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We use resonance Raman scattering (incident photon energies between 1.8 and 4.13 eV), LDA+U calcula-
tions, spectroscopic ellipsometry, and oblique IR reflectivity to characterize the strong electron-phonon inter-
actions in the disordered perovskite LaFe(sCrysO3;. When the photon energy coincides with a Cr to Fe
Mott-Hubbard transfer gap around 2.4 eV the electron-phonon interaction is manifested by a Franck-Condon
effect with exceptional first- and higher order scattering of a local oxygen breathing mode. At higher incident
energies we observe a superposition of Franck-Condon scattering and Frohlich interaction induced infrared
active longitudinal optical two-phonon scattering activated mainly by O to Fe charge transfer. Our results
establish LaFe 5Cr( 505 as a model compound for research on electron-phonon interactions in strongly corre-
lated complex systems and show that Franck-Condon scattering in complex solids is not limited to Jahn-Teller

active compounds.
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I. INTRODUCTION

The nature of the interactions among electronic, struc-
tural, magnetic, and orbital properties in transition-metal
(TM) oxides remains an active field of research.!~> Driven
by their role in the colossal magnetoresistance (CMR) effect
in the mixed-valence manganites, the orbitally mediated
electron-phonon (el-ph) interactions are of particular
importance.*> Additional interest was generated with the pre-
diction of an orbiton excitation in orbitally ordered LaMnO;
made by Allen and Perebeinos®’ and the reported observa-
tion of an orbital wave excitation with an energy of about
150 meV in LaMnOs.2 This initial interpretation was soon
challenged by a model based on el-ph interactions where the
modes of interest were assigned to second-order features of
Franck-Condon (FC) multiphonon scattering.>!” Recently,
strong experimental evidence for the phonon origin of the
150 meV excitation in LaMnO3; and similar compounds has
been presented.''> However, the complexity of the first- and
higher order Raman spectra in the manganites complicates
the mode assignment''~'3 and makes them unfavorable for
detailed studies of el-ph interaction in complex oxide mate-
rials. Nevertheless, identification of a suitable model system
for el-ph interaction in TM oxides would be of great value
since it would serve as a sensitive probe of the interactions
among local charge, spin, orbital, and lattice excitations and
global properties in correlated systems.

We have previously reported the presence of a FC mul-
tiphonon effect in LaFe sCrj 505 (Ref. 14) and characterized
in detail the higher order Raman-active scattering in
LaFe,_,Cr,0; (0.02=x=0.98), LaFeO3, and LaCrO; using
a photon energy of Aw=2.41 eV (A\=514 nm)." In particu-
lar we have shown that the presence of FC scattering is criti-
cally sensitive to the observation of both Fe and Cr on the
perovskite lattice B sites.'> We have also reported that optical
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photons cause a simultaneous Frohlich interaction (FI) in-
duced longitudinal optical (IR LO) two-phonon activation
and FC scattering in compounds with high Fe contents.'

Here we use a combination of experimental techniques
and calculations to establish that the FC effect present for
visible (VIS) wavelengths in the mixed B site compounds
originates from a Cr to Fe Mott-Hubbard transition in locally
ordered regions of LaFe(sCr,505. Further, for UV wave-
lengths the resonance profile of the scattering response indi-
cates a superposition of FC and FI activated IR LO two-
phonon scattering similar to that seen for optical photons in
Fe-rich compounds. The present observations verify the
close relation among chemical composition, electronic struc-
ture, and optical resonances and show that the FC effect in
complex materials is not limited to compounds containing
Jahn-Teller (JT) active B-site TM ions with partially filled e,
orbitals.

II. EXPERIMENTAL

The LaFe, sCr,sO5 sample is a polycrystalline pellet pre-
pared by solid-state sintering. It adopts a pseudocubic struc-
ture of orthorhombic symmetry (space-group Dég, Pnma).
Indications of local B-site (Fe and Cr) rocksalt ordering
has been observed in this sample, and antiferromagnetic
(AFM) spin ordering occurs below Tn=265 K. Further
structural and magnetic properties are discussed in detail
elsewhere. 416

The main part of the resonance study (from Aw=2.18
to 4.13 eV) was carried out on a custom designed UT3
Raman spectrometer (McPherson). The spot size was less
than 20 um in diameter covering an array of randomly ori-
ented single crystallites. For the resonance study the sample
was mounted in air, while for the temperature study it was
mounted in a He flow cryostat. The beam power at the
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sample was held below 10 mW. Additional spectra (A
=241, 1.92, and 1.82 eV) were collected using a DILOR-
XY800 spectrometer with a spot size of about 50 um and
laser power below 10 mW. In both cases parallel relative
polarizations of the incoming and scattered light were used.
The spectra obtained with the two spectrometers were nor-
malized using the Aw=2.41 eV measurements. The scattered
signals were recorded using liquid-nitrogen-cooled multi-
channel charge coupled device (CCD) cameras. The reso-
nance measurements have been corrected for sample and
spectrometer effects.!” These corrections include a factor re-
lated to the wavelength dependence of the scattering volume
and the response of the spectrometer. The resulting quantity
is directly proportional to the Raman response function. We
do not include any assumption on the energy dependence of
the vertex such as the 1/w®* factor present in the expression
for the Raman intensity according to the simplified dipole
approximation. All Raman spectra have been compensated
for the thermal Bose-Einstein factor and are shown with ver-
tical offsets for clarity.

The spin-density functional theory (SDFT) calculations
were done using the LMTART program.'® We applied the full-
potential linear muffin-tin orbital (FP-LMTO) approximation
with additional correlation treatments (LDA+U,U=3 eV).
The lattice parameters used for the calculations are (in Pnma
setting with long b axis) a=5.52 A, b=7.81 A, and ¢
=5.54 A. Further structural data are given in Ref. 16. The
calculations were performed for the high-spin (HS) phase of
a B-site ordered system (rocksalt ordering of Fe and Cr ions)
with AFM spin orientation. Since the magnetic ordering does
not affect the multiphonon spectra,'*!> the corresponding
spin-up and -down channels of the electronic partial density
of states (eDOS) were combined.

Parallel polarized room-temperature angle-dependent re-
flectivity measurements were done at 20 and 70° angles us-
ing a Spectra Tech Series 500 specular reflectance accessory
inserted in the infrared beam path of a Bruker 66 interferom-
eter. The radiation was polarized with a polarizer made of a
gold wire grid on a KRS-5 substrate. The optical-absorption
spectrum was obtained by spectroscopic ellipsometry per-
formed on a polished sample at room temperature.'*

III. RESULTS AND DISCUSSION

The resonance Raman scattering (RRS) performed on
LaFe( sCry 505 reveals resonant enhancements of the first-
and higher order scattering in the VIS and UV energy re-
gions (Fig. 1). For photon energies between 2.18 and 2.54 eV
(wavelengths between 568 and 488 nm) a characteristic se-
ries of FC modes is observed. For this FC scattering the
integrated intensity of the second-order excitation is about
50% of that of the first-order mode (Fig. I, inset), and a
relatively strong third-order scattering at about 2100 cm™ is
seen. As the photon energy is increased the FC resonance
fades, and at Aw=3.00 eV a weakened first-order excitation
is followed by a weak second-order mode and no third-order
scattering (Fig. 1). The nature of the low energy phonon
modes has been discussed elsewhere. '

Increasing the photon energy to between 3.27 and 3.71 eV
activates a scattering response characterized by dominant
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FIG. 1. Spectra showing the first- to second- or third-order Ra-
man scattering in LaFe 5Cr; 505 obtained at room temperature us-
ing excitation energies in the visible and UV regions. Inset shows
the relative integrated intensity between the dominant first- and
second-order excitations (/; at about 700 cm™! and I, at about
1400 cm™') as a function of laser wavelength.

second-order excitation (Fig. 1 and inset). The nature of this
resonance is discussed further below, where it is identified as
a FI induced IR LO two-phonon scattering. This IR LO two-
phonon resonance still influences the spectrum obtained with
hw=4.13 eV, the highest photon energy used in this study.
However, for this photon energy it is clear that the charac-
teristic FC scattering profile reappears, including a promi-
nent third-order mode (Fig. 1, top spectrum).

The resonance profiles of the integrated intensities of the
first-, second-, and third-order scatterings are summarized in
Fig. 2. Here we also show the real part of the optical con-
ductivity tensor o, which is proportional to the effective
number of electrons excited by photons of respective energy.
Thus, the similarity between the resonance profiles and o
seen in Fig. 2 effectively links the appearance of RRS to
electronic processes in the compound.

To identify the electronic processes associated with the
experimentally observed optical absorption and Raman reso-
nances, we compare the detected o and RRS profiles (Fig.
2) with the calculated electronic transition probabilities. The
transition probabilities [Fig. 3(b)] are proportional to the
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FIG. 2. (Color online) Resonance Raman-scattering profiles for
the first-, second-, and third-order scattering of the oxygen breath-
ing mode compared with the optical-absorption spectrum (o). Nor-
malized integrated intensities of the first, second, and fourth times
the third-order modes (I, I, and 4°I;) are represented by open
rings, filled squares, and plus signs, respectively. Activation of reso-
nant scattering around fiw=2.4 eV and above 3.3 eV coincides
with broad absorption bands at these energies. Integrated intensities
are normalized in such a way that the weakest first-order scattering
(Aw=1.82 eV) has value of 1. Inset shows the low-energy section
of &, (the imaginary part of the dielectric function) where an ex-
perimental indication of the band gap is seen at about 0.5 eV.

joint density of states (JDS) normalized by the energy
(JDS/%w). The JDS results from a simple convolution of the
corresponding occupied and unoccupied eDOS seen in Fig.
3(a) and is directly proportional to . The eDOSs were
calculated using the FP-LMTO with additional correlation
treatment (LDA+U,U=3 eV).

In the calculations of the eDOS the band gap of about 0.6
eV separates the occupied states of the Cr band close to Eg
and the unoccupied Fe states centered in the band at about
1.0 eV [Fig. 3(a)]. An indication of this band gap is observed
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FIG. 3. (Color online) (a) Calculated partial electronic density
of states. (b) The electronic transition probabilities proportional to
the normalized joint density of states obtained from a convolution
of the occupied and unoccupied states seen in Fig. 3(a). Vertical
lines indicate resonant Raman scattering according to experiments
(FC at 2.33 eV, IR LO two-phonon at 3.71 eV, and FC at 4.13 eV)
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experimentally in the low-energy region of the imaginary
part of the dielectric function (Fig. 2 inset). In addition to the
first Fe band at 1 eV, a second well-defined Fe band is cen-
tered around 2.1 eV [Fig. 3(a)]. The distance between the
center of the Cr band below the Er and the center of this
second Fe band is about 2.4 eV, and we propose that a Mott-
Hubbard transition between these two bands is responsible
for the optical absorption seen around 2.4 eV in the optical
data (Fig. 2) and the resonant activation of the FC scattering
that appears for excitation energies around 2.3 eV (Figs. 1
and 2).

Due to the difference in characteristic time scales of elec-
tronic and lattice dynamics (about 10713 and 107!? s, respec-
tively) a coupling mechanism is required for the electronic
excitation to couple to the lattice. Within the Kramers-
Heisenberg-Dirac (KDH) formalism® the transition prob-
abilities to the higher order excitations of the involved vibra-
tional excitations depend on the overlap between the
vibrational wave functions in the ground, intermediate, and
final states of the Raman process. As a result, FC scattering
may occur in any sample if a self-trapping mechanism causes
a displacement of the excited-state potential parabola that
increases this overlap and as a consequence increases the
probability of the system ending up in highly excited vibra-
tional states.””

For TM oxides it has been predicted that self-trapping of
a local electronic excitation by an oxygen rearrangement
may result in the activation of strong FC multiphonon
scattering.” This self-trapping is traditionally mediated by the
orbital overlap between the TM d and the O p electron orbit-
als. In the much studied manganites the FC scattering is ac-
tivated by an intrasite e, to e, excitation across the JT gap
and affects the modes with JT-like normal coordinates. Thus,
it has been assumed that the d* electronic configuration is
instrumental for the appearance of FC scattering in
transition-metal oxides.'*!?

Given that the presence of FC scattering in LaFe;_,Cr, O3
is critically sensitive to a presence of both Fe and Cr on the
B site’> and that the electronic ground state in HS
LaFe sCr, sO5 has Fe(3+)d> and Cr(3+)d* configuration, we
have previously proposed that the initial step in the self-
trapping process that eventually activates the FC scattering
around 2.4 eV is a Fe to Cr Mott-Hubbard transition.'*!

However, while our present calculations (Fig. 3) show a
strong presence of a Cr to Fe transition channel that well
matches the profile of the observed Raman resonance around
2.3 eV [from states in the Cr band centered around —0.3 eV
to the Fe band centered around 2.1 eV (Figs. 2 and 3)], there
is no evidence in the present calculations for extensive Fe to
Cr transition. This leads us to now propose that the initial
step in the activation of the FC scattering is a Cr to Fe Mott-
Hubbard transition that occurs in the locally ordered regions
of the sample. Thus, the present results indicate that the FC
scattering occurs in a local Fe(2+)d® Cr(4+)d? environment.
Once this excitation is trapped by an orbitally mediated lat-
tice rearrangement the Coulomb interaction of the new local
charge state (with 2+ and 4+ nearest neighbors instead of 3
+ and 3+) couples to the intrinsic oxygen breathing mode
and activates the FC scattering.'*

With higher excitation energies, between 3.3 and 3.7 eV, a
remarkable increase in the second-order scattering region oc-
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FIG. 4. (a) Temperature dependence of the first- and second-
order Raman spectra of LaFe(sCrys05 at the mid-UV resonance
using iw=3.41 eV and parallel polarization. (b) Temperature de-
pendence of the ratio between the dominant first- and second-order
excitations (I,/1;) for the visible wavelength A=515 nm (open
rings) and UV wavelength A=364 nm (plus signs). These wave-
lengths correspond to photon energies of Aw=2.41 eV and fiw
=3.41 eV, respectively. (c) Oblique reflectivity for incident angle at
70° and parallel configuration. IR LO modes at about 450 and
675 cm™'.

curs (Figs. 1 and 2). The temperature dependence of the first-
and second-order scatterings measured at 3.41 eV differs
substantially for the FC resonance activated using VIS pho-
ton energies [Fig. 4(b)]. For the FC resonance at %iw
=241 eV, I,/ is independent of temperature with an aver-
age value about 0.5. In contrast, using UV hw=3.41 eV
photons, the integrated intensity of the first-order peak in-
creases more rapidly with decreasing temperature than does
that of the second-order peak [Fig. 4(a)]. This causes a sig-
nificant decrease in the ratio I,/I; for A=364 nm (hiw
=3.41 eV) as temperature is lowered [Fig. 4(b)].
Observations of strong second-order scattering with little
or no first-order scattering have previously been made in
several TM oxides.!>21:?2 In particular we have reported that
the first- and higher order scattering present using 2.41 eV
photons on Fe-rich LaFe;_,Cr,O5 is remarkably similar to
that activated by 3.71 eV photons in LaFe,sCr,s05."> In
many cases such scattering is associated with two-phonon
activation of either FI induced IR LO modes activated by O
to TM charge transfer'>2!>2 or phDOS scattering activated
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by impurity-related local symmetry breaking.!! In
LaFe; sCrysO5 an IR LO mode at about 675 cm™! is also
seen in IR oblique reflectivity measurements performed at
room temperature [Fig. 4(c)]. Thus, combining our present
and previous findings!> we conclude that the strong second-
order scattering that appears for UV frequencies in
LaFe sCr 505 is generated by a FI induced two-phonon ac-
tivation of an IR LO phonon activated by O to Fe charge
transfer.

At even higher energies the characteristic FC scattering
reappears and dominates for Aw=4.13 eV (Fig. 1 top spec-
trum). From the present calculations it is clear that the FC
scattering present for 4.13 eV is not generated by the same
simple Cr to Fe transition responsible for the VIS FC reso-
nance (Fig. 3). Several electronic processes increase in
strength at UV energies (most notably O to Fe, O to Cr, and
Cr to Cr) but the Cr to Fe transition is very weak (Fig. 3).
However a combination of Cr-Cr and O-Fe transitions in a
local region could generate the same local Fe(2+)d® Cr(4
+)d* environment that is responsible for the VIS FC reso-
nance.

IV. CONCLUSIONS

We analyze the resonant el-ph interactions in the perov-
skite LaFe sCr, sO5 using a combination of experiments and
LDA+U calculations. The simplicity of the first- and higher
order Raman spectra and the exceptional magnitude of the
Franck-Condon scattering in the easily attainable visible re-
gion make LaFe(sCr,s05 an ideal model system for studies
of electron-phonon interactions in complex materials. For
UV Raman excitation frequencies we observe a superposi-
tion of Frohlich interaction induced activation of IR LO two-
phonon and Franck-Condon scattering. A similar resonance
mixing has been observed in Fe-rich LaFe;_,Cr,O;, and the
present observations verify the close relations among chemi-
cal composition, electronic structure, and optical properties.
The present observations show that strong electron-phonon
interactions in complex materials are not limited to Jahn-
Teller active compounds and that the Fe-Cr system is appeal-
ing for studies on the competition/coexistence of different
electron-phonon interactions.
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