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First and higher order lattice excitations in the B-site disordered perovskites LaFe1−xCrxO3 �x=0, 0.1, 0.5,
0.9, and 1� and La0.835Sr0.165Fe0.5Cr0.5O3−� are investigated using temperature dependent and polarized inelas-
tic light scattering ��=515 nm �2.41 eV� and 676 nm �1.83 eV�� on oriented crystallites. A peak at approxi-
mately 2.4 eV in the imaginary part of the dielectric function of LaFe0.5Cr0.5O3 is assigned to a charge transfer
from Fe3+ �d5� to Cr3+ �d3� ions, coupled with the appearance of an intense Ag-like mode at approximately
700 cm−1 in the Raman data. This excitation is identified as a symmetric oxygen breathing mode activated by
the Fe-Cr charge transfer through an orbital coupling mechanism. Higher order scattering �up to seventh order�
of the intrinsic Raman active symmetric breathing mode is also explained by an orbital-mediated electron-
phonon coupling, similar to the Franck-Condon effect observed in the Jahn-Teller active-perovskite-structured
manganite LaMaO3. These results show that the Franck-Condon mechanism is a more common mechanism for
resonant higher order scattering in solids than previously believed and propose the LaFe1−xCrxO3 system as a
model system for electron-phonon coupling and higher order Raman scattering in solids.
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I. INTRODUCTION

The ABO3 perovskite structure is among the most versa-
tile crystal structures in oxide research. Compounds with
variations of the simple perovskite structure exhibit an aston-
ishing variety of exotic magnetic and electronic behavior,
such as high-temperature superconductivity,1 collosal
magnetoresistance2 �CMR�, and half-metallicity.3 Intense re-
search efforts have shown the importance of the coupling
between the transition-metal �TM� d orbitals and the oxygen
lattice for the complex properties present in these materials,
in particular, for the CMR effect in La1−xSrxMnO3.4–6 Re-
cently, the discovery of half-metallicity in the ferrimagnetic
�FiM� compound Sr2FeMoO6 has increased the interest in
compounds with B-site-ordered double perovskite �DP�
lattices.7

The ideal perovskite oxide can be visualized as having a
B-site transition-metal ion �2+, 3+, and 4+� located in the
center of a symmetric oxygen octahedron that, in turn, is
embedded in an A-site ion cube. However, most real perovs-
kites display symmetry breaking due to displacements of the
crystallographic sites from the ideal cubic positions. Such
lowering of symmetry is often accompanied by the appear-
ance of Raman-active phonons.

The influence of the electronic configuration and orbital
ordering on the Raman spectra of these distorted perovskites
has been addressed through theory.8,9 Within the manganite
family, it has been predicted that orbitons can be excited in
orbitally ordered LaMnO3, in which the Mn ions have a
Jahn-Teller �JT� active d4 electronic configuration.4,10 Fur-

ther, the electronic configuration of JT active perovskites has
led to the prediction, through local-spin density-functional
theory calculations,11 of a Franck-Condon �FC� effect mani-
fested through an increase of the higher order phonon Raman
cross section.

FC multiphonon bands are well established in small mol-
ecules, where altered atomic coordinates generally follow
from electronic excitations.12 On the contrary, in solids, elec-
tronic excitations quickly delocalize and a trapping mecha-
nism is needed for a FC effect to occur. This type of behavior
has only recently been discovered in TM oxides of perov-
skite and perovskitelike structures and is believed to be quite
rare. The available data mostly concern the manganites and
studies on other materials are scarce.

Raman studies have been carried out on manganites, such
as LaMnO3, in search of orbitons and FC-induced higher
order scattering. Claims of direct observations of orbitons
have been made,13 but the interpretation has been questioned
by many authors14–16 who have instead assigned the ob-
served peaks to second order phonon excitations enhanced
through a FC-induced resonance.15,16 However, both the first
and higher order scatterings in LaMnO3 consist of several �at
least 4� partially overlapping peaks with a complex tempera-
ture and polarization dependence, making the exact assign-
ment of all the higher order features difficult and
controversial.17,18 In other studies of similar compounds such
as the Ruddlesden-Popper R2−2xSr1+2xMn2O7, R=La, Pr, Nd,
and Dy phases, the higher order excitations do not show any
unexpected resonance behavior.19 Recently, claims have also
been made of observations of FC modes in the ordered DP
Sr2MnWO6.20
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In this work, we study the complex interplay between the
lattice and the electronic dynamics in the B-site-disordered
LaFe1−xCrxO3 �x=0, 0.1, 0.5, 0.9, and 1� and
La0.835Sr0.165Fe0.5Cr0.5O3−� perovskites. The remarkable in-
tensity of the first and higher orders of a symmetric breathing
mode in the mixed B-site compounds is explained by con-
necting a light-induced CT from the Fe to the Cr ions to the
lattice dynamics through a strong coupling between the oxy-
gen p orbitals and the TM d orbitals.

II. EXPERIMENT

The polycrystalline samples were made by a solid-state
sintering method and a phase purity confirmed by powder
x-ray diffraction. The structural and magnetic properties of
LaFe0.5Cr0.5O3 have been throughly investigated using a
range of techniques.21

The LaFe1−xCrxO3 and La0.835Sr0.165Fe0.5Cr0.5O3−� �Ref.
22� samples adopt a pseudocubic structure of orthorhombic
symmetry described by the space-group Pbnm, a nonstand-
ard setting �short a and b axes and long c axis� of the Pnma
�D2h

16, No. 62� space group �short a and c axes and long b
axis�. Below, a notation corresponding to the Pnma setting is
used. Accordingly, vibrational modes of Ag and B2g symme-
tries are excitable in the ac plane.23,24 �For the relations be-
tween Raman activity in the Pnma and Pbnm settings see
Ref. 25.� There are no structural phase transitions predicted
in the temperature interval of this study, but electron diffrac-
tion and high-resolution transmission electron microscopy21

�HRTEM� of the crystallographic ac plane indicate the pres-
ence of domains of different orientations. This microtwin-
ning makes the a and c directions indistinguishable on the
scale of the laser spot, causing the Raman spectra to repre-
sent an average scattering from the a and c directions.

Individual single crystallites are identifiable in the x=0,
0.1, 0.5, and La0.835Sr0.165Fe0.5Cr0.5O3−� compounds, while
the x=0.9 and x=1 compounds are fine powders. Due to the
strong B–O bonds in ABO3 perovskite structures, as-grown
crystallite surfaces mainly represent the crystallographic ac
planes.23 The surfaces selected for the polarized scattering
study were approximately 5�5–10�10 �m2 and displayed
straight edges representing the a or c crystallographic axes
used for orientation. For the temperature study on the
LaFe0.5Cr0.5O3 compound, the edges were aligned with the
x� and z� polarization directions of the setup, where primes
indicate rotation by 45° �Fig. 1�. In the Porto notation, with
polarization vectors x�, y, and z� coinciding with the crystal-
lographic a, b, and c axes, the selection rules in the ac plane
for the space-group Pnma, in backscattering geometry, are23

y�xx /zz�ȳ→Ag, y�xz /zx�ȳ→B2g, y�x�x� /z�z��ȳ→Ag+B2g,
and y�x�z� /z�x��ȳ→Ag �weak�. The intensity relations of the
observed peaks confirm that the scattering configurations
used are x�x� /z�z� for parallel and x�z� /z�x� for cross polar-
ized lights.

All spectra were recorded using a DILOR-XY800
spectrometer combined with a notch filter in the single-
grating mode �600 or 1800 grooves/mm�. The laser was
focused onto the sample using a microscope setup with a
40� magnification glass-compensating objective. A spot size

of approximately 2 �m was used, allowing the study of
individual crystallites of the x=0, 0.1, 0.5, and
La0.835Sr0.165Fe0.5Cr0.5O3−� compounds. For the temperature
study, the x=0.5 sample was mounted in a CryoVac microc-
ryostat, cooled with liquid He or N2. The beam power was
kept at 1 mW outside the cryostat.

The excitation wavelengths used were �=515 nm
�2.41 eV� and 676 nm �1.83 eV� from an Ar+/Kr+ laser. All
scattered signals were recorded using a liquid-nitrogen-
cooled charge-coupled device CCD camera. If nothing else is
mentioned in the caption, the spectra presented in each figure
are measured in sequence using the same spectrometer set-
tings, normalized to the same incident power and integration
time and can be directly compared. All spectra presented
have been compensated for the thermal Bose-Einstein factor
and are shown with offsets for clarity. The intensities ob-
tained using different wavelengths are normalized using non-
resonant �in the visible region� BaF2 to adjust for spectrom-
eter response and a Raman correction function obtained from
the ellipsometry data to adjust for sample properties, such as
optical penetration depth. During the course of this investi-
gation, several different spectrometer settings, power densi-
ties, and integration times have been used with no significant
change in the general appearance of the data.

The ellipsometry measurements, yielding the dielectric
function and the Raman correction function, were performed
on a polished sample of LaFe0.5Cr0.5O3 using an extended
Sentech SE850 spectral ellipsometer covering the spectral
range from 0.5 to 5.5 eV. A xenon gas discharge lamp
�ultraviolet-visible� and a halogen lamp �near infrared� were
used as light sources. In the visible spectral range, the spec-
tral resolution is achived with a single-grating spectrograph
equipped with a diode-array detector. In the near-infrared
range, a Fourier transform spectrometer was used. The
sample was measured in air with an angle of incidence of
70°. The setup is located in a clean room with controlled
temperature �T=20.0±0.5 °C� and relative humidity of
40% ±3%.

III. RESULTS

The dielectric function �=�1+ i�2 of LaFe0.5Cr0.5O3 at
room temperature was obtained from ellipsometry measure-
ments. Peaks in the imaginary part of the dielectric function

FIG. 1. Crystal axes and polarization directions of an oriented
ideal perovskite ac plane. Straight edges in as-grown samples run
along the a and c crystal axes due to strong B–O bonds and are
used for orientation. The white areas represent the oxygen octahe-
dra in the ac planes. �Note that the A sites are not in the same plane
as the B and O sites�.
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��2� are related to the absorption processes in the material
such as interband transitions and local interactions. The
prominent peak in �2 at approximately 2.4 eV �Fig. 2� is of
particular interest since it indicates an absorption process at
this energy that can lead to resonance effects for �
=515 nm �2.41 eV incident energy� laser light.

Room-temperature �RT� Raman scattering using �
=515 nm �Fig. 3� reveals remarkable first and higher order
features in the mixed B-site compounds �x=0.1, 0.5, and
0.9�. In these compounds, the first order spectra �E
=�	�800 cm−1� in parallel scattering configuration are
dominated by an intense feature located around 700 cm−1

with additional first order modes present primarily in the 400
and 200 cm−1 energy regions �Fig. 3, inset�. In accordance
with studies on structurally related compounds,20,26–29 we as-
sign the 700 cm−1 peak to a symmetric oxygen breathing
mode. In particular, we note that the modes with JT-like nor-
mal coordinates �Q2+Q3� always appear at lower energies in
related compounds.23,24,26

At energies above the first order spectra �E
=�	�800 cm−1� in the mixed B-site compounds, exception-
ally strong second and higher order scatterings are observed.
The second order is located at an energy slightly lower than
twice the energy of the first order mode �Fig. 3�. Similar
downshifts are seen for the third and four order peaks present
at higher energies. Such downshifts are expected for higher
order scattering and reflect the asymmetry of the anharmonic
potential of the system.12,30 The principal peaks display a
slight asymmetry, reminiscent of a Fano profile indicating
the presence of a coherent electron-phonon coupling. Fur-
ther, the frequencies of the principal mode and corresponding
higher order excitations increase with increasing Cr content
in the x=0.1, 0.5, and 0.9 compounds. This hardening is
likely to be caused by the contraction of the unit cell,31 re-
flecting the increase in bond strength as Fe3+ is replaced by
Cr3+. In addition, the mass difference between Fe
�55.8 g/mol� and Cr �52.0 g/mol� may cause a modulation
in the system potential that also contributes to the energy

shift. The similarity between the scattering from the x=0.5
compound, which is granular and focusing on specific planes
is possible, and the x=0.9 compound, which is a fine powder
and represents scattering from an average of unoriented
samples, indicates that the average signal is strongly domi-
nated by the scattering from the ac planes.

Below 600 cm−1, the first order spectra of the unsubsti-
tuted compounds �x=0 and x=1� show qualitative similari-
ties with the mixed B-site compounds in that the main activ-
ity is in the 200 and 400 cm−1 regions �Fig. 3, inset�. The
differences in the lower-energy part of the first order spec-
trum between the mixed and pure B-site compounds are
likely to be caused by a small level of local ordering on the
B site �too small to be detectable using neutron diffraction.�
Such an ordering corresponds to a local lowering of symme-
try from orthorhombic �Pnma� to monoclinic �P21/n� �Ref.
32� and should be associated with an activation of Raman
modes in the low-energy spectral region.29 The presence of
local B-site order in LaFe0.5Cr0.5O3 is also indicated by a
weak uncompensated magnetic moment below TN.21

In contrast to the samples with a mix of Fe and Cr ions on
the B site, the compounds containing only Fe or Cr show no,
or little, Raman activity in the 700 cm−1 energy region �Fig.
3�. The low intensity of the first order breathing mode in the
x=0 and x=1 compounds, as well the absence of the series
of higher order excitations characteristic of the mixed B-site
compounds, is related to the lack of an orbitally mediated
electron-phonon coupling in LaFeO3 and LaCrO3. This sub-
ject is covered extensively in Sec. IV.

FIG. 2. The dielectric function �=�1+ i�2 at room temperature
as a function of excitation energy. The imaginary part ��2� displays
a clear peak at approximately 2.4 eV. The measurements were
made on a polished sample of LaFe0.5Cr0.5O3.

FIG. 3. Raman spectra of the isostructural compounds
LaFe1−xCrxO6. Considerable higher order scattering appears in the
compounds with both Fe and Cr present. Higher energy bands in the
x=0 and x=1 compounds are believed to be of magnetic origin.
Samples x=0.9 and x=1 are unoriented powders. The inset shows
the low-energy region for x=0, 0.5, and 0.9 using �=515 nm and
x=0.5 using �=676 nm.
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At 80 K, modes up to seventh order are clearly distin-
guishable in LaFe0.5Cr0.5O3 using �=514.5 nm and parallel
x�x��z�z�� scattering configuration �Fig. 4�. Further, the tem-
perature study of the first and higher orders shows that the
integrated intensity of the 700 cm−1 mode increases with de-
creasing temperature �Fig. 5, bottom�, while the ratio be-
tween the integrated intensity �I� of the first �I1� and higher
�IN� order excitations does not show any clear change with
decreasing temperature. The median value of I2 / I1 between
300 and 20 K is 0.54 �Fig. 5, bottom�.

The polarization study of LaFe0.5Cr0.5O3 �Fig. 6� reveals
that the intensities of the higher orders observed in cross-
polarized scattering configuration approaches those of the
higher orders in parallel scattering configuration as N in-
creases �Fig. 6�, the integrated intensity of the second order
excitation being 90% of the first order 700 cm−1 peak in
cross-polarized x�z� /z�x� scattering configuration �Fig. 5,
top�. This indicates that the higher orders are not subject to
the strict selection rules of the principal excitation.

A strong feature at 700 cm−1 remains when the excitation
energy is changed to 1.83 eV ��=676 nm� �Fig. 7�. This
proves that this peak is an inelastic scattering feature and not
a luminesence. However, the decrease in excitation energy
also causes both the first order mode and the relative inten-
sity of the second and first order excitations to decrease,
showing the resonant character of both features �Fig. 7 and
inset�. For completeness, we present the effect of A-site sub-
stitution on the first and second order scatterings in the com-
pound La0.835Sr0.165Fe0.5Cr0.5O3−�. An exchange of La for Sr
and the accompanying introduction of oxygen vacancies in
the x=0.5 compound22 cause a decrease in both the absolute
integrated intensity of the first order peak and the relative
intensity of the higher order peaks compared to the first order
peak �Fig. 7�. The cause of this effect is covered in Sec. IV.

The peaks at 1130 cm−1, 1302 cm−1 in the x=0 com-
pound, and 1428 cm−1 in the x=1 compound cannot be eas-
ily ascribed to second order scattering since the energies of
these three bands do not represent approximately twice the
energy of any first order mode. Furthermore, the first order
phonon scattering in the 600–800 cm−1 region is very weak,
particularly for the x=0 material, and their spectra reveal no
clear features in the energy region where third and fourth
order scatterings are expected �Fig. 3�. The origin of these
features is not yet clear but the observations of antiferromag-

FIG. 4. First and higher order excitations in the compound
LaFe0.5Cr0.5O3 for temperatures T=300, 150, and 60 K. The inset
shows the sixth, seventh, and a possible eighth order of the
700 cm−1 peak at T=80 K. Both the main figure and the inset show
data collected using the �=515 nm excitation wavelength and par-
allel x�x� /z�z� scattering configuration.

FIG. 5. Top shows the intensity ratio IN / I1 in LaFe0.5Cr0.5O3 of
the higher order excitations N at T=300, 180, and 60 K in parallel
scattering configuration and at T=60 K in cross-polarized scattering
configuration. Bottom shows the temperature dependence of the
ratio between the second and first order excitation and the tempera-
ture dependence of the intensity of the principal excitation �N=1�
compared to its maximum value at 60 K in LaFe0.5Cr0.5O3. Error
bars indicate errors associated with fitting the peaks to Lorentzian
profiles.

FIG. 6. Polarization dependence of the Raman spectra at T
=60 K of the compound LaFe0.5Cr0.5O3 for parallel x�x� /z�z� and
cross-polarized x�z� /z�x� scattering configurations using �
=515 nm. The intensities of the higher orders in cross polarization
approach those of parallel scattering configuration. Note, in particu-
lar, that the spectra in the inset are shown without offset.
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netic �AFM� ordering around, or above, room temperature in
LaCrO3 �TN=282 K� and LaFeO3 �TN=750 K� �Ref. 31� in-
dicate that these modes may be of magnetic origin. Such an
assignment is supported by the energy location of these
modes. In a cubic G-type AFM, a nearest- neighbor spin-flip
excitation �two magnon� corresponds to an energy increase
of 5J �breaking of ten bonds�, where J is the AFM coupling
constant. For a two-magnon excitation in the
1300–1400 cm−1 region, this would yield J�33 meV in line
with the observed transition temperatures around or above
room temperature31 �i.e., E�1350 cm−1→J�33 meV
→TN�390 K�. Further, the presence of two peaks in the
energy region of magnetic scattering in LaFeO3 may reflect
the tilting of the spins away from the crystallographic a axis
in this material.33 According to neutron diffraction and mag-
netization data,21 the x=0.5 sample exhibits a paramagnetic
to AFM phase transitions with TN�265 K. However, using
�=515 nm, the energy region where two-magnon scattering
would be expected is dominated by the second order scatter-
ing of the 700 cm−1 breathing mode obscuring the presence
of a possible two magnon, also below TN. The absence of
dramatic effects in I2 / I1 around TN verifies the limited influ-
ence of the magnetic ordering on the scattering in the x
=0.5 compound.

Further studies are needed to fully understand the intricate
relations between the different degrees of freedom in the
LaFe1−xCrxO3 system. In particular, the fact that the likely
energy region for the two-magnon scattering coincides with
the energy region for the strong second order scattering in
the mixed B-site compounds clearly complicates the situa-
tion. A complete resonance study covering the visible and
UV range �676.5–300 nm� as well as further measurements
on compounds with low and high substitutional levels �less
than 10% and more than 90%� are planned.

IV. DISCUSSION

The intensity of a Stokes Raman scattering signal depends
on the transition probability from the vibrational ground state
to the final state, both in the electronic ground state, via a
virtual state �Fig. 8, bottom left�. A resonance may occur
when this virtual state coincides with, or is close to, a vibra-
tional level of an excited electronic state. Within the Born-
Oppenheimer approximation, the electronic and vibrational
states can be separated and in the case of a totally symmetric
vibration, the essence of the resonance is captured by the
Albrecht A term12 containing the Franck-Condon factor
given by the overlap of the wave functions of the vibrational
states in the electronic ground and excited states �Fig. 8�. For
a resonance to occur, the FC factor must be nonzero and in
the case of identical parabola, this is achieved by a shift in
position between the parabola of the ground and excited
electronic states. This shift is supplied by the trapping
mechanism with a normal coordinate qn �Fig. 8�, causing the
higher orders of the intrinsic mode with the same normal
coordinate to go into resonance.30

In the cubic perovskite lattice, the presence of an octahe-
dral crystal field splits the 3d level into a triply degenerate t2g

FIG. 7. First and second order excitations in LaFe0.5Cr0.5O3 us-
ing �=515 nm and �=676 nm and the Sr-substituted compound
La0.835Sr0.165Fe0.5Cr0.5O3−� using �=515 nm. The inset shows the
decrease in second order scattering compared with first order scat-
tering when changing the laser energy from 2.41 ��=515 nm� to
1.83 eV ��=676 nm�. The first order scattering using �=676 nm is
normalized to the first order scattering using �=515 nm through a
multiplication of the scattering intensity by a factor of 2.

FIG. 8. A CT with an activation energy of 2.4 eV moves an
electron from the Fe to the Cr ion. This leaves both the Fe and the
Cr in the strongly coupling d4 configuration with half-filled eg

bands causing a self-trapping mechanism of the oxygen octahedra
�
qn�. For the FC effect to be present for a vibrational mode with a
normal coordinate qn, the FC factor given by the overlap integral
�	0,f �	r��	r �	0,i� must be nonzero. Here, the virtual state �	r� of the
Raman process must coincide with some vibrational state of the
electronically excited state �	e,n�. The initial and final vibrational
states of the Raman process ��	0,i� and �	0,f�� are both in the elec-
tronic ground state.
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level and a doubly degenerate eg level.4 Given the JT active
d4 and d9 or low spin d7 electronic configurations, the partly
filled eg band reflects a ground state with a static JT distor-
tion of the oxygen octahedra. In a model with suppressed
electron hopping, it has been shown that in the manganite
LaMnO3, the d4 electron of the Mn3+ ion can move between
the lower and upper eg levels, creating an excited state with
a flipped orbital through a localized electronic excitation
�Frenkel exciton�. This process couples to the oxygen lattice
through the overlap between the B-site d and oxygen p or-
bitals, causing a self-trapping motion of the surrounding oxy-
gen. This motion has a JT-like normal coordinate and in-
creases the lifetime of the excited electronic state long
enough for it to interact with the intrinsic phonon mode with
a similar normal coordinate. The result is a FC process mani-
fested by increased higher order scattering of, in particular,
the JT-like phonon.8,11,15,16

In the LaFe1−xCrxO3 compounds, the electron configura-
tion of the electronic ground state does not facilitate such an
orbital- mediated electron-phonon coupling, since the
Fe3+�d5� and Cr3+�d3� lack the strongly interacting half-filled
eg levels. However, based on the peak in �2 centered at
2.4 eV in the ellipsometry data �Fig. 2�, we propose that a
photon-mediated charge transfer takes place between neigh-
boring Fe and Cr ions upon irradiation with the �=515 nm
�2.41 eV� laser. This process causes the presence of a distri-
bution of Fe4+�d4�Cr2+�d4� pairs in the strongly coupling d4

configuration. The hypothesis of a charge transfer �CT� be-
tween the Fe and Cr is supported by partial density of state
�PDOS� calculations, carried out for B-site-ordered DP
La2FeCrO6 using generalized gradient approximation �GGA�
and local-density approximation �LDA�+U methods.34

These results indicate a complex interplay between the Fe
and Cr electronic levels mediated by competing ferro- and
ferrimagnetic superexchange processes. According to this
work, the majority-spin �spin-up� Fe eg band in the FiM
ground state is located between −2 and −0.5 eV and the
empty spin-down Cr eg band between 0.5 and 1.5 eV. Thus,
the energy gap between these bands is such that a CT from
Fe to Cr can be induced by photons with energy around
2.4 eV. This process is directly manifested by the observed
peak in this energy region in the �2 spectrum of the ellipsom-
etry data �Fig. 2�. We note that a CT energy of about 2.4 eV
between Fe and Cr is in line with all cases studied in Ref. 34
�GGA and LDA+U calculations on FM and FiM ground
states�.

During the CT, the d4 electrons in both Fe and Cr occupy
a combination of the eg

1 and eg
2 levels and couple to all six

surrounding oxygen ions through the corresponding combi-
nation of the z2−r2 and x2+y2 d orbitals. �The notation used
here to label the orbitals is the standard notation representing
d orbitals pointing from the TM B sites toward the oxygen
sites along the crystallographic a, b, and c axes �Fig. 1�.�
This orbital coupling stabilizes the CT state long enough for
the Fe4+-Cr2+ electron configuration to interact with the lat-
tice dynamics and couple to the intrinsic symmetric breath-
ing mode in the oxygen lattice. The effect is a contraction of
the oxygen octahedron surrounding the Fe4+ ion due to the
different Coulomb forces in the CT state and a corresponding
expansion of the adjacent octahedron surrounding the Cr2+

ion �Fig. 8, top�. When the electron eventually transfers back
to the Fe ion, the oxygen lattice relaxes back to its unper-
turbed state. Thus, the CT of an electron from the Fe3+ to the
Cr3+ ion causes an orbital- mediated local symmetric breath-
ing mode of Ag-like symmetry to act as the self-trapping
motion.

To explain the exceptional intensities of the higher order
scattering in the x=0.1, 0.5, and 0.9 compounds, we use the
FC mechanism described above. According to group theory,
a Raman-active oxygen breathing mode is intrinsic to the
compound but is of B3g symmetry in a perfect Pnma
structure23,24 and should not be activated in the ac plane.
However, on the local scale where the CT takes place and the
resonant dynamics occurs, the structure is likely to be influ-
enced by local domains of B-site order, and hence the selec-
tion rules of the Pnma structure cannot be expected to hold
strictly. The possibility of getting an activation of a breathing
mode of Ag-like symmetry due to local effects is also indi-
cated by recent reports of such modes in other mixed B-site
perovskites.27,28 Thus, the higher orders observed originate
from the intrinsic breathing mode, Raman activated by local
effects, and strongly enhanced by the FC effect.

This enhancement of the higher orders also enables us to
comment on the different impact of the selection rules on the
first and higher order scatterings. The principal mode has
Ag-like symmetry and thus dominates the parallel scattering
configuration. However, the higher order FC modes are not
strictly subject to the selection rules of the first order excita-
tions, and the intensities of the higher orders approach simi-
lar relative magnitudes in parallel and cross-polarized scat-
tering configurations for large N �Fig. 6�. Thus, the general
view that the selection rules obtained from group theory con-
cern primarily first order spectral features under nonresonant
conditions and do not apply strictly to higher order excita-
tions in the presence of resonance effects30 is confirmed. In-
deed, the first order selection rules appear to lose influence as
N increases �Fig. 6�. This behavior is qualitatively the same
for all studied temperatures between RT and 20 K.

The introduction of Sr onto the A site of the material
results in oxygen deficiency with an experimental value of
�=0.054 for x=0.165.22 With Sr substitution, the strong reso-
nances present for �=514 nm of the first and higher order
excitations show a simultaneous significant decrease. The
simplest explanation for this behavior would be that the reso-
nance frequencies of these phenomena simply shift as Sr is
introduced. However, we believe that the changes in the
compound induced by Sr substitution cause a decrease in the
actual resonances. We note that the nominal amount of va-
cancies associated with x=0.165 ��nom=0.0825�, based on
simple charge balance arguments and oxidation states Fe3+

and Cr3+, differs from the observed experimental value
��expt=0.054�. This discrepancy can be compensated by a
number of Fe ions taking a 4+ oxidation state in order to
retain electroneutrality. The presence of d4 Fe ions indicates
the possibility of a slight static distortion existing already in
the electronic ground state. This situation corresponds to an
increase in overlap between the ground state and the excited
electronic state, resulting in a decrease of the efficiency of
the self-trapping mechanism and hence the stability and life-
time of the self- trapped state. Such a decrease in lifetime
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will diminish both I1 and IN / I1. In addition, it is likely that
the introduction of Sr ions and the accompanying oxygen
vacancies also cause disruptions in the CT pathways neces-
sary for electron mediation, causing a further decrease in the
resonances.

In the literature, series of equidistant peaks are sometimes
interpreted not as true Raman scattering but as hot
luminescence.35 However, it is predicted that the linewidth of
the true Raman-scattering mode should be roughly propor-
tional to the order of the scattering �N�, while modes due to
hot luminescence are predicted to decrease in width with N,
being proportional to �Nmax−N�, where Nmax is the highest
order observed.35 From the steady increase in the linewidth
of the observed excitations �Fig. 4�, we conclude that the
modes exhibited by La2FeCrO6 are true higher order Raman
modes.

Finally, we note that a strong FC resonance could appear
even if only a small fraction of the B-site ions are excited to
the active d4 configuration. Such series of higher order scat-
tering due to minute amounts of impurities in the lattice ma-
trix have previously been reported in CsI salts contaminated
with MnO4

2− inclusions.36

V. CONCLUSIONS

In the B-site-disordered perovskites LaFe1−xCrxO3, x
=0.1, 0.5, and 0.9, an intense phonon mode around 700 cm−1

and strong multiphonon scattering are observed using �
=515 nm �2.41 eV�. The presence of this first and higher
order spectrum is dependent on the presence of both Fe and
Cr mixed on the B site and does not appear in the x=0 and
x=1 compounds. Based on ellipsometry data and electronic
band-structure calculations,34 we propose an explanation
based on a CT from Fe to Cr ions. This activates an oxygen
breathing mode of Ag-like symmetry through an orbital-

mediated electron-lattice coupling and leads to a remarkable
increase in higher order scattering through a FC process. The
higher orders are seen to be at least N=7 at 80 K and are
drastically enhanced due to the increased overlap to higher
order vibrational levels caused by the shift of the excited
state along the symmetric breathing normal coordinate as an
effect of the coupling between the CT and the lattice.37 This
study establishes the presence of a strong electron-phonon
interaction and a FC effect in the mixed B-site perovskites,
and it introduces an interatomic CT mechanism as the elec-
tronic excitation with which the lattice interacts. In doing so,
it indicates that the FC mechanism is a more common
mechanism for higher order scattering in solids than previ-
ously believed. In particular, among the TM oxides, it is not
limited to the JT-distorted, orbitally ordered, low doping
manganites with suppressed hopping. Given the intense and
relatively simple characteristics of the inelastic scattering
features presented in this study, we believe that the
LaFe1−xCrxO3 system is a suitable model system for research
on the strong interactions between the electronic, structural,
orbital, and possibly magnetic degrees of freedom in TM
oxides as well as basic research on the FC mechanism in
solids. Additional studies of the FC resonance in
LaFe1−xCrxO3 can help us understand the nature of the strong
electron-phonon coupling in these and similar materials.
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