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The analysis of phonon anomalies provides valuable information about the cooperative dynamics of lattice,
spin, and charge degrees of freedom. Significant is the anomalous temperature dependence of the external
modes observed in La2/3Sr1/3MnO3 sLSMOd films. The two external modes merge close to the ferromagnetic
to paramagnetic transition at TC and, moreover, two new modes evolve in this temperature range with strong
resonances at slightly higher frequencies. We propose that such a phonon metamorphosis probes the inhomo-
geneous Jahn-Teller distortion, manifest on the temperature scale TC. The analysis is based on the first obser-
vation of all eight phonon modes in the metallic phase of LSMO and on susceptibility measurements which
identify a Griffiths-like phase.
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The colossal magnetoresistance sCMRd in the manganites
is a paradigm of the cooperative dynamics of charge, spin,
and lattice degrees of freedom sDOFd. Whereas the interplay
of charge and spin DOF was realized early on with the dis-
covery of the double exchange sDEd mechanism, the role of
the lattice DOF was appreciated only recently: Millis et al.1
argued that the DE alone cannot explain the resistivity data
of La1−xSrxMnO3. They concluded that a sufficiently strong
electron-phonon coupling is responsible for polaronic effects
which control the electronic kinetic energy and the resistance
peak near the ferromagnetic to paramagnetic transition.

A new perspective was introduced through the notion that
the formation of an inhomogeneous state in the vicinity of
the transition plays a key role in the CMR phenomenon.2–4 It
not only signifies the competition between the different ther-
modynamic states which may result from the cooperative
dynamics of the considered DOF, but it also emphasizes the
relevance of disorder which, through doping, is present in all
CMR manganites. In this context, the idea that “CMR is a
Griffiths singularity”5,6 has been advanced.

Experimental evidence for the presence of inhomoge-
neous states in the temperature range where the CMR is ob-
served has been reported on many occasions and has been
reviewed before ssee, for example, Ref. 7d. It should be em-
phasized that the various investigated inhomogeneous states
are of different nature although they probably have a com-
mon origin which is not yet fully understood. Prominent ex-
amples of such investigations are: scanning tunneling
spectroscopy8,9 which probes the surface states, susceptibil-
ity measurements5 which display non-Curie-Weiss behavior
and refer to competing magnetic states, and neutron-
diffraction studies10 which examine the local Jahn-Teller sJTd
distortions related to a microscopic charge distribution.

Most of the previous research focussed on
La1−xCaxMnO3, as the CMR effect is strongest in the Ca-
doped compounds, at x.1/3. However, since for these com-
pounds the ferromagnetic to paramagnetic transition sTCd

nearly coincides with the metal-insulator transition sTMITd, it
is of particular relevance to investigate La1−xSrxMnO3 where
the two temperature scales are different. In this work, we
address the observability of the inhomogeneous bulk state
through far infrared sFIRd optical spectroscopy in
La2/3Sr1/3MnO3 sLSMOd films. We associate phonon anoma-
lies with the formation of the inhomogeneous state. To our
knowledge, anomalies of the phononic excitations in LSMO
have not been analyzed in the vicinity of the magnetic tran-
sition. Probing the inhomogeneous state with phonons
should provide insight into the temperature-dependent evo-
lution of electronic correlations which couple to the local
lattice structure.

The origin of phononic anomalies may be traced sid to a
strong coupling of phonon modes with an electronic con-
tinuum but also siid to a modification of the local symmetry,
e.g., due to an alteration of the JT distortion. Mechanism sid,
which leads to an asymmetric “Fano line shape” of distinct
phonons, is observed in La2/3Ca1/3MnO3 films.11 In LSMO
films the electron-phonon coupling is much weaker, as evi-
denced by the polaronic excitations,12,13 and correspondingly
the asymmetry of the phonon absorption lines is too small to
be observable. However, the latter effect siid, which we de-
note as “metamorphosis of phonons,” is seen in our LSMO
films. The metamorphosis not only includes a temperature
dependent frequency shift but, more notably, the merging of
phonon lines and the evolution of new resonances. We ob-
serve a transfer of spectral weight from the pronounced pho-
non modes at low temperature into the “new modes” at high
temperature. This metamorphosis is controlled by the mag-
netic temperature scale TC.

The study of thin films is indispensable in order to resolve
the full set of phonon modes even in the metallic low-
temperature phase. Enhanced screening in the single crystals
suppresses the phonon resonances wherefore the infrared ac-
tive phonons in La2/3Sr1/3MnO3 have not been investigated
in the literature. Apart from rendering the phonons observ-
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able, thin films—through strain and imperfections—also
serve the purpose of extending the inhomogeneous state to a
wider temperature range.

Thin films of LSMO were prepared by using a standard
pulsed laser deposition technique.14 The thickness is 300 nm
for LSMO No. 1 and 400 nm for LSMO No. 2. Both were
grown onto sLaAlO3d0.3sSr2AlTaO5d0.7 sLSATd. The reflec-
tivity measurements were carried out between 50 cm−1 and
40 000 cm−1 with the Fourier transform spectrometers
Bruker IFS 113v and IFS 66v/S. Careful determination of the
optical conductivity s was achieved by using results of a
submillimeter interferometer for the low-energy range in the
Kramers-Kronig analysis. Detailed information are published
elsewhere.11 The dc resistivity was measured in a four-point
configuration. Magnetization measurements were carried out
with a commercial Quantum Design SQUID magnetometer
for both films and a single crystal.

X-ray diffraction sXRDd measurements were performed
using a Bruker D8 Discover four circle x-ray diffractometer.
u-2u XRD patterns display no indications of any impurity
phase and only sl00d diffraction peaks are visible13 indicating
that the c axis is perpendicular to the substrate surface. In
bulk form, LSMO has a rhombohedral structure sspace group
R3̄cd. In fact, the average structure can be considered as a
slightly distorted cubic perovskite. Hence, we keep the
simple cubic notation in the following.

In Fig. 1 we show the out-of-plane rocking curves of the
s111d peak for LSMO No. 1, LSMO No. 2, and LSAT. The
narrow full width at half maximum sFWHMd of 0.025° for
LSMO No. 2 and of 0.04° for LSMO No. 1 indicates the
good crystallographic quality and a highly textured crystal
growth for both films. The rocking curve measurements char-
acterize information on the angular distribution of the LSMO
crystallites in the film. Thus, the lower value of the FWHM
of LSMO No. 2 translates into a higher optical conductivity.
The quality of the films is slightly different. This is also
evidenced by the x angle of 55.14° and 54.34° for LSMO
No. 1 and LSMO No. 2, respectively.

The mapping of the s211d reflex for LSMO No. 2 in Fig.
2 is indicative of its good crystal quality. The substrate LSAT
and the film peak are well resolved. The extension in the
2u-x space for LSMO is only somewhat larger than for the
single crystalline substrate.

At low temperature long-range ferromagnetic ordering
supports the metallic state. With increasing temperature the
FIR optical conductivity s diminishes up to the metal-
insulator transition at TMIT. Figure 3 displays s in the energy
range of the phononic excitations for LSMO No. 2 slinesd
and LSMO No. 1 sopen circlesd. We identify eight peaks of
transverse optical sTOd phonon modes, corresponding to all

FIG. 1. sColor online.d Rocking curves of the s111d reflex of
LSMO No. 1, LSMO No. 2 grown on LSAT. The small FWHM
value of both films confirms the good quality.

FIG. 2. sColor online.d 3d plot of the s211d reflex of LSAT
ssubstrated and the LSMO No. 2 film. The bottom plane shows a
contour plot of the 2u-x space.

FIG. 3. Temperature-dependent optical conductivity ssd spectra
of LSMO No. 2 ssolid linesd, with a spectral resolution ,1 cm−1 on
a logarithmic frequency scale. We found similar spectra for LSMO
No. 1 sopen circles at 333 K and right insetd, except for a reduction
of the respective absolute values and a slightly reduced temperature
scale for the evolution of the external modes. The vertical lines
connect the maxima of the external modes. Left inset: At 6 K the
splitting of the external modes is strongest.
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IR active vibrations from R3̄c symmetry. In Table I we
present a comparison between the experimental values of the
infrared-active phonon frequencies of LSMO No. 2 at T
=405 K and the calculated frequencies for pure rhombohe-
dral LaMnO3 by Abrashev et al.15 The calculated positions
for the undoped compound should be taken as a rough esti-
mate for LSMO since the lattice constants and atomic posi-
tions are modified by doping. Several eigenfrequencies are
known from neutron-scattering measurements which are in
good agreement with our data.16

A particular temperature dependence of the mode fre-
quency is observed for the external modes. With increasing
temperature the two external modes approach each other and
the merged modes shift to lower frequency above TC<345
and 310 K for LSMO No. 2 and LSMO No. 1, respectively
ssee Fig. 3d. A degeneracy of modes indicates a higher lattice
symmetry. Moreover, two new modes appear, pointing to a
lower lattice symmetry. The new modes gain weight for tem-
peratures close to TC so that they dominate the group of
external modes above TC. This phenomenon of phonon meta-
morphosis is observable in both films, in LSMO No. 2 as
well as in LSMO No. 1 ssee open circles in Fig. 3d. The
groups of stretching and bending modes are weakly affected
by the ferromagnetic to paramagnetic transition except for
the torsional mode at about 285 cm−1 which is shifted to
higher frequencies.

The external group is displayed in Fig. 4 on an enlarged
scale. The two new modes at approximately 169 and
186 cm−1 are referred to as n3 and n4, respectively. The se-
lected temperatures fully cover the interval in which both,
the magnetic and the metal-to-insulator transition, take place
sTC<345 K and TMIT<401 Kd. The presumption that the
evolution of these modes is controlled by the spin DOF is
substantiated by the temperature analysis of the mode fre-
quencies. The temperature dependence of the splitting of the
low-frequency pair of modes Dn is presented in Fig. 5 sleft
panel, full circlesd. The solid line is the normalized magne-
tization fMsTd /Ms0dg. Although no theoretical modeling is
available to relate magnetization and mode splitting quanti-
tatively, the observation that M and Dn drop on the same
temperature scale TC to zero suggests a correlation between
spin polarization and these phonon modes. A similar obser-
vation is found for the temperature dependence of the mode
frequencies n3 and n4. The relevant temperature scale is

clearly TC, and not TMIT, as shown for n3sTd in the right
panel of Fig. 5. Neutron-scattering measurements17,18 show
that the structural distortion does not change at TC and
thereby confirm that neither the lattice structure nor the ther-
mal expansion of the lattice can be attributed to the tempera-
ture behavior of the external modes in the vicinity of TC. It is
suggestive to relate the observed phonon metamorphosis to
the formation of an inhomogeneous state, as this state may
support two types of external modes. The spectral weight
transfer from the modes n1 and n2 to the “new modes” n3 and
n4 ssee Fig. 6d accentuates the crossover into the inhomoge-
neous state at a temperature well below TMIT.

In order to confirm that we indeed observe an intrinsic
inhomogeneous state, which is controlled by the temperature
scale TC, we also investigated the susceptibility of these

TABLE I. Correspondence between calculated sRef. 15d and
measured phonon modes sLSMO No. 2d for the space group R3̄c sin
cm−1d at T=405 K. The values in parenthesis refer to neutron scat-
tering results sRef. 16d on a La0.7Sr0.3MnO3 single crystal.

calculated

assignment

measured

A2u Eu A2u Eu

317 vibration sMnd 373
162 180 external 150 150
310 357 bending 338 s336d 436 s424d
641 642 stretching 580 s576d 650

240 torsional 285

FIG. 4. Metamorphosis of phonon modes: optical conductivity
s of the external modes sn1 ,n2d and the new modes sn3 ,n4d. The
latter modes are absent at low temperatures. With increasing tem-
perature, spectral weight is transferred from the low-energy external
group to the new modes ssee Fig. 6d.

FIG. 5. Left panel: Splitting Dn=n2−n1 between the eigenfre-
quencies of the two external modes at various temperatures sfull
circlesd. The solid line is the temperature dependent magnetization
of LSMO No. 2. Right panel: Temperature dependence of the fre-
quency of the new mode n3. At TC the direction of the shift is
reversed. Beyond TMIT the phonon spectrum is invariant with re-
spect to T.
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LSMO films in low magnetic fields. Salamon and Chun19
could not detect the onset of a Griffiths-like phase for
La0.7Sr0.3MnO3 single crystals. However, thin films are in-
trinsically more inhomogeneous and the question arises if
they display Griffiths singularities. In fact, our measurements
of the susceptibility x of LSMO No. 2 s400 nm filmd and
LSMO No. 1 s300 nm filmd in Fig. 7 support such a scenario.
Whereas the single crystal with the same Sr concentration
shows the conventional Curie-Weiss behavior with an effec-
tive magnetic moment peff=5.1mB sopen circlesd, the films
display a sharp downturn in x−1sTd at a temperature T*
,370 K above their respective Curie temperatures TC

No. 1

=310 K and TC
No. 2=345 K. The onset T* is similar for both

films and corresponds to the Curie temperature TC,370 K
of the single crystal. Such a behavior may be interpreted in

terms of a Griffiths-like phase, where the enhanced disorder
in the films, in comparison to the single crystal, accounts for
the reduced TC and for the formation of inhomogeneous
magnetic states below T*,TC

SC.6
Whereas the non-Curie-Weiss behavior of the susceptibil-

ity points to the existence of spin clusters in the films, it does
not predict the lower temperature at which an inhomoge-
neous state first develops. Probably “electronic phase sepa-
ration between phases with different densities on a nano
scale”4 is established before the disorder-induced Griffiths-
like phase for the spin system sets in. Even if the underlying
model were known, it would be difficult to make conclusive
predictions as the phase separation in these systems seems to
be dynamic.21

We conclude the paper with a discussion of the origin of
the new modes. We suggest that the observed phonon meta-
morphosis is to be understood in the context of a
T-dependent, inhomogeneous dynamical Jahn-Teller distor-
tion sIDJTd. The IDJT is probed by distinct phonon excita-
tions which “sense” the inhomogeneities as soon as the
charge carriers slow down with increasing temperature and
the lattice DOF experience a crossover from adiabatic to
nonadiabatic behavior.

Louca and Egami10 investigated deviations of the local
structure from the average crystal structure in La1−xSrxMnO3
by pulsed neutron scattering with pair distribution function
analysis sPDFd and Shibata et al.22 with x-ray absorption fine
structure sXAFSd. With these findings the tentative scenario
for the merging of two phonons and the formation of new
modes is as follows:

At low temperatures, deep in the metallic phase, the dy-
namics of the mobile charge carriers is fast with respect to
the lattice DOF: the lattice reacts on the average charge car-
rier concentration, not on the instantaneous hole positions. In
this regime, only a weak dynamical JT distortion is observed
and the external modes are split as seen for the 6 K line
shape of the inset of Fig. 3. For increasing temperature, the
charge carrier dynamics is slower since the double exchange
mechanism is less effective and the overall picture becomes
more local. A finite-size polaron emerges which is, according
to Louca and Egami, rather an “antipolaron” where the lat-
tice around the slower holes is locally less and less JT dis-
torted. Correspondingly, the splitting of the external modes is
reduced. The weight of these phonon resonances decreases
because sites without antipolarons experience a strong JT
distortion and support external modes at a higher frequency
sas is well known from the undoped or weakly doped
systems23–25d. These “new external modes” at higher fre-
quency also experience a larger splitting, again consistent
with the observations in undoped or weakly doped systems.
We refer to this situation as the temperature dependent IDJT.
The basis for the observation of the IDJT is a crossover from
adiabatic to nonadiabatic behavior of the lattice dynamics.

To conclude, we emphasize the particular importance of
the external modes as an excellent phononic “tool” to inves-
tigate the cooperative behavior of the lattice with spin and
charge DOF. These phonons have a weak dispersion16 which
allows them to probe local distortions. Moreover, the fre-
quency shift of the external modes is strong with Sr doping
because these modes correspond to a vibration of the LauSr

FIG. 6. Temperature dependence of the optical weight of the
external modes for LSMO No. 2 and LSMO No. 1. sn1+n2d refers
to the weight of the original external modes while sn3+n4d applies
to the new modes. The inset displays the ratio of the optical weight
of the new modes to that of the original modes.

FIG. 7. Temperature dependence of the low-field inverse mag-
netic susceptibility for three samples sLSMO sscd: single crystal,
LSMO No. 2 and LSMO No. 1d. Arrows indicate TC from magne-
tization measurements. The effective magnetic moment peff in the
paramagnetic phase slightly above T* is approximately 5mB for all
samples sRef. 20d.
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cage with respect to the MnuO octahedra. For this reason
the low-energy modes of the external group are well sepa-
rated from the new modes at high temperature. The disen-
tanglement of the external modes in the electronic inhomo-
geneous state is the prerequisite of the observed phonon
metamorphosis.
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