrigerator. The
waist size of the beams at the sample is about 0.5 mm. The
thickness of the sample is 1 mm, and the direction of the
laser beams is perpendicular to the (001) surface. The wave-
length, the pulse energy, and the pulse width at the sample
are 790 nm, 2 wJ, and 0.2 ps for the pump pulse, and
690 nm, 0.1 uJ, and 0.2 ps for the probe pulse. The repeti-
tion rate of the pulses is 1 kHz.

Coherent phonons are created by the pump pulse through
the process of impulsive stimulated Raman scattering, and
induce time-dependent anisotropy of refractive index. The
induced anisotropy of refractive index, linear birefringence,
due to the created coherent phonons is detected by a
polarimeter' 13 with a quarter-wave plate as the change of
the polarization of the probe pulse, whose plane of polariza-
tion is tilted by 45° from that of the pump pulse. The wave-
lengths of the pump and probe pulses can take any values in
visible or near-infrared regions in the present experiment. We
used two different wavelengths for the pump and probe
pulses to eliminate the leak of the pump light from the input
of the polarimeter by using interference filters.

The time evolution of the signal was observed by chang-
ing the optical delay between the pump and probe pulses. To
improve the signal-to-noise ratio, the pump pulse was
switched on and off shot by shot by using a photoelastic
modulator with a quarter-wave plate and a polarizer, and the
output signal from the polarimeter was lock-in detected.

III. RESULTS

Figure 1 shows the transient birefringence at 6 K ob-
served for 0° pumping, where the polarization direction of

PHYSICAL REVIEW B 74, 064303 (2006)

(a) Coherent Phonon Signals (b) Fourier Spectra

1

VV VUV VUV

0 4 8 12 16 0 2
Delay Time (ps) Frequency (THz)

OO
1 =] &
2
103 'z
<
o .
: LA
1 &
45°
o LLAAAANAN K

FIG. 2. (a) Coherent phonon signals at 6 K observed for 0°, 15°,
and 45° pumping, where the angle between the [100] axis of the
crystal and the polarization direction of the pump pulse is changed.
(b) Fourier transform of the coherent phonon signals in (a).

the pump pulse is parallel to the [100] axis of the crystal.
Vertical axis is the ellipticity # in electric-field amplitude of
the transmitted probe pulse. At zero delay, a large signal due
to the optical Kerr effect, whose width is determined by the
pulse width, appears. After that, damped oscillation of coher-
ent phonons is observed as shown in Fig. 1(b), where the
vertical axis is enlarged by 50 from that of Fig. 1(a). The
change of the polarization for the oscillation amplitude of the
coherent phonon signal is 4 X 107 of the electric-field am-
plitude of the probe pulse, which corresponds to the change
An=7X 1078 of the refractive index. In our detection system,
polarization change of ~107> in the electric field amplitude
can be detected.

Angular dependence of the coherent phonon signal at 6 K
is shown in Fig. 2(a), where the angle between the [100] axis
of the crystal and the polarization direction of the pump
pulse is 0°, 15°, and 45°. The angle between the polarization
directions of the pump and probe pulses is fixed to 45°. The
0.7 ps period signal for 0° pumping disappears for 45°
pumping, where the 2.3 ps period signal appears. The Fou-
rier transform of the coherent phonon signals in Fig. 2(a) is
shown in Fig. 2(b). Oscillation frequency of the signal for
the 0° pumping is 1.35 THz, and that for 45° pumping is
0.4 THz. For other pumping angles both frequency compo-
nents coexist in the coherent phonon signal. From the oscil-
lation frequencies the 1.35 THz component is considered to
correspond to the A, mode, and the 0.4 THz component to
the E, mode.’

In addltlon to the oscillation signal there exists a dc com-
ponent. The dc component has a maximum amplitude for 0°
pumping and minimum amplitude for 45° pumping. How-
ever, the creation mechanism is not clear at present. In the
following we pay attention to the oscillation component.

The temperature dependence of the coherent phonon sig-
nal for 0° pumping, which corresponds to the A;, mode, is
shown in Fig. 3. The oscillation period and the relaxation
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FIG. 3. Temperature dependence of the coherent phonon signal
observed for 0° pumping, which corresponds to the A;, mode.

time of coherent phonons at 10 K are 0.7 and 12 ps. As the
temperature is increased, the oscillation period becomes
longer and the relaxation time becomes shorter. At T,
=105 K, the phase transition point, the oscillation disap-
pears. Above T, no signal of coherent phonons is observed.
The temperature dependence of the coherent phonon signal
for 45° pumping, which corresponds to the E, mode, is
shown in Fig. 4. The oscillation period and the relaxation
time of coherent phonons at 10 K are 2.3 and 45 ps. Similar
behavior to that of the A, mode was observed as the tem-
perature was increased.

IV. DISCUSSION

The observed coherent phonon signal S(¢) is expressed
well by the damped oscillation

S(t) =Ae™" sin wt, (1)

where o is the oscillation frequency and v is the relaxation
rate. This sine-type function is expected for phonons induced
by impulsive stimulated Raman scattering.”!° The tempera-
ture dependence of the oscillation frequency obtained from
the observed coherent phonon signal below 7. is shown in
Fig. 5. The solid circles are the oscillation frequency for the
A}, mode, and the solid squares are that for the £, mode. As
the temperature is increased from 6 K, the oscillation fre-
quencies decrease and approach zero at the phase transition
point 7, for both modes. This result is consistent with the
temperature dependence of phonon frequency observed by
Raman scattering.’ The solid curves describe a temperature
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FIG. 4. Temperature dependence of the coherent phonon signal
observed for 45° pumping, which corresponds to the E, mode.

dependence of the form wo (T.—T)". The experimental re-
sults for the temperature region between 50 K and 7, are
explained well by n=0.4 for both modes, while those below
40 K deviate from that form.

The intensity of the first-order Raman-scattering signal in
SrTiO;5 is very weak and is of the same order of magnitude
as many second-order Raman-scattering signals because the
distortion from the cubic structure in the low-temperature
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FIG. 5. Temperature dependence of the oscillation frequency
obtained from the coherent phonon signal below T.. The solid
circles are the oscillation frequency for the A;, mode, and the solid
squares are that for the £, mode. The solid curves describe a tem-
perature dependence of the form w o (7,.—T)", where T.=105 K and
n=0.4 for both modes.
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FIG. 6. Temperature dependence of the relaxation rate obtained
from the coherent phonon signal below T,. (a) The solid circles are
the relaxation rate for the A;, mode, and (b) the solid squares are
that for the £, mode. The solid curves show the theoretical curves
including the frequency change obtained from Eq. (3), with 7,
=(a) 8.0Xx10' and (b) 1.5x 10'" s~!, where the observed phonon
frequencies in Fig. 5 are used for each temperature.

phase is very small. Then observation of a background-free
signal of first-order Raman scattering is not easy, and infor-
mation on the relaxation, or the spectral width, is not given
in a study of Raman scattering.® By the present method of
coherent phonon spectroscopy in the time domain, on the
other hand, background-free damped oscillations can be ob-
served directly, and the oscillation frequency and the relax-
ation rate can be obtained accurately.

The temperature dependence of the relaxation rate ob-
tained from the observed coherent phonon signal below 7, is
shown in Fig. 6. The solid circles are the relaxation rate for
the A,, mode and the solid squares are that for the £, mode.
The relaxation rates increase as the temperature is increased.

In general, relaxation of coherent phonons is determined
by population decay (inelastic scattering) and pure dephasing
(elastic scattering). In metals, pure dephasing due to
electron-phonon scattering, which depends on the hot elec-
tron density, contributes to the phonon relaxation.'* In di-
electric crystals, the relaxation process of the coherent pho-
non is considered to be dominated by the population decay
due to the anharmonic phonon-phonon coupling,'>~!7 rather
than pure dephasing. According to the anharmonic decay
model,!’ the relaxation of optical phonons in the center of
the Brillouin zone is considered to occur through two types
of decay process, the down-conversion and up-conversion
processes. In a down-conversion process, the initial w, pho-
non with wave vector k=0 decays into two lower-energy
phonons o; and w;, with opposite wave vectors k and —k,
which belong to the i branch and the j branch of the phonon.
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Energy and wave-vector conservation is given by wy=w;
+j_. In an up-conversion process, the initial excitation is
scattered by a thermal phonon (w;) into a phonon of higher
energy (w;), where wy+w;=w;. The down-conversion pro-
cess can be realized either for i=j (overtone channel), or for
i #j (combination channel), depending on the phonon band
structure of the material, while the up-conversion process
contains only the combination channel and has no overtone
channel. The combination channel is less likely, because
three frequencies of phonons and three phonon branches
have to be concerned and stringent limitations are imposed
by the energy and wave-vector conservation. The overtone
channel, on the other hand, is more likely because two (an
optical and an acoustic) phonon branches are concerned, and
the energy and wave-vector conservation are necessarily sat-
isfied by two acoustic phonons with the same frequency and
opposite wave vectors, if the frequency maximum of the
acoustic branch is higher than half the frequency of the ini-
tial optical phonon.

Here we consider the down-conversion process in which
an optical phonon decays into two acoustic phonons with
half the frequency of the optical phonon and with opposite
wave vectors. The temperature dependence of the relaxation
rate 7y of the coherent phonon is given by!>!°

_ (1 2 ) 2)
TE\ T w2k T] - 1)

where w, is the frequency of the optical phonon, and kj is
the Boltzmann constant.

In ordinary materials the temperature dependence of the
phonon frequency is small, and a theoretical curve with a
fixed value of phonon frequency fits the experimental data
well. In SrTiO;, however, the phonon frequencies are
changed greatly as the temperature is increased; thus a fre-
quency change has to be considered. The solid curves in Fig.
6 show the theoretical curves including the frequency change
obtained from Eq. (2) with y%=8.0X10'"s™" for the A},
mode and 1.5 X 10'° s7! for the E, mode, where the observed
phonon frequencies in Fig. 5 are used for each temperature.
As is seen in Fig. 6, the solid curves explain well the experi-
mental data.

Deviation of the experimental data near 7. from the solid
curve may be caused by the effect of the phase transition.
However, the relaxation rate just around the phase transition
point cannot be obtained in the present experiment, and the
relation between the temperature-dependent relaxation rate
and the structural phase transition is not clear.

V. SUMMARY

We have applied ultrafast polarization spectroscopy to ob-
serve coherent phonons in SrTiOs, and showed that this ap-
proach in the time domain is very useful for the study of soft
phonon modes. Coherent phonons are created by linearly po-
larized pump pulses. The time-dependent linear birefrin-
gence induced by the created coherent phonons is detected as
a change of the polarization of the probe pulses. A high de-
tection sensitivity of ~107> in polarization change, which
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corresponds to the change An=2X 107 of the refractive in-
dex for a 1 mm sample, has been achieved in our detection
system. Damped oscillations of coherent phonons for A,
and E, modes, which contribute to the structural phase tran-
sition at 105 K, were observed. The temperature depen-
dences of the frequency and the relaxation rate of the ob-
served coherent phonons were measured. Softening of the
phonon frequencies was observed. The phonon relaxation is
explained well by a decay model of a frequency-changing
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phonon, in which the optical phonon decays into two acous-
tic phonons due to the anharmonic phonon-phonon coupling.
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