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We have observed coherent optical and acoustic phonon generation, which are strongly coupled to the
charge-orderingsCOd transition in La1−xCaxMnO3 sx=0.5, 0.58d using femtosecond optical pump-probe spec-
troscopy. Coherent optical phonons, observed at low temperatures, disappear above the charge-ordering tem-
peratureTCO, while coherent acoustic phonons display the opposite behavior, disappearing gradually below
TCO. Coherent optical phonons are generated by the displacive excitation mechanism where their coupling to
the photoexcited charge carriers is enhanced by the structural change corresponding to the CO phase transition.
The oscillation frequency for the coherent acoustic phonon depends on the probe wavelength, which is con-
sistent with the propagating strain pulse mechanism. The dramatic change of lattice constants across the
charge-ordering transition explains the overall temperature dependence of the coherent acoustic phonon
amplitude.
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I. INTRODUCTION

The hole-doped manganitesR1−xAxMnO3 swhere R is a
trivalent rare-earth ion andA is a divalent alkaline earthd
with perovskite structure have been intensively studied
since the rediscovery of colossal magnetoresistance in
these compounds.1 These materials offer rich physical
phenomena including various magnetic phases, the metal-to-
insulator transition, and charge-orbital ordering. This is
due to the strong coupling of electronic, magnetic, and
lattice degrees of freedom in these compounds. Under
optimal hole dopings0.17,x,0.5d, manganites such as
La1−xCaxMnO3 undergo an insulator-metal transition with a
ferromagnetic ground state.2 On the other hand, highly doped
manganites withx.0.5 display orbital and charge order be-
low the charge-orderingsCOd temperatureTCO with an anti-
ferromagnetic ground state.3,4 Furthermore, the coupling of
the electronic and lattice degrees of freedom as well as the
interplay between the metallic and the CO phase in manga-
nites have been studied, revealing that short-range CO cor-
relations can exist even above the CO transition
temperature.5

Optical spectroscopy has proven to be a useful tool in
unraveling the competition between the charge, orbital, lat-
tice, and spin degrees of freedom in such technologically
relevant doped transition-metal oxides and their undoped
parent compounds. An example is the charge-ordering man-
ganite La1−xCaxMnO3, where recent optical conductivity
measurements reveal short-range charge-ordering fluctua-
tions and the development of an optical gap at temperatures
below the charge-ordering temperatureTCO.6 Femtosecond
optical spectroscopy complements conventional optical
methods since the electron, phonon, and spin dynamics can
be directly resolved in the time domain.7 For example, the
evolution of the charge and orbital degrees of freedom in the
charge-ordering manganites, following optical excitation, has
been successfully studied using optical pump-probe

spectroscopy.8,9 However, these experiments were performed
with high laser pump fluences, leading to complete melting
of the charge-orbital ordering and the formation of long-lived
intermediate metastable states. Also, due to the relatively
long pulse duration, it was not possible to generate and de-
tect the coherent excitation of lattice or charge order. Here,
we present a low-fluence ultrafast optical pump-probe study
of coherent optical and acoustic phonons coupled to the
charge- and orbital-ordered phases of La1−xCaxMnO3
sx=0.5, 0.58d.

II. EXPERIMENT

La1−xCaxMnO3 sLCMOd thin films of thickness,100 nm
with dopingx=0.5, 0.58 were grown on MgO substrates by
pulsed laser depositionsPLDd. The PLD used a XeCl exci-
mer laser. The substrate temperature and oxygen pressure for
LCMO growth were initially optimized in terms of structure
and resistivity, and were maintained at 825 °C and
400 mTorr, respectively. Highly crystalline LCMO films
on MgO were confirmed by x-ray diffractionu-2u scans,
rocking curves, and pole figures. Samples grown by
laser-pulse deposition method have been known to have a
high structural quality beyond the,2-nm thick interfacial
layer, and also possess bulklike macroscopic properties.10

The sample was placed inside a liquid-He-cooled cryostat
with temperature capability from 7 to 400 K. Short,35-fs
pulses centered at 800 nm from a Ti:sapphire oscillator
were split using a beam splitter into pump and probe
arms. The pump-induced change in the reflectancesDR/Rd
of the sample was measured as a function of a pump-probe
delay time using a mechanical delay line. In the experiments,
the pump and probe beams were cross polarized to minimize
coherent artifacts and noise due to pump scatter. The
pump fluence was kept below 20mJ/cm2 to prevent irrevers-
ible melting of the charge ordering. To study the probe
wavelength dependence, a tunable optical parametric ampli-
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fier operating at a 250-kHz repetition rate was used in a
separate setup.

III. RESULTS AND DISCUSSION

In Fig. 1, pump induced changes in the differential reflec-
tanceDR/R as a function of pump-probe delay are plotted
for La1−xCaxMnO3 sx=0.58d with increasing temperature.
We clearly observe periodic oscillations with periods of hun-
dreds of femtoseconds and tens of picoseconds for some of
the temperatures. At low temperatures, the oscillation with
period sfrequencyd of ,450 fs s,74 cm−1d can be observed
quite clearly. These oscillations are short lived, dephasing in
a few picoseconds. Interestingly, when we increase the tem-
perature of the sample, this oscillation disappears within the
given signal-to-noise ratio. The amplitude of the periodic
oscillation is plotted in Fig. 2 for both samples. With increas-
ing temperature, both show an abrupt decrease of the oscil-
lation amplitude in the vicinity of the charge-ordering tem-
perature, although the change is more abrupt for the
x=0.58 sample. This indicates a strong coupling of the peri-
odic oscillation to the underlying charge-ordering phase
transition.

The slower oscillation period of,18 ps exhibits the op-
posite temperature-dependent behavior upon crossingTCO.
The slower oscillation, not observable at low temperatures in
the CO phase, appears at approximately 100 K, and increases
steadily until it saturates as can be seen in Fig. 3. Interest-
ingly this oscillation disappears rather suddenly around 20 ps
delay.

A. Coherent optical phonon generation coupled
to charge-ordering transition

We will discuss the faster periodic oscillation which is
strongly coupled to the charge-ordering transition first. In the

charge-ordered phase, there are many collective excitations
which might be excited by a short optical pulse, such as
phonons, charge-density waves, magnons, or the recently
claimed orbiton.11 The excitation frequency of charge-
density waves is much lower than the one observed in our
experiment and can be observed only at lower temperatures.
Magnon excitation is not likely since it simply cannot persist
up to the temperatures we have measured. On the other hand,
coherent phonon generation is a definite possibility and it has
been observed in many transition-metal oxides.

Coherent optical phonons, which appear in pump-probe
spectroscopy, are Raman active. Therefore, if our data are
related to coherent optical phonon generation, the corre-

FIG. 1. Periodic oscillation in the photoinduced change in re-
flectivity of LCMO for x=0.58. The sample withx=0.5 is not plot-
ted, but shows a similar behavior. The pump and probe were set to
800 nm.

FIG. 2. The amplitude of the optical phonon oscillation as a
function of temperature forx=0.5 sopen circled andx=0.58 ssolid
circled. The change of the amplitude forx=0.58 happens more rap-
idly than for x=0.5.

FIG. 3. The experimental results of the slow oscillation ampli-
tude sacoustic phononsd as a function of temperature forx=0.5
sopen circled and x=0.58 ssolid circled. The calculated coherent
acoustic phonon amplitude, up to a scaling factor, forx=0.5 ssolid
lined uses the strain pulse modelsRef. 20d, the reported change of
lattice constantb sRef. 4d, and measured specific-heat datasRef. 24d
of LCMO sx=0.5d with TCO<180 K. Here we rescaled the tem-
perature axis to,200 K, to adjust for the difference of measure-
ments between down vs up sweep of temperature.
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sponding optical phonon mode should show up in conven-
tional Raman spectra. Indeed, anAg Raman mode with a
similar frequency has been observed in many doped manga-
nites that have an orthorhombic structure.12–16 Specifically
for half-doped Nd0.5Sr0.5MnO3, it was reported that the Ra-
man mode appeared only belowTCO, together with several
otherAg phonons.14 It has been proposed to be related to the
structural change across the CO phase transition from the
high-symmetry space groupImma to P21/m soften simpli-
fied toPmmad. If this is the case for our experimental results,
then the sudden onset of anAg mode of coherent optical
phonon is related to the lowered symmetry in the charge-
ordered phase. However, it is feasible that thisAg mode is
not related to the doubling of the unit cell, since in
La0.7Ca0.3MnO3 a similar low-frequencyAg mode exists even
when no charge ordering occurs.15,16Therefore theAg optical
phonon mode could be Raman active at all temperatures for
hole doped LCMO, and the onset of theAg mode does not
necessarily come from a simple symmetry change.

Here we discuss a generation mechanism of coherent op-
tical phonons through a structural change induced by the
charge ordering. For LCMO aboveTCO, the tilt of the MnO6
octahedra and Jahn-Teller distortion form a superstructure of
the cubic perovskite structure. Of the total 60G-point pho-
non modes, only 24s7Ag+5B1g+7B2g+5B3gd are Raman ac-
tive. In the low-temperature CO phase, charge is ordered in
the ac plane, forming a superstructure with doubled lattice
parameterssspace groupP21/md. In analyzing the Raman
modes of this low symmetry phase, octahedral tilts were of-
ten ignored to make the analysis possible. This simplified
structuresspace groupPmmad, has 21 Raman-active phonon
modess7Ag+2B1g+7B2g+5B3gd compared to the 54 Raman-
active modes of the lower symmetry space groupP21/m.12

The Ag phonon mode, observed in our experiment, has
been interpreted as a rotatingsexternald mode of the MnO6
octahedra.11 But a Raman study using oxygen isotopes
showed almost no change of the frequency with respect to
the isotope, and it was proposed that the phonon mode is
related to the vibration of the cationsLad in the z direction
rather than the rotating mode.15

The question remains as to what is responsible for the
strong correlation between the CO transition and coherent
optical phonon generation. We believe that it is the structural
change accompanying the charge ordering and the rearrange-
ment of atoms within the unit cell. The structural change of
the manganite La0.5Ca0.5MnO3 studied by x-ray diffraction
shows that the CO transition is accompanied by a dramatic
change of the lattice parameters along all three
axes.4 Although the transition itself is believed to be first
order, the lattice constantsa, c increase whileb decreases
over a broad temperature range, 150–240 K possibly due to
sample inhomogeneity. Furthermore, the region of the steep-
est change displays a continuous distribution of lattice pa-
rameters, or possibly mixed phases. During this structural
change, equilibrium atomic positions change dramatically,
displacing Mn4+O6 octahedrasDzd and LasDz8d atoms.

Displacive excitation of coherent phononssDECPd has
been observed in many materials including high-Tc
superconductors.17,18 When a short laser pulse creates elec-
trons and holes in the charge-ordered manganites, electrons

are excited from the Mn3+ to Mn4+ sites and the positions of
the atoms are no longer in equilibrium. Since charge ordering
is coupled to the rearrangement of atoms, the coupling of the
photoexcited electrons and the lattice forces the atoms to
move to new equilibrium positions, thus triggering the co-
herent motion of Mn, O, and La. In this way, the optical
coherent phonon withAg mode sLa atoms moving in thez
directiond can be coherently excited. Other coherent phonons
of Ag symmetry can also be initiated through the same
mechanism, but their frequencies are too high to be observed
in our experiment.

The strength of coupling of the excited carriers and theAg
phonon mode should strongly depend on the displacements
of internal positions of the atoms due to the charge-ordering
transition. This explains a striking similarity between the am-
plitude of the coherent phonon oscillations observed in our
experiment and the structural change upon passing through
the charge-ordering transition.4 CO transition temperatures
of bulk CO manganite showed,20-K difference depending
on whether the sample is heated or cooled during the mea-
surement. The coherent optical phonon amplitude change of
our x=0.5 sample, measured while increasing the sample
temperature, is centered around 200 K, and the transition
temperature is very close to that of the structural change of
bulk La0.5Ca0.5MnO3, measured while heating the sample.

Figure 2 also reveals a slight difference for samples
x=0.5 andx=0.58. The change of the coherent phonon am-
plitude with temperature is more abrupt in the case of
x=0.58 compared tox=0.5. This may indicate that there are
stronger CO fluctuations in the half doped mixed manganite
due to the competition between the metallic and the CO
phases.

B. Coherent acoustic phonon generation coupling
to the CO phase

Low-frequency impulsive excitation by short laser pulses
have been observed and reported for coherent excitation of
magnons,19 charge-density waves,20 and acoustic
phonons,21–24which are all possibilities for the antiferromag-
netic CO manganites. However, the slow oscillation is ob-
served above the CO temperature, which excludes the possi-
bility of magnetic or charge-density wave origin, since the
long-range ordering disappears aboveTCO. We will show that
the slow oscillation indeed originates from coherent acoustic
phonons, which follows the propagation strain pulse mecha-
nism.

Several mechanisms of coherent acoustic phonons have
been reported previously. In the propagating strain pulse
mechanism, proposed by Thomsenet al.,21 a propagating
strain pulse is generated by a stress gradient near the surface
due to the finite absorption depth of the laser pulse. A peri-
odic oscillation is observed in the reflectance, originating
from the interference of the probe beams reflected from the
interfaces defined by the crystal surface and the propagating
strain pulse. The distinct characteristic of this mechanism is
that the oscillation periodtp depends on the probe
wavelength—that is,tp,lprobe/2nns sns is the sound veloc-
ity, n is the refractive index at the probe wavelengthd. The
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ballistic nature of this mechanism can be seen either by ad-
ditional modulation of the oscillation, whose period depends
on the film thickness or by disappearance of the oscillation,
depending on whether the strain pulse is reflected by or
transmitted through the underlying substrate.

Other mechanisms for the generation of coherent acoustic
phonons, such as impulsive stimulated Raman scattering22

and displacive excitation of coherent phonons,23 have been
identified for bulk semiconductors and superlattices. In both
cases the coherent acoustic oscillations are detected through
changes in the reflection or transmission by the modulation
of interband transitions coupled to the deformation potential.
Large amplitude oscillations in GaN heterostructures have
been observed recently and are attributed to the screening of
the piezoelectric field by photoexcited carriers.24 In the case
of impulsive stimulated Raman scattering, the generated
acoustic phonon wave vectorq should be well defined, i.e.,
q,4p /lpump in the backscattering geometry. In both mod-
els, the oscillation frequency depends onlpump and not on
lprobe. In our experiment, the oscillation frequency does not
depend on the pump wavelength. On the contrary, as shown
in Fig. 4, the experimentally observed oscillation period
strongly depends on the probe wavelength, indicative of the
strain pulse mechanism. Furthermore, the ballistic nature of
the propagating pulse mechanism is also found in the abrupt
disappearance of oscillations around 20–25 ps. The time re-
quired for the generated pulse to travel the entire film thick-
ness istfilm , tfilm /ns,100 nm/53103 m/s,20 ps, which
agrees with the experiment. These arguments confirm that
the oscillations result from coherent acoustic phonons, which
are generated at the surface and propagate through the film
into the substrate.

Here we will discuss the temperature-dependent coherent
phonon amplitude observed in the experiment. After photo-
excitation, excited electrons and holes relax by emitting in-
coherent optical and acoustic phonons, and finally reach ther-
mal equilibrium with the phonons. Both hot electrons holes
and phonons, whose temperature distribution is determined
by the absorption coefficient, put stress on the CO manganite

to generate coherent acoustic phonons in the form of an im-
pulsive strain “pulse.” Calculating the stress induced by the
sudden rise of the temperature of electrons and phonons is a
formidable task. Here we will make an assumption that the
stress is proportional to the difference of the equilibrium lat-
tice constants at temperatures before and after optical exci-
tation. For our experiments, the lattice parameterb, which is
normal to the surface, is the most relevant parameter, since
we are dealing with a strain pulse propagating in thez direc-
tion, which is coupled to stress in theb direction. So, only
the temperature-dependent lattice constantb salong thez di-
rectiond will be considered in our discussion. The stress in-
duced by photon absorption is expected to be roughly pro-
portional to the changes in lattice constants due to the
increased temperature. The manganites that we have studied
have an orthorhombic structure below the charge-ordering
temperature with three lattice constants,a,2Î2a0,
c,2Î2a0, b,2a0, wherea0 is the basic Mn-Mn distance of
about 4 Å.11 The temperature dependence of the three lattice
constants is most prominent around the charge-ordering
temperature,4 which we believe is the origin of the large
coherent acoustic phonon amplitude nearTCO. Since we keep
the laser fluenceQ constant at different temperatures, the
change in temperatureDT near the surface due to the absorp-
tion of a laser pulse, is proportional toQ/CsTd, whereCsTd
is the specific heat.25 Then the changes in lattice constants
sfor example bd due to heatingDb~ udbsTd /dTu1/CsTd,
which is shown in Fig. 3 with a constant scale factor to fit the
data. In spite of the assumptions made in the model, it
reasonably reproduces the general behavior of the data:sid
a peak nearTCO and sii d the disappearance of the coherent
acoustic phonons at low temperatures, which comes from
the vanishing of the derivative of lattice parameterb
below the charge-ordering temperature. AboveTCO, the
experimental data show signs of a decrease of the amplitude
as T increases, in spite of the large scatter due to the
difficulty of the measurement. This feature has been captured
in the calculation, although with a more pronounced
decrease.

We believe this originates from our simplified assump-
tion. Above all, our thin film is grown on a substrate, which
constrains the lattice constantsa and c along the surface.
This, in turn, will affect the temperature dependence of lat-
tice constantb, making it deviate from the experimental re-
sult of a single crystal. Also, although the x-ray diffraction
showed a film with theb axis pointing in the direction of the
surface normal, some domains with different crystal direc-
tions can grow during the deposition of the film. The use of
crystal lattice constant data on a thin-film sample may be the
main reason for the discrepancy. Second, the oscillation am-
plitude is not just a function of the coherent acoustic phonon
amplitude. The optical probe at 1.55 eV does not measure the
coherent phonon amplitude directly, but through the changes
in the refractive indexn and the extinction coefficientk in-
duced by the coherent acoustic phonon. Since there is sig-
nificant spectral weight shift in the absorption spectrum that
occurs when opening a charge-ordering gap, the effective
change ofn andk values at the probe photon energy for the
same coherent acoustic phonon amplitude can change with
temperature. This effect can mask the actual temperature de-

FIG. 4. Oscillation frequency vs probe wavelength for LCMO
sx=0.58d. Large fitting error bars are mainly due to the limited
duration of the oscillations. The pump wavelength is 400 nm.
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pendence of the coherent acoustic phonon amplitude. In any
case, the overall agreement of the calculated result with the
experimental data indicates that the acoustic coherent pho-
non generation is most likely coupled to the structural
changes which occur across the CO transition.

IV. CONCLUSIONS

In conclusion, we have observed coherent acoustic and
optical phonon generation, which is strongly coupled to the
charge-ordering phase transition. In addition, we have de-
scribed a mechanism for which a Raman-active, coherentAg
phonon mode can be generated in the CO phase by a displa-

cive excitation mechanism. On the other hand, the observed
acoustic coherent acoustic phonon disappears below the
charge-ordering temperature. The vanishing of the acoustic
amplitude at low temperatures is in agreement with the strain
pulse mechanism and highlights the strong coupling between
the acoustic vibrations and the structural changes that occur
across the charge-ordering transition.
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