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We report the generation of coherent optical and acoustic phonons in mixed valent manganite
La;/4Pr;,3Caz,sMnO;5 using femtosecond infrared pump-probe spectroscopy. Temperature-dependent measure-
ments of the time-resolved optical reflectance, obtained over a range of 5-300 K, revealed that the energy of
the photoexcited electrons dissipated during relaxation to acoustic phonons, in the high-temperature paramag-
netic phase, and to optical phonons, in the low-temperature charge-ordering phase. Analysis of the temperature-
dependent behavior reveals that the modal amplitudes of the coherent phonons appear strongly correlated with

the charge-ordering phase.
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I. INTRODUCTION

Ultrafast optical-pulse excitation of condensed matter pro-
duces several types of coherent phonon oscillations that can
be measured as oscillatory changes in the material’s optical
properties. Coherent phonons originate from coherently ex-
cited lattice vibrations resulting from the superposition of
optical or acoustic phonon modes. These coherent phonons
have been widely used to study the material properties of
semimetals, semiconductors, superconductors, quantum dots,
and carbon nanotubes.'”” Recently, coherent phonons have
been used to probe structural phase transitions,®° to generate
terahertz radiation,'® and to switch x-ray pulses.!!

The generation of coherent phonons depends on the lattice
structure and the excited carrier distribution. Thus, the spe-
cific generation mechanism for a given material determines
the type of coherent phonons. Several types of generation
mechanisms for coherent phonons exist, including
impulsive-stimulated Raman scattering,'> Brillouin oscilla-
tions, transient screening of the surface depletion field,! and,
the most important generating mechanism in optically
opaque bulk materials, displacive excitation of coherent
phonons (DECPs).>313

In DECEP, a laser pulse excites the electrons, thereby shift-
ing the equilibrium nuclear positions and generating coherent
lattice vibrations relative to the new equilibrium nuclear po-
sitions. The coherent phonon amplitude Q in the presence of
a nonequilibrium electron distribution is

&z—g+w2Q=f(ng,Te,...), (1)

at
where n, and 7, are the density and temperature of the
pumped electrons, respectively. The time dependence of Q,
determined from the measured optical reflectivity in pump-
probe spectroscopic experiments, can be described by a
damped-harmonic oscillatory function, determined by the
dephasing and relaxation of the coherent phonons.'4~'6 The
dynamic behavior of the coherent phonons is expected to be
strongly coupled with their relaxation pathways to other lat-
tice vibration modes as well as with their spin degrees of
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freedom. In an experiment where spin-lattice interaction is
mediated by photoexcited process, the atomic displacement
probed in coherent phonon oscillation results in a longer
time-dependent reflectivity change. The slow decay in reflec-
tivity appearing after dephasing of coherent phonons is
strongly coupled with magnetic ordering. Therefore, we can
speculate spin degree of freedom coherently survives longer
than optical phonons. This dynamic behavior of coherent
phonons thus opens an interesting opportunity to explore
new physics in newly developed materials.

Probing coherent phonons or directly tracing particular
lattice vibrations in strongly correlated materials enables the
characterization of the relaxation dynamics caused by the
excited energy carriers.!” In particular, ultrafast studies of
phase-separated manganite may provide a means of achiev-
ing optical control over the ground-state competition be-
tween the metallic and insulating phases. Generation of co-
herent phonons has been reported in La;_,CaMnO; (Ref.
18) and LuMnO;."

Here, we describe a study of phase-separated manganite
La,;,Pr;,3Cas3sMnO; (LPCMO). This material is particularly
interesting due to the presence of micron-sized domains con-
sisting of charge-ordering (CO) or ferromagnetic-metallic
(FMM) phases.? Interplays of the two LPCMO phases gives
rise to very complex phase transition sequences: (I) T<T,
FMM-dominant mixed phases with long-range CO and long-
range FMM character, which are electrically metallic; (IT)
Tc<T<Tcp, CO-dominant mixed phases with short-range
CO and short-range FMM behavior, which are electrically
semiconducting; and (III) 7> T, which is a simple para-
magnetic insulating phase. Thus, the temperature-dependent
time-resolved measurement of phonon amplitudes is a chal-
lenging method of probing the coupled dynamics of elec-
trons, lattice, and the spin degrees of freedom in this mixed-
phase manganese material.

In this paper, we present femtosecond pump-probe reflec-
tion measurements of LPCMO in the temperature range
5-300 K. Time-resolved measurements of the optical reflec-
tance over a wide range of temperatures revealed that the
generated coherent-optical phonons were strongly coupled to
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the charge-ordering domains in the CO and FMM mixed
phases. Coherent acoustic phonons were simultaneously ob-
served in strain propagation in the high-temperature para-
magnetic phase. We found that the temperature-dependent
responses of these two types of phonon generation were
complementary. We explain this phenomenon using a gap
opening and unequal Mn-O distances in the below the 7.

II. EXPERIMENTAL PROCEDURE

The LPCMO sample was synthesized from La,0s;,
Pr¢O;;, CaCO3, and MnO, by sintering in ambient air up to
1400 °C for 48 h with repeated grinding and pelletizing. T
and Tco were determined as ~80 and 220 K, respectively,
from a four-probe resistivity measurement under zero-
magnetic field. The sample was cut and wet-polished using
an Al,O; emulsion for the reflectance measurements. The
sample was optically pumped, then probed by 20 fs laser
pulses from a cavity-dumped Ti:Sapphire laser oscillator op-
erated at a wavelength of 780 nm (~1.6 eV) with a repeti-
tion rate of 400 kHz. The focused laser spots were 80 and
30 wum in diameter for the pump and probe pulses, respec-
tively. The change in reflectance at the sample surface in-
duced by the pump pulse was later measured by a weak
probe pulse as a function of time delay generated by a raster-
scanning shaker. The laser pump pulse fluence was main-
tained at less than 100 wJ/cm? to minimize local heating of
the sample, and the probe intensity was one-tenth that of the
pump pulse. The polarization of the pump beam was main-
tained perpendicularly to that of the probe to minimize co-
herent artifacts and detection noise from scattered pump
beams. The sample temperature was varied from 5 to 300 K
in a microscope cryostat (JANIS ST-500) cooled with liquid
He.

III. RESULTS AND DISCUSSION

The photoinduced changes in reflectivity, AR/R, mea-
sured at various temperatures, are plotted in Fig. 1 as a func-
tion of time delay. AR/R decreases abruptly at zero time
delay and relaxes very slowly. The measured results are plot-
ted on two different time scales; Fig. 1(a) shows the ultrafast
dynamics within 3.5 ps and Fig. 1(b) shows the rather slower
process that took place over 40 ps. Oscillatory behaviors in
AR/R were observed on two distinct time scales. The first
oscillatory behavior, shown in Fig. 1(a), had a period of
~400 fs and dephased within a few picoseconds. The sec-
ond oscillation, shown in Fig. 1(b), had a period of ~26 ps.
The measured AR/R as a function of both temperature and
time delay is shown in Fig. 1(c). There are two distinct fea-
tures in the plot of AR/R; (i) a crossover observed at 3 ps as
a function of time delay and (ii) the oscillatory dynamics,
which are localized in the midtemperature region, around
130 K.

The data were empirically fitted using the equation

AR
? =C+ E AjePi 4 E Bie " cos(wit + @),  (2)
i=1,2 i=1,2

which describes the oscillatory decay. Here w; and y; are the
angular frequencies and damping constants of the coherent
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FIG. 1. (Color online) Photoinduced change in reflectivity
AR(t)/R of La,;4Pr3,3CazsMnOj5 plotted as a function of time delay
for various temperatures. (a) Fast oscillatory decay at a frequency
of 2.5 THz (coherent optical phonon). (b) Slow oscillatory decay at
a frequency of 34.7 GHz (strain pulse propagation of the acoustic
phonon). (c) The measured AR(¢)/R in the first 6 ps time window is
plotted as a two-dimensional function of time delay and tempera-
ture. The reflectivity data in (a) and (b) are shifted along the vertical
axis for clarity. (d) and (e) are Fourier-transformed spectra of fast
and slow oscillatory decays in (a) and (b), respectively.

oscillations and f3; are the decay rates. To obtain the w;s, the
time series data were Fourier transformed, yielding two char-
acteristic frequencies, 2.5 THz (fast mode) and 34.7 GHz
(slow mode). The temperature dependent changes of the am-
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FIG. 2. Temperature dependence of the amplitude of the 2.5
THz oscillation (B(7)). As the temperature decreased, the ampli-
tude increased near 7o and subsequently decreased below 120 K.
The dashed curve indicates the change in volume fraction of the
LPCMO metallic phase, suggesting a correlation between the 2.5
THz coherent mode and the charge ordering phase (see text).

plitudes of the modes are plotted in Figs. 2 and 3.

A. Coherent optical phonon

The fast oscillatory behavior of AR/R formulated in Eq.
(2) is consistent with a reflectance change characteristic of a
DECP mechanism,? which is a good candidate for the gen-
eration of coherent optical phonons in LPCMO. The DECP
mechanism describes oscillatory changes in reflectance as
resulting from a change in the electronic energy distribution
due to NIR absorption at the excitation wavelength. After a
short pulse excitation, electrons reach quasiequilibrium much
faster than nuclei, so the k~ 0 modes are coherently excited.
The oscillation in AR(z) originates from a change in the qua-
siequilibrium nuclear coordinates Qy (7). The equation of mo-
tion for the coordinates Q(¢) is

7
20 ow-0i-m2. @

where w; and vy, are the angular frequency and the damping
constant of the mode, respectively. If, in Eq. (3), y; <, and
the width of the pulse are assumed to be sufficiently small,
AR/R becomes?
2
AR g P By
R wy+ B =28

X [e‘ﬁlf - e‘ﬂ’{cos(ﬂt) = %sin(ﬂt)H, (4)

where ()= Vw%—y% and Bi=B;—v. If B, is sufficiently
small compared to w, i.e., B; <w;, AR/R can be described
with a simple exponential decay, overlaid by a cosinelike
damped oscillation, as given in Eq. (2) with the replace-
ments: A;=Ag+Bow’/ (0]+ B -287), w,=VQ?-7v], and
¢r=tan”'(B1=y1)/ ).

The DECP mechanism also predicts that only A; modes
are generated through the relaxation of ultrafast electronic
excitations.” A previous Raman study of LPCMO by Amel-
itchev et al. reported that the A;, mode was located at
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FIG. 3. Temperature dependence of the modal amplitude of the
34.7 GHz oscillation (B,(7)).

72-90 cm™' (=2.2-2.7 THz).?! Thus, the first dominant
fast mode found in Fig. 1(a) can be assigned as a coherent
A, phonon mode (i.e., a coherent Raman-active optical pho-
non mode). A more careful fitting of the fast oscillations
reveals that there are actually two frequency components: 2.5
and 5.1 THz, and the amplitude of the 5.1 THz component is
about 10% of the amplitude of the 2.5 THz component. The
5.1 THz mode is new, and, from a previous low-temperature
Raman study of charge ordering in BCMO, is believed to be
a Mn vibration.?

B. Coherent acoustic phonon

The slow oscillatory change in LPCMO reflectance,
shown in Fig. 1(b), arises from the coherent superposition of
acoustic modes. The propagation of a strain pulse generated
by an instantaneous thermal stress was first proposed by
Thomsen et al." for films and inner reflection surfaces and
also by Liu et al.?® for bulk materials. In Liu’s model, a
strained layer generated at the surface propagates with the
acoustic phonon wave speed v, n, such that the interference
produced by the reflected probe pulse at the surface and at
z=v,7,; (after time delay 7;) shows an oscillatory behavior.

Then, Maxwell’s equations for the probe electric field E(z,1)
in the slowly varying envelope approximation are given as

c?zE Z,t w2 ~
# + =5 [ng+ n(z,)PE(z,1) =0, (5)
0z c
where w,, is the center frequency of the probe pulse, n is the

index of refraction, and dn is the index change due to strain.
Then, the differential reflectance AR/R for the longitudinal-
acoustic phonon is given by

AR 2n
Y(wp,,t) s gﬂcos<—ﬂow v+ ¢>, (6)
c c

where ¢(=¢,) is the phase angle. The oscillation period of
the differential reflectivity depends on the probe wavelength
Nprober 1-€-5 T=Nprobe/ (21905), Where v, is the sound velocity.
Equation (6) shows the same temporal behavior as the slow
oscillatory component of Eq. (2). From fits to the measured
data, T and ¢, are extracted. The phase ¢, was measured to
be zero. The oscillation period T appears weakly temperature
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FIG. 4. (Color online) Relaxation time (1/7y;) of the fast oscil-
lations (circles), and the slow decay term (A,) (triangles), obtained
using the empirical formula (2).

dependent, which is consistent with the temperature depen-
dence of the Fourier transformed spectra of slow oscillatory
decay in Fig. l(e). Coherent acoustic phonons in charge-
ordering phase have been observed with similar oscillation
frequencies in experiments with similar compounds
La0_42Ca0_53MnO3 and LaOAS()CﬁOAS()MnO}lS The weak tem-
perature dependence in LPCMO is inconsistent with the case
of LuMnO3," where a strong temperature dependence of T
was reported and was interpreted with rapid change in the
index n.

C. Charge-ordering phase and relaxation time

Figure 4 shows the relaxation time of the fast oscillations,
as well as the slow nonoscillatory decay amplitude. The slow
nonoscillatory decay A, shows peak behavior at ~130 K;
interestingly, this is the temperature where the system con-
sists of many small blocks of short-range FMM and CO
phases and a very high configuration entropy. This suggests
that the system relaxes through much slower or nonoscilla-
tory channels, such as lattice-spin coupled relaxation. Fig-
ures 2 and 3 also show an interesting behavior of the oscil-
lation amplitudes in the CO phase; as the temperature
increases, the amplitude of the fast oscillation decreases,
while that of the slow oscillation increases. At temperatures
below T, the phonon amplitude decreases as the charge
ordering is formed. On the other hand, the amplitude of the

PHYSICAL REVIEW B 81, 214416 (2010)

fast-oscillating optical-phonon modes show the opposite be-
havior near T¢g. The optical mode amplitude gradually in-
creases when the temperature is in range (II) and the charge-
ordering domains become long ranged.

The coherent-optic phonon mode requires a CO phase,
which has unequal Mn-O distances. The metallic phase, with
its equal Mn-O distances, does not have modes for coherent-
optic phonon generation. Thus, the coherent-optic mode am-
plitude is expected to depend on the CO state volume frac-
tion and also on the size of the Mn-O bond distortion (or
Jahn-Teller distortion). For larger Mn-O distortion, the gen-
eration of a larger amplitude coherent-optic phonon mode is
expected. Therefore, as metallic behavior becomes important
near T, coherent-optical phonon generation is hindered.
This behavior is clearly seen from the optical-phonon relax-
ation time (1/1v,) in Fig. 4; it increases monotonically from
Tco to T¢ but reaches a saturated status below 7. We note
that the optical phonon amplitude reaches its peak at the
temperature where the rapid change in FMM domain volume
fraction occurs?* and the pump pulse generates carriers and
metallic-volume fraction increases. As a result, the equilib-
rium position of the A;, mode is modified again, and coher-
ent optic phonons are generated weakly.

IV. CONCLUSIONS

We examined the ultrafast dynamics of photoinduced co-
herent phonons in phase-separated LPCMO. We observed
coherent phonons with frequencies of 2.5 THz, 5.1 THz, and
34.7 GHz. The slowest coherent oscillation, corresponding to
an acoustic phonon, was found in the high temperature
phase, above T, whereas the faster modes, corresponding
to optical phonons, were found in the low-temperature
charge-ordering phase, below T¢g. Analysis of DECP and
strain-pulse propagation reveals that the modal amplitudes of
the coherent phonons appear strongly correlated with the
charge-ordering phase.
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