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Coherent phonons were observed in perovskite dielectrics LaAlO; and KMnF; using ultrafast polarization
spectroscopy. Ultrafast dynamics and softening of phonon modes, which contribute to structural phase transitions,
were studied. The temperature dependences of the phonon frequency and relaxation rate were obtained from
the observed damped oscillation of coherent phonons. In LaAlOj, typical softening of the phonon frequency
was observed toward the phase-transition temperature 7, (~750 K). The observed relaxation for the soft-mode
phonons is explained well by a population decay due to anharmonic phonon-phonon coupling. In KMnF;, two
structural phase-transition temperatures, 7.; (= 187 K) and T,,, (~81 K), were found through birefringence
measurement. At temperatures below 7, three modes of coherent phonons were observed and the phonon
modes were found to undergo softening toward 7,,. The observed dependences of the coherent phonon signal
on the pumping polarization and the temperature suggest an orthorhombic structure, instead of a monoclinic
structure, at temperatures below T,,. The sudden decrease in the phonon frequency at 7, indicates the first-order
character of the phase transition at 7,,,. Notable changes in birefringence and phonon frequency were observed
at around 90 K, but no distinct anomaly is found, which suggests that the structure undergoes continuous change.
Above 100 K, the E, mode in the tetragonal symmetry is found to undergo softening toward 7;;. A coherent
phonon signal of relaxation type appears at around 7,; and survives even at near room temperature, which

suggests the existence of structural disorder even in the cubic symmetry above 7.
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I. INTRODUCTION

Optical information on the dielectric response is usually
obtained from the experiments of Raman scattering or infrared
spectroscopy. Observation of coherent phonons has also been
demonstrated to be very useful for the investigation of
low-frequency dielectric response. The time-resolved study
of the dynamics of phonons' and phonon polaritons® was
found to be very helpful in determining the properties of
the low-frequency optical phonons. At low frequencies, this
time-domain technique is very sensitive and provides a very
good signal-to-noise ratio as compared to the conventional
frequency-domain techniques, in which it is not easy to
separate Raman scattering signals from the Rayleigh scattering
of excitation laser light in a low-frequency region. At higher
frequencies, however, a better performance can be achieved
using conventional techniques. Therefore, coherent phonon
spectroscopy and conventional frequency-domain techniques
can be considered to be complementary methods for the
investigation of the dielectric response.

In the case of slight distortion from cubic structure, the
intensity of the first-order Raman signal is very small and is
of the same order of magnitude as many second-order signals
in the experiments of Raman scattering. One such example
is SrTiO; in the low-temperature phase.® Even in such a case,
background-free signals of the first order can be obtained from
the observation of coherent phonons.* In the studies on light-
illumination effect, it is not easy to separate Raman scattering
signals from luminescence. Coherent phonon spectroscopy is
not sensitive to the luminescence and is a powerful technique
to investigate light-illumination effects as compared to the
Raman scattering measurement.’
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In the present work, ultrafast polarization spectroscopy is
used to observe the coherent optical phonons in perovskite
dielectrics LaAlO; and KMnF;, which are generated by
femtosecond optical pulses through the process of impulsive
stimulated Raman scattering.®” The time-dependent linear
birefringence induced by the generated coherent phonons is
detected as a change in the polarization of probe pulses.
Damped oscillation of coherent phonons is observed, and
the temperature dependences of the phonon frequency and
relaxation rate are measured. The soft phonon modes related
to the structural phase transitions are studied, and we show that
the approach in the time domain is very useful for the study
on the structural phase transitions and soft phonon modes in
dielectric materials.

AM X3 perovskite structures are one of the largest classes of
samples in studies on structural phase transitions. Lanthanum
aluminate LaAlO; is known to undergo a structural phase
transition at 7. ~ 750 K from cubic space group O, (Pm3m)
to rhombohedral ng (R3c¢).3? LaAlO; was first characterized
structurally by Geller and Bala,'? who found the transforma-
tion of the structure from rhombohedral at room temperature
to cubic; the transition temperature was later determined by
x-ray'! and electron paramagnetic resonance'? techniques.

The rhombohedral distortion from the high-temperature
cubic structure can be pictured as alternate librations of AlOg
octahedra. This distortion is similar to the tetragonal distortion
occurring in other materials with perovskite structures, such
as strontium titanate SrTiOz (7. = 105 K), which consists
of an out-of-phase rotation of adjacent oxygen octahedra in
the (100) planes.’ The oxygen octahedra distort in a manner
that can be approximated by a rigid rotation. The rotation in
LaAlOs; is about the [111] body-diagonal of the cube, while
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that in SrTiOj5 is about the [001] crystal axis. Strictly speaking,
these are not rigid rotations, since the oxygen ions remain on
the cubic faces. This viewpoint was originally proposed by de
Rango et al.'® and by Cochran and Zia.'*

These phase transitions are characterized by the softening
of the same optical phonons located at the same point, the
R(1/2,1/2,1/2) corner of the cubic Brillouin zone, and the
doubling of the unit cell. Since this R mode is triply degenerate
in the cubic phase, three independent linear combinations of
displacements are possible. These combinations correspond
to the rotation-like distortions of oxygen octahedra about
the [001], [111], and [110] axes, resulting in tetragonal,
rhombohedral, and orthorhombic lattices, respectively, below
the phase-transition temperature 7.. The rhombohedral dis-
tortion from the cubic symmetry in LaAlOj3 corresponds to
the condensation of a linear combination of all three cubic
components of the R mode, while SrTiO; has a tetragonal
distortion resulting from the condensation of only one of
the cubic components of the R mode. Tetragonal distortion
occurs in SrTiO3;, and rhombohedral distortion occurs in
LaAlO;. However, orthorhombic distortion from the cubic
symmetry does not occur in nature. Although this distortion
is group-theoretically permitted, it does not minimize the free
energy and is, therefore, thermodynamically unstable.'

In the cubic phase above T, all phonon modes are Raman-
forbidden. In the rhombohedral phase below T, the R point
becomes the I" point of the D3, phase, where the R mode splits
into two and Raman-active modes of symmetries A, (singlet)
and E, (doublet) appear.'®

In many studies on oxygen perovskites, the fluorine
perovskite, KMnF3, has also been studied as one of the
interesting materials since the first structural investigation
in 1953."7 Potassium manganese trifluoride (KMnF3) and
LaAlOj; have the same perovskite structure, and their structural
phase transitions are related to the same rotation of the MnFg
or AlOg octahedra, respectively. However, the behavior of the
structural phase transitions in KMnFj is considerably different
from that in LaAlO3;. KMnF; has a cubic structure at room
temperature and shows a typical sequence of phase transitions
in perovskite systems with the decrease in temperature:
cubic — tetragonal — orthorhombic or monoclinic.'$~37
Three structural phase transitions at about 186 K (7;1), 91 K
(T.»), and 82 K (T,,) have been reported. In addition to these
structural phase transitions, it is known that KMnF; shows two
magnetic phase transitions at about 88 K (7 ), and 82 K (7¢,,).
Three structural phase transitions were observed at 186.5, 88,
and 82 K through x-ray diffraction®* and at 185, 90, and 83 K
through neutron diffraction.’® Furthermore, three anomalies
associated with phase transitions at 186.2, 86.6, and 80.5 K
were reported through thermal measurements.*’

The first transition occurs at 7,; = 186 K and corresponds
to the softening of the R zone-boundary mode located at the
R(1/2,1/2,1/2) corner of the cubic Brillouin zone.?**> The
high-temperature cubic space group O} (Pm3m) becomes
tetragonal D} (I4/mcm) with the tetragonal axis ¢ developing
about the axis of rotation of the octahedra (a/c > 1), namely,
one of the [001] cubic axes.?’** The tetragonal phase is charac-
terized by staggered (antiferrodistortive) arrangements of the
octahedra in the planes perpendicular to the tetragonal axis,
with the phase of rotation alternating between neighboring
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planes.® This transition is slightly of the first order, which
shows a small thermal hysteresis of approximately 0.2 K.>*37
In neutron inelastic scattering experiment,”® remarkable soft-
ening of the two phonon modes corresponding to the R and
M points of the zone boundary was observed with the
decrease of temperature toward 7,;. In Raman scattering
experiments,”®? two soft modes of the E, and A, symmetries
coming from the R cubic mode were observed below T, and
tetragonal symmetry was confirmed.

According to several studies, a structural phase transition
appears at T,, = 91 K, very close to Ty. This transition
is associated with the softening of the M zone-boundary
mode located at the M(1/2,0,1/2) point in the cubic Brillouin
zone.””3> This mode involves distortions of the octahedral
planes about the same axis as for the R-point phonon,
except that the rotations between adjacent planes were now
in phase. As observed in the Raman scattering experiment
by Kapusta et al.,’> the transition at T, is characterized by
the appearance of three sharp low-frequency modes below
T, with slight temperature dependence; these three modes
do not exhibit a soft-mode behavior. A sudden appearance
of several other low-frequency Raman lines with A, sym-
metry was also observed. These lines coming from the R
and M modes of the cubic phase suggest the first-order
character of this phase transition, contrary to the assertion
of Hidaka er al.,’® who attributed a second-order character
to this transition. In the x-ray diffraction experiments** and
thermal measurements,>” however, no transition was observed
at 91 K.

At Ty = 88 K, both M-point condensation and antiferro-
magnetic transition occur.>#3%3*37 The R mode condensates
about the [001] axis, the M mode condensates about the
[110] direction, and the resulting structure is orthorhombic.
Simultaneously, an antiferromagnetic ordering of the Mn?*
spin network appears. At this temperature, a paramagnetic-
to-antiferromagnetic phase transition is superimposed on the
tetragonal-to-orthorhombic structural phase transition. As is
characteristic of a second-order phase transition, a A-shaped
temperature dependence and no hysteresis have been found in
the thermal measurements.*’

Finally, below T,,, = 82 K, an orthorhombic or monoclinic
phase is developed, in which the octahedra are rotated about
all the directions of the cubic phase. At this temperature,
characteristic of a first-order phase transition, an abrupt jump
and a large hysteresis of approximately 2 K appear in various
measurements.?!3%3437 These results are consistent with the
neutron diffraction measurements,>® which demonstrate that
this transition is structurally of the first order and magnetically
of the second order.

As for the magnetic properties, KMnF; becomes antiferro-
magnetic below Ty = 88 K with a uniaxial spin structure and
transforms further to a canted antiferromagnet below T, =
82 K with a weak spontaneous magnetization.>'-3

Several studies on structural and magnetic phase transitions
have thus far been conducted using various experimental
techniques, and it is known that KMnF; has four phase-
transition temperatures: Ty, 1,2, Ty, and T,,,. However, there
are certain discrepancies in their reports. No study has clearly
confirmed all four transition temperatures at the same time.
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The structural phase transition at T, = 91 K was particularly
confirmed by several authors,’*272%30:35 but other authors have
claimed that no anomaly is found at T.,.3*37 This transition
was claimed to be either of the first order’*?72%3 or of the
second order.?? The transition at Ty = 88 K was concluded to
be of the first order by some authors?®-** and of the second order
by other authors.?”-3*37 Different candidates for the structure
of the low-temperature phase below 7, have been proposed:
orthorhombic?*?*2° and monoclinic.'3?%> The results of the
structure of the low-temperature phase and the mechanism of
the T, and Ty phase transitions in different studies have long
been contradictory. However, no definitive consensus has been
obtained yet.

In the present paper, the softening of the tetragonal E,
mode below T, in LaAlOj is studied and the mechanism
of the phonon relaxation is discussed using a population
decay model; in this model, an optical phonon decays into
two acoustic phonons due to anharmonic phonon-phonon
coupling. In KMnFj3, the phase-transition temperatures are
investigated by birefringence measurement. The phonon fre-
quencies are obtained from the observed coherent phonon
signals, and their behavior near the phase-transition temper-
atures is studied. The coherent phonon signal of relaxation
type is also found around T,;. We discuss the low-temperature
symmetry below T, from the observed dependences of the
coherent phonon signal on the pumping polarization and
the temperature.

II. EXPERIMENT

Coherent phonons and their softening observed in the time
domain are studied by ultrafast polarization spectroscopy with
the pump-probe technique. The pump pulse is provided by
a Ti:sapphire regenerative amplifier, and the probe pulse by
an optical parametric amplifier. The linearly polarized pump
and probe beams are nearly collinear and focused on the
sample in a temperature-controlled refrigerator or a heated
metal block. The waist size of the beams at the sample is
approximately 0.1 mm. The wavelength, pulse energy, and
pulse width at the sample are 790 nm, ~2 wJ, and 0.2 ps,
respectively, for the pump pulse, and 700 nm, ~0.1 uJ, and
0.2 ps for the probe pulse. The repetition rate of the pulses
is 1 kHz.

Coherent phonons are generated by the pump pulse through
the process of impulsive stimulated Raman scattering, and they
induce time-dependent anisotropy of the refractive index. The
anisotropy of the refractive index, the linear birefringence,
induced by the generated coherent phonons is detected by a
polarimeter’®**! with a quarter-wave plate as a change in the
polarization of the probe pulse, whose plane of polarization is
tilted by 45° from that of the pump pulse.

The time evolution of the signal was observed by changing
the optical delay between the pump and probe pulses. To
improve the signal-to-noise ratio, the direction of the linear
polarization of the pump pulse was switched with each shot
using a photoelastic modulator and a quarter-wave plate; the
output signal from the polarimeter was lock-in detected.

For birefringence measurement, we used only the probe
pulse. The change in birefringence is detected as a change in
the polarization of a linearly polarized probe light.
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FIG. 1. Damped oscillation of coherent phonons observed in
LaAlO5 at 6, 100, 200, 300, 450, and 600 K. The vertical axis
represents the ellipticity 1 in the electric-field amplitude of the
transmitted probe pulse.

III. RESULTS
A. Coherent phonons in LaAlO;

Figure 1 shows the damped oscillation of coherent phonons
observed in LaAlO5; at 6, 100, 200, 300, 450, and 600 K.
The thickness of the sample is 0.2 mm. The direction of the
laser beams is perpendicular to the (001) surface, and the
polarization direction of the pump pulse is parallel to the [100]
axis of the crystal. The vertical axis in Fig. 1 represents the
ellipticity 1 in the electric-field amplitude of the transmitted
probe pulse, which is defined by n = (E; — E_)/(E+ + E_)
with circularly polarized field components E; and E_. The
induced ellipticity of the probe pulse corresponding to the
oscillation amplitude of the coherent phonon signal is ~1073.
The oscillation period and relaxation time of the coherent
phonons at 6 K are 0.9 and 14 ps. As the temperature
is increased, the oscillation period becomes longer and the
relaxation time becomes shorter. Above T,., the oscillation
disappears. The Fourier transform of the coherent phonon
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FIG. 2. Fourier transform of the coherent phonon signals in Fig. 1.
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signalsin Fig. 1 is shownin Fig. 2. At6 K, a single peak appears
at the oscillation frequency of 1.1 THz. As the temperature
is increased, the oscillation frequency becomes smaller and
the spectral width becomes broader, which corresponds to the
shorter relaxation time.

B. Birefringence and coherent phonons in KMnFj3

LaAlO; has a single phase-transition temperature and
shows a relatively simple behavior of the coherent phonons.
KMnF;, on the other hand, has several phase-transition
temperatures and is expected to show a more complicated
behavior. Therefore, we measured the temperature depen-
dence of birefringence in KMnF; before the observation of
the coherent phonons. The temperature dependence of the
change in birefringence in KMnFj; is shown in Fig. 3, where the
polarization plane of the probe light is along the [100] axis and
the temperature is decreased. From the change in birefringence
in Fig. 3, we can find two clear anomalies at 187 K (7;;) and
81 K (T,;;). The phase transition at 81 K has a hysteresis of
approximately 2 K, which is consistent with the result of the
x-ray diffraction experiment®* and thermal®’ measurements. A
large change in birefringence appears at around 90 K; however,
no distinct anomaly is found at T, and Ty in our birefringence
measurement.

Figure 4 shows the coherent phonon signals observed in
KMnF; at 6 K, where the laser beams are perpendicular to
the (001) surface and the pump polarization is parallel to the
[100] and [110] axes. The thickness of the sample is 0.7 mm.
The vertical axis in Fig. 4(a) represents the ellipticity 7 in the
electric-field amplitude of the transmitted probe pulse. At zero
delay, a large signal appears due to electronic response; the
width of this signal is determined by the pulse width. Next, the
damped oscillation of coherent phonons is observed, as shown
in Fig. 4(a). The change in the polarization of the oscillation
amplitude of the coherent phonon signal is 5 x 10~* of the
electric-field amplitude of the probe pulse, which corresponds
to the change An ~ 1077 of refractive index. In our detection
system, a polarization change of ~107 in the electric-field
amplitude can be detected.

The oscillation signal for [100] pumping is a simple
oscillation with mostly a single frequency, while that for [110]
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FIG. 3. Temperature dependence of the change in birefringence
in KMnF;. The polarization plane of the probe light is along the [100]
axis. The temperature was decreased.
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FIG. 4. (a) Coherent phonon signals observed in KMnF; at
6 K. The laser beams are perpendicular to the (001) surface, and
the pump polarization is parallel to the [100] and [110] axes. The
vertical axis represents the ellipticity 7 in the electric-field amplitude
of the transmitted probe pulse. (b) Fourier transform of the coherent
phonon signals in (a).

pumping is not a single frequency oscillation. The relaxation
times of the coherent phonons at 6 K are 70 ps for [100]
pumping and 35 ps for [110] pumping. The Fourier transform
of the coherent phonon signals in Fig. 4(a) is shown in Fig. 4(b).
Three phonon frequencies, 0.8, 1.2, and 1.5 THz, contribute
to the coherent phonon signals. The Fourier spectra indicate
that the dominant contributions to the signals are 1.2 THz for
[100] pumping and 0.8 and 1.5 THz for [110] pumping.

The temperature dependence of the coherent phonon signal
in KMnFj; observed below 80 K for [100] and [110] pumping
is shown in Fig. 5. As the temperature is increased, the
oscillation period becomes slightly longer and the relaxation
time becomes shorter. The lengthening of the period is more
clearly observed for [110] pumping than [100] pumping.

The coherent phonon signals at higher temperatures are
shown in Fig. 6 for [100] pumping and in Fig. 7 for [110]
pumping. In the coherent phonon experiment, the temperature
was increased. The coherent phonon signals above 82 K exhibit
various behaviors, while the behavior of those below 80 K
in Fig. 5 is relatively simple. In general, phonon modes are
classified as either oscillation type or relaxation type. ** The
signal of relaxation type appears around the phase-transition
temperature 7, for [100] pumping, as shown in Fig. 6. This
signal survives even at near room temperature. For [110]
pumping, the signal of oscillation type appears from low
temperatures to the phase-transition temperature 7;.;. However,
the period of oscillation becomes longer between 83 and 100 K.
At 100 K, the value of the period becomes similar to that at
80 K, after which it monotonously becomes smaller as the
temperature is increased.

IV. DISCUSSION

A. LaAlO;

The coherent phonon signal S(¢) observed in LaAlOjs is
expressed well by damped oscillation S(r =) A e~ sin wt,
where w is the oscillation frequency and y is the relaxation
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FIG. 5. Temperature dependence of the coherent phonon signal
in KMnF; observed below 80 K for (a) [100] and (b) [110] pumping.

rate. This sine-type function is expected for phonons induced
by impulsive stimulated Raman scattering.®’ The solid circles
in Fig. 8 denote the temperature dependence of the oscillation
frequency obtained from the coherent phonon signal observed
in LaAlOs. As the temperature is increased from 6 K, the
oscillation frequency decreases and approaches zero at the
phase-transition temperature 7,. This result is consistent with
the temperature dependence of phonon frequency for the

[100] pumping (KMnF5)
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FIG. 6. Temperature dependence of the coherent phonon signal
for [100] pumping observed between 130 and 230 K. A signal of
relaxation type appears at around the phase-transition temperature
T., and survives even at near room temperature.
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[110] pumping (KMnF5)
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FIG. 7. Temperature dependence of the coherent phonon signal
for [110] pumping observed above 80 K. A signal of oscilla-
tion type appears from low temperatures to the phase-transition
temperature 7.

E, mode observed by the Raman scattering experiment.'® The
solid curve describes the temperature dependence of the form
w x (T, — T)". The experimental results for the temperature
region between 200 K and 7, are explained well by n = 0.5,
while those below 200 K deviate from that form. According
to a simple classical consideration, the relation w? o (7, — T)
is expected from the Lydanne-Sachs-Teller relation and the
Curie-Weiss law. The obtained value of 7 in our experiment is
consistent with that consideration.

In the study on structural phase transitions and related soft
phonon modes, the frequency of the soft modes becomes small
near the phase-transition temperature. After this, it is not easy
to separate Raman scattering signals from the background
of the Rayleigh scattering of the excitation laser light, and
reliable information on the center frequency and the relaxation,
or the spectral width is not necessarily obtained from the
study on Raman scattering.>'® On the other hand, by the
present method of coherent phonon spectroscopy in the time
domain, background-free damped oscillation can be observed
directly and the oscillation frequency and relaxation rate can
be obtained accurately.*’

The solid circles in Fig. 9 denote the temperature depen-
dence of the relaxation rate obtained from the coherent phonon
signal for the E, mode observed in LaAlO;. The relaxation
rates increase with the temperature.

In general, the relaxation of coherent phonons is determined
by population decay (inelastic scattering) and pure dephasing
(elastic scattering). In metals, the pure dephasing due to
electron-phonon scattering, which depends on hot electron
density, contributes to the phonon relaxation.** In dielectric
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FIG. 8. Temperature dependence of the oscillation frequency
obtained from the coherent phonon signal for the E, mode observed
in LaAlO;. The solid curve describes the temperature dependence of
the form w o (T, — T)" withn = 0.5.

materials, the relaxation process of the coherent phonon is
considered to be dominated by the population decay due to the
anharmonic phonon-phonon coupling®>~ rather than by 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,
namely the down-conversion process and the up-conversion
process. In the down-conversion process, the initial wy phonon
with wave vector k =~ (0 decays into two lower-energy phonons,
w; and w;, with opposite wave vectors, k and —k; these
lower-energy phonons belong to the i branch and j branch
of the phonon. The energy and wave-vector conservations
are given by wy = w;x + w;j_x. In the up-conversion process,
the initial excitation is scattered by a thermal phonon (w;;)
into a phonon of higher energy (i), where wy + wijx = wjy.
The down-conversion process 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 formation of the
combination channel is less probable because it involves
three frequencies of phonons and three phonon branches,
and stringent limitations are imposed by the energy and
wave-vector conservations. On the other hand, the formation
of the overtone channel is more probable because it involves
two phonon branches (optical and acoustic); the energy and
wave-vector conservations are necessarily satisfied by two
acoustic phonons with the same frequency and opposite wave
vectors if the maximum frequency of the acoustic branch is
greater than half the frequency of the initial 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 y
of the coherent phonon is given by*#¢

2
] , (1)
expl(iewo/2)/ ks T] — 1

)/=J/0|:1+

where oy is the frequency of the optical phonon and kg is the
Boltzmann constant.
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FIG. 9. Temperature dependence of the relaxation rate obtained
from the coherent phonon signal for the E, mode observed in
LaAlO;. The solid curve represents the theoretical curve including
the frequency change obtained from Eq. (1) with y, =2.3 x
10'9s71; the observed phonon frequencies for the E, mode in LaAlO3
in Fig. 8 are used for each temperature.

In ordinary materials, the temperature dependence of the
phonon frequency is small and the theoretical curve with
a fixed value of the phonon frequency fits well to the
experimental data. In the case of soft phonon modes, however,
phonon frequencies change as the temperature is increased; in
such a case, the frequency change must be considered. The
solid curve in Fig. 9 shows the theoretical curve including
the frequency change obtained from Eq. (1) with yp = 2.3 x
10'° s=!, where the observed phonon frequencies for the E P
mode in LaAlOj; in Fig. 8 are used for each temperature. As
observed in Fig. 9, the solid curve explains the experimental
data well. In LaAlOs, the observed relaxation for the soft-mode
phonons is explained well by the population decay due to the
anharmonic phonon-phonon coupling.

B. KMnF;

The temperature dependence of the phonon frequency
obtained from the coherent phonon signal observed in KMnF3
is shown in Fig. 10. At temperatures below 7,,, three phonon
modes were observed. From the result of the x-ray diffraction,
Kapusta et al.*>> concluded that the low-temperature symmetry
is monoclinic rather than orthorhombic and assigned the
observed Raman lines to the monoclinic symmetries A,
and B,. According to their assignment, the observed low-
frequency phonon modes, whose frequencies are 0.8 and
1.2 THz at low temperatures, correspond to the B,(R)
and A, (R) modes in the monoclinic phase; these modes
originate from the tetragonal E, soft mode and the cubic
R mode. The higher-frequency phonon mode of 1.5 THz
corresponds to the monoclinic A,(M) mode originating from
the cubic M mode. Here, we refer to the observed three
modes as the 0.8 THz mode, the 1.2 THz mode, and the
1.5 THz mode. In the Raman scattering experiments,?’>
no soft-mode behavior was reported for the low-frequency
modes. However, as shown in Fig. 10, slight but clear soft-
mode behavior was observed in our experiment; the phonon
frequencies of the three modes decrease as the temperature is
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FIG. 10. Temperature dependence of the phonon frequency
obtained from the coherent phonon signal observed in KMnFj.

increased toward the phase-transition temperature 7,,. The
softening of the phonon mode is evident for the 0.8 and
1.5 THz modes but is less evident for the 1.2 THz mode.
With increasing temperature, a sudden change in the phonon
frequency was observed at 83 K. This change, shown in
Fig. 10, and the stepped anomaly in birefringence, shown in
Fig. 3, unambiguously demonstrate the first-order character
of this phase transition at 7,, contrary to the assertion of
Hidaka et al.,’® who attributed a second-order character to this
transition.

Considering the selection rules for the stimulated Raman
process, the coherent phonon signal of the monoclinic A,
mode is expected for both [100] and [110] pumping, while
that of the monoclinic B, mode is expected only for [110]
pumping. This expectation is not consistent with the observed
pumping-direction dependence shown in Fig. 4, if we assign
the 0.8, 1.2, and 1.5 THz modes to the monoclinic Bg(R),
Ag(R), and Ag(M), respectively. The temperature dependence
of the phonon frequency for the 0.8 THz mode in Fig. 10
is similar to that for the 1.5 THz mode. However, the
temperature dependence of the phonon frequency for the
1.2 THz mode is different from that of the other two modes.
It may be natural to consider that the 0.8 and 1.5 THz modes
originate from the same cubic mode. Also, at this point, the
monoclinic assignment is not probable. If we assign the 1.2
and 1.5 THz modes to A,(M) and A,(R), respectively, the 0.8
and 1.5 THz modes originate from the same cubic R mode.
However, this assignment still does not explain the observed
pumping-direction dependence.

Another candidate for the low-temperature symmetry is
orthorhombic symmetry. In the orthorhombic symmetry, the
0.8, 1.2, and 1.5 THz modes are assigned to the orthorhombic
Bi4(R), Ag(M), and By,(R).* The coherent phonon signal
of the orthorhombic A, mode is expected only for [100]
pumping, and the coherent phonon signals of the B, and B»,
modes are expected only for [110] pumping. This expectation
is consistent with the observed pumping-direction dependence
shown in Fig. 4 if orthorhombic assignment is employed. In
addition, itis probable that the 0.8 and 1.5 THz modes originate
from the same cubic R mode. The low-temperature symmetry
of KMnF; is suggested to be orthorhombic from the observed
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FIG. 11. Temperature dependence of the phonon frequency ob-
tained from the coherent phonon signal observed between 80 and
100 K in KMnF;.

pumping-direction dependence of the coherent phonon signal
and the temperature dependence of the phonon frequencies in
our experiment.

Small peaks, which are not expected from the selection
rules for the orthorhombic symmetry, are also found in the
Fourier spectra in Fig. 4(b): the 0.8 and 1.5 THz modes for the
[100] pumping and the 1.2 THz mode for the [110] pumping.
This may be caused by the inaccuracy in the direction of the
pumping polarization, the incompleteness of the single crystal,
or the breaking of the crystalline symmetry.*® For the pumping
pulse with the polarization direction between the [100] and
[110] axes, coherent phonon signals for all three modes appear.
It was observed that the changes in the spectral intensities
of the 0.8 and 1.5 THz modes show a similar behavior for
the direction change of the pump polarization; they increase
together or decrease together. It was also observed that the
change in the spectral intensity of the 1.2 THz mode shows
an opposite behavior to the other modes, that is, increase and
decrease. This fact also supports the orthorhombic assignment.

In the temperature range above T, as shown in Figs. 6
and 7, a signal of relaxation type was observed for [100]
pumping and a damped oscillation with a single frequency was
observed for [110] pumping. The phonon frequency obtained
from the coherent phonon signals for [110] pumping is plotted
in Fig. 10. From Fig. 10, after the jump at T,,, the frequency
becomes larger in the temperature range between 7., and
100 K, after which it is softened toward the phase-transition
temperature 7T,;. This soft phonon mode is considered to
correspond to the tetragonal E, mode.

The temperature dependence of the phonon frequency
between 80 and 100 K is shown in greater detail in Fig. 11.
At T,,, the phonon frequency suddenly decreases and then
increases monotonously as the temperature is increased up to
100 K. In our experiment, no anomaly is found at 7y and 7,.

It is known that the phase transition at 7, is induced by
a condensation of the M-mode soft phonons in the cubic
perovskite structure of KMnF;. The condensation induces
an in-phase tilt of MnFg octahedra about the [001] axis. In
the x-ray diffraction experiment,* the lattice constants are
not changed at T,,. In the neutron diffraction experiment,3®
the weak reflection signal due to the M-mode condensation
disappears at T, after decreasing largely around 7,,,. However,
it was suggested that there is a short-range order of the
in-phase tilt of MnF¢ octahedra even above T,,. These results
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indicate that structural change does not abruptly occur at T,
and that the M-mode condensation continues without any
anomaly in the lattice constants. This is consistent with our
experimental results; notable changes in birefringence and
phonon frequency are observed at around 90 K, but no distinct
anomaly is found at T,.

The selection rules for coherent phonon signals, which are
generated through the process of impulsive stimulated Raman
scattering, are the same as those for the usual Raman scattering
signals. According to the selection rules, no Raman or coherent
phonon signal is expected in the centrosymmetric cubic phase;
however, two very broad bands were observed above T, in
the Raman scattering experiments.?>* This unusual Raman
activity in the cubic phase starts in the tetragonal phase. Its
appearance was interpreted as a second-order Raman activity
due to the existence of structural disorder in an averaged
cubic symmetry.*®> This implies that lower-temperature local
distortions remain considerably far above the phase-transition
temperature T,;. Structural disorder is related to the growth of
quasielastic scattering, usually corresponding to a central peak
in neutron scattering experiments. The coherent phonon signal
of relaxation type observed at around 7;; in Fig. 6 is consistent
with the observed unusual Raman activity,29*35 neutron central
peak,64%% and x-ray quasi-Bragg peak.>

The solid circles and squares in Fig. 12 show the temper-
ature dependences of the relaxation rate obtained from the
observed coherent phonon signals for the 0.8 and 1.2 THz
modes below T, in KMnF;5; these modes are dominant in
the signals for [110] and [100] pumping, respectively. The
relaxation rates for both types of pumping increase with
the temperature. The solid and broken curves in Fig. 12
represent the theoretical curves obtained from Eq. (1) with
vo=7x 10 s7! for the 0.8 THz mode and with 4 x
10!9 s=! for the 1.2 THz mode, respectively; the observed
phonon frequencies for the 0.8 and 1.2 THz modes in KMnF;
in Fig. 10 are used for each temperature. The theoretical
curves explain the experimental data qualitatively, though the
agreement between the experimental and theoretical results in
the case of KMnOs is not as good as in the case of LaAlOs.

—
(=)

KMnFj ¢

Relaxation Rate (1/ps)
o
i

Temperature (K)

FIG. 12. Temperature dependence of the relaxation rate obtained
from the coherent phonon signals below 7, in KMnF;. The solid
circles and squares represent the relaxation rates for the 0.8 and
1.2 THz modes, respectively. The solid and broken curves represent
the theoretical curves obtained from Eq. (1) with 3, =7 x 10'0 57!
for the 0.8 THz mode and with 4 x 10'° s7! for the 1.2 THz mode;
the observed phonon frequencies for the 0.8 and 1.2 THz modes in
KMnF; in Fig. 10 are used for each temperature.
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V. SUMMARY

We have applied ultrafast polarization spectroscopy to
observe the coherent phonons in two perovskite dielectrics,
LaAlO3; and KMnF;, and showed that this approach in the
time domain is very useful for the study of soft phonon modes.
Coherent phonons are generated by linearly polarized pump
pulses. The time-dependent linear birefringence induced by
the generated coherent phonons is detected as a change in the
polarization of the probe pulses. High detection sensitivity of
~1073 in the polarization change has been achieved in our
detection system. Damped oscillations of coherent phonons
were observed for several soft modes, which contribute to the
structural phase transitions. The temperature dependences of
the frequency and relaxation rate of the observed coherent
phonons were measured, and the softening of the phonon
frequencies was observed.

LaAlO; and KMnF; have the same perovskite crystal
structure, and their structural phase transitions are related to
the same rotation of the octahedra. However, the behaviors
of the structural phase transitions in the two materials are
considerably different. In LaAlO3, a typical softening of the
phonon frequency toward the phase-transition temperature 7,
(~750 K) was observed. The temperature dependence of the
phonon frequency is explained well by the classically expected
relation w o (T, — T)'/?. The phonon relaxation is explained
well by the decay model of the frequency-changing phonon,
in which the optical phonon decays into two acoustic phonons
due to anharmonic phonon-phonon coupling.

In KMnF;, two structural phase-transition temperatures,
T, (=187 K) and T, (~81 K), are found in birefringence
measurement. At temperatures below 7T,, three modes of
coherent phonons were observed, and the phonon modes
are found to undergo slight softening toward T7.,. Our
experimental results of the pumping-direction dependence of
the coherent phonon signal and the temperature dependence
of the phonon frequencies suggest an orthorhombic structure
at temperatures below T, instead of the monoclinic
structure asserted by Kapusta et al.® through their x-ray
diffraction experiment. At T,,, the phonon frequency
decreased suddenly, which indicates the first-order character
of the phase transition. In the temperature range between
T.n, and 100 K, notable changes were observed in the
birefringence and phonon frequency. However, no distinct
anomaly is found at T, (=91 K) and Ty (= 88 K). This
result suggests the existence of continuous change in the
structure and is consistent with the x-ray** and neutron’®
diffraction experiments. In the temperature range between
100 K and T, a softening of the E, mode in the tetragonal
symmetry is found toward T,;. The coherent phonon signal
of relaxation type appears at around 7, and survives
even at near room temperature. This signal suggests the
existence of structural disorder in the cubic symmetry above
T., and is consistent with the Raman scattering,”*35
neutron  scattering,”%4>*  and  x-ray  diffraction®
experiments.

It was shown that coherent phonon spectroscopy in the time
domain is a very useful approach to studying the structural
phase transitions and the soft phonon modes in dielectric
materials.
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