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Optical spectroscopy of charge-ordering transition in La1/3Sr2/3FeO3
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The change of the electronic structure and lattice dynamics upon the charge-ordering~CO! transition has
been investigated for a La1/3Sr2/3FeO3 crystal by measurements of optical spectra. The CO transition, as
characterized by sequential 2:1 ordering of nominal Fe31 and Fe51(111)c sheets atTCO5198 K, activates
several additional optical phonon modes due to the charge modulation and opens an optical gap~up to
2D;0.13 eV!. The spectral intensity of the activated phonon mode shows a discontinuous increase atTCO

reflecting the first-order nature of the CO transition. By contrast, the optical gap value increases rather con-
tinuously with decreasing temperature belowTCO, implying the effect of the concomitant antiferromagnetic
spin ordering on the gap magnitude and structure.@S0163-1829~98!51542-1#
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Transition metal oxides~TMO’s! have recently been in
vestigated extensively in the light of the metal-insulator tra
sition relevant to electron correlations.1 Among various elec-
tronic phase transitions, the charge ordering~CO! transition
is widely seen in many TMO’s with commensurate hole do
ing, such as thex5 1

8 anomaly of the high-temperature s
perconducting cuprates,2 colossal-magnetoresistive manga
ites (x5 1

2 ),3,4 layered nickelates (x5 1
3 ),5,6 and layered

manganites (x5 1
2 ).7 Undoubtedly, the intersite coulomb re

pulsion is one of the driving forces for the CO transitio
Verwey transition in magnetite (Fe3O4) is one such
example,8 in which Fe21 and Fe31 with almost full spin-
polarization are ordered at theB site of the spinel structure
below TV;120 K. In most other cases, however, the ma
netic interaction seems to be also responsible for stabil
tion of the charge-ordered state. The CO transition in mos
the TMO’s shows up by accompanying the antiferromagn
spin correlation as well as the concomitant lattice distortio1

We spectroscopically investigate this charge-ordered s
in a La12xSrxFeO3 (x5 2

3 ) crystal. The first panel of Fig. 1
shows the temperature dependence of resistivity. The v
of resistivity is fairly low at room temperature, being rem
niscent of metallic nature, and slightly increases with d
creasing the temperature. At the CO transition tempera
(TCO5198 K), resistivity shows abrupt increase, while t
magnetization shows a cusp structure~the second panel o
Fig. 1!, corresponding to the transition from a paramagne
metallic state to an antiferromagnetic CO state. The CO tr
sition of this compound has been assigned to the orderin
magnetically different Fe sites, i.e., the nominal Fe31 (3d5)
and Fe51 (3d3) sites with the ratio of 2:1 by measuremen
of Mössbauer spectra~Ref. 9! and magnetic neutron
diffraction.10 More lately, the structural modulation accom
panying the CO transition has been confirmed by the elec
microscopy.11 The CO pattern of this compound was show
in the inset of Fig. 2. Layers of nominal Fe31 and Fe51 ions
are ordered in the sequence. . . 533533 . . . along the
pseudocubic@111#c direction, or along the rhombohedralz
direction. Thus, the valence-skipping charge-ordered stat
La1/3Sr2/3FeO3 may be viewed as a condensation of the h
bipolarons~Fe51, 3d3! in the magnetic background of Fe31

(3d5) lattice. In reality, thep-hole character of the nomina
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Fe51 species is significant,12 yet the breathing-type distortion
of the FeO6 octahedron should couple with the charge mod
lation. In this paper, we show the result of the optical me
surement of this compound, and argue the effect of the
on the electronic structure and lattice dynamics.

Crystals of La12xSrxFeO3 (x5 2
3 ) were melt grown by the

floating zone method. The details of the crystal growth a
the structural characterization will be reported elsewher13

Temperature dependencies of resistivity and magnetic
ceptibility of the same crystal as used in the following op
cal measurements are readily shown in the upper two pa
of Fig. 1. Near-normal-incidence reflectivity spectra we
measured on a crystal with a typical size of 6 mmf32 mm,

FIG. 1. Temperature dependence of various physical quant
for a La12xSrxFeO3 (x5

2
3 ) crystal. The top panel: the resistivityr;

the second panel: the magnetizationM at m0H51 T; the third
panel: the oscillator strength (SA) of the activated Fe-O stretchin
phonon mode at 0.08 eV~see Fig. 3 and text!; the forth panel: the
oscillator strength (SE) of the Fe-O stretching phonon mode at 0.0
eV ~see Fig. 3 and text!; the bottom panel: the optical gap 2D
estimated by an extrapolation procedure~see Fig. 4 and text!.
R13 326 ©1998 The American Physical Society
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the surface of which was specularly polished with alum
powder. We used Fourier spectroscopy for the photon ene
range of 0.008–0.8 eV and the grating spectroscopy
0.6–36 eV. For the higher-energy~.5 eV! measurements a
room temperature, the synchrotron radiation at INS-SOR,
stitute for Solid State Physics, University of Tokyo, was u
lized as a light source. The temperature dependence o
reflectivity spectra was measured for 0.008–5 eV. Since
temperature dependence of the spectra were essentiall
discernible above 4 eV, the room-temperature data abo
eV were connected to perform the Kramers-Kronig~KK !
analysis and deduce the optical conductivity spectra at
spective temperatures. For the analysis, we assumed the
stant reflectivity below 0.01 eV andv24 extrapolation above
36 eV. Variation of the extrapolation procedures below 0
eV was confirmed to cause negligible difference for the c
culated conductivity spectra above 0.02 eV.

Figure 2 shows the temperature dependence of the re
tivity spectra. The structures of spectra below 5 eV
mainly composed of charge transfer~CT! type transition be-
tween Fe 3d and O 2p states; namely, the transitions wit
the final states oft2g↑

3 eg↑
2 for below 2 eV and oft2g↑

3 t2g↓
1 eg↑

1

for around 3 eV. The reflectivity value increases towa
unity with decreasing photon energy at temperatures ab
TCO, indicating metallic nature. Once the temperature is
creased belowTCO, the reflectivity value in a low energy
region ~below 0.7 eV! is abruptly suppressed and the sha
of the spectrum shows an insulating feature. Spiky structu
in a low-energy region below 0.1 eV are due to the opti
phonon modes. When the system undergoes the CO tra
tion, the number of the optical phonon modes clearly
creases. The activated phonon modes reflect the chang
the crystal structure caused by the CO transition.

To quantify the phonon-spectral change, we show in F
3 the optical conductivity spectra in a low-energy regi
below 0.1 eV which were deduced by the KK analysis of t
reflectivity data shown in Fig. 2. The spectra at temperatu
aboveTCO show three sharp-peak structures due to the o
cal phonon modes which correspond to the external m
~0.02 eV!, the bending mode~0.033 eV! and the stretching
mode ~0.07 eV!, respectively.14 The number of the phonon
modes aboveTCO is consistent with the cubic perovskit

FIG. 2. Temperature dependence of the reflectivity spectra f
La12xSrxFeO3 (x5

2
3 ) crystal with the charge ordering transitio

temperatureTCO5198 K. Solid lines represent the spectra at 10
200 K ~just aboveTCO!, and 290 K. The inset shows the char
ordering model~Refs. 9–11! for this compound.
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structure, although the perovskite structure in this compo
is slightly distorted and have rhombohedral symmetry ev
at room temperature. The rhombohedral distortion is thus
small for any activated phonon modes to be observed in
metallic state aboveTCO. Apparently the last two modes ar
subject to the large spectral change belowTCO, because
these modes are more sensitive to the Fe-O lattice distor
than the external mode.15 The breathing-type distortion o
Fe-O octahedra may occur in the nominal Fe51 site in the
CO state to acquire the energy gain due to the crystal fie

Although all the phonon modes appear to be considera
affected by the CO transition, we focus our attention on
phonon spectra above 0.06 eV to avoid complexity
analysis.16 The number of the peaks due to the phon
modes increases from one to two with decreasing temp
ture acrossTCO. According to the CO model as shown in th
inset to Fig. 2, the origin of the increase of the phon
modes can be attributed to the two reasons;~1! charge modu-
lation ~appearance of the new modes! and ~2! anisotropy
~splitting of the original modes!. Modulation of the charge
density has occurred along the pseudocubic@111#c direction.
This modulation may fold the phonon branches along
corresponding direction ink space into the reduced Brillouin
zone, then the new optical phonon modes arise at theG point.
In addition to the above effect, the anisotropy lifts the thre
fold degenerated IR-active phonon modes of the cubic p
ovskite (F1u→A2u1Eu) but the degree of distortion is per
haps too small to cause such a large splitting~;0.01 eV! of
the phonon modes. To assign the symmetry, we cannot
lize polarized spectra since the sample in the CO state sh
a multidomain structure.11 However we can distinct the new
modes due to the charge modulation by comparing the s
tra of other compounds which have rhombohedral symme
but undergo no CO transition in the low-temperature insu
ing region; such as low-temperature LaCoO3 ~Ref. 17! as
well as Sm12xSrxFeO3 or Gd12xSrxFeO3 (x5 2

3 ).18 An acti-
vated phonon peak around 0.08 eV, hereafter calledA peak,
in the spectra belowTCO is one such peak, which originate
from folding of the branch of the stretching mode. We c

a

,
FIG. 3. Temperature dependence of the optical conducti

spectra in the optical phonon region~,0.1 eV! for a La12xSrxFeO3

(x5
2
3 ) crystal with the charge ordering temperatureTCO5198 K.

Solid lines represent the spectra at 10 K, 200 K~just aboveTCO!,
and 290 K. The inset shows spectra at 290 K and 10 K with e
Lorentzian-fit curve~see text!.
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see only two modes perhaps relating to the stretching m
in Fig. 3 although folding due to the charge modulation
three times period may create two newG point modes. Thus
the A peak may consist of twoA2u modes which are nearly
degenerate in frequency. The oscillator strength of theA
peak must be related to the order parameter of the CO t
sition since it should be proportional to the amplitude of t
lattice ~perhaps breathing-type! distortion accompanied by
the charge modulation. In order to estimate the oscilla
strength, we have performed the conventional Drude
Lorentz curve fitting analysis by using the following fo
mula:

s~v!5
s0

11~vt0!2 1(
j 51

k Sjv j
2g jv

2

~v j
22v2!21g j

2v2 . ~1!

Here, s0 represents the dc conductivity, andt0 and 1/g j
represent lifetime.v j and Sj are phonon frequency and o
cillator strength, respectively. We assumedk54 aboveTCO
andk58 belowTCO for fitting ~one of them is correspondin
to a background part!. Typical fitting curves are shown fo
the experimental spectra around theA peak at 290 and 10 K
in the inset to Fig. 3. The calculated oscillator strength of
A peak andE peak~the original active mode around 0.07 eV!
are shown in the third and the forth panel of Fig. 1. T
value of the oscillator strength of theA (E) peak rises
steeply atTCO, slightly increases~decreases! and nearly
saturates below 130 K with decreasing temperature. Disc
tinuous increase atTCO suggests that this CO transition is th
first-order transition. This is consistent with the existence
small temperature hysterisis of resistivity~a few K! around
TCO.

We show the optical conductivity spectra in an ener
region between 0 and 2 eV in Fig. 4. The zero-frequen
extrapolation of the spectrum is in accord with the dc co
ductivity value, which suggests that the electronic struct
in this energy region must dominate dc transport mechan
as well. Overall features of the spectra have been discu
in Ref. 13 which reports on the systematic change of e
tronic structure at room temperature in La12xSrxFeO3 with
varying x. The 1-eV peak can be assigned to the CT-ty

FIG. 4. Optical conductivity spectra below 2 eV at various te
peratures for a La12xSrxFeO3 (x5

2
3 ) crystal with TCO5198 K.

Solid lines represent the spectra belowTCO and dashed lines repre
sent the spectra aboveTCO. A short dashed line is extrapolation o
the onset of the 1-eV peak for the estimate of the magnitude of
optical gap energy at 10 K.
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transition between O 2p and Fe41 eg state, since its spectra
weight is roughly proportional to the nominal hole dopingx
at the room temperature.13,19 Above TCO we can observe a
clear Drude component below 0.1 eV, which signals the
istence of the free carriers corresponding to a metallic va
(;1023 Vcm) of the resistivity~see Fig. 1!. As the tem-
perature is decreased, Drude peak decreases its weigh
the 1-eV peak becomes prominent. In the case of other
systems such as Fe3O4 ~Ref. 20! or La22xSrxNiO4 (x
50.33),21 a pseudogap feature was observed aboveTCO due
to the short-range order. However such a pseudogap is
clearly discernible in the present case.

Once the CO transition occurs, the spectral shape be
0.7 eV shows a drastic change that signals the evolution
the charge gap. Upon the CO transition, Drude peak is tot
extinguished, a clear optical gap~2D! emerges, and the miss
ing low-energy spectral weight is accumulated above 0.4
The optical conductivity in the gap region rises almost l
early with the photon energy and shows a parallel shift
higher energy with decrease of temperature. The orig
spectral weight in the optical gap region is finally transferr
above 0.7 eV and as a result the height of the CT peak gr
with opening of the gap. This change of spectrum may
ascribed to the reconstruction of the electronic structure o
an energy scale of the intersite coulomb repulsion. In ot
words, the optical gap has a character of the interatomicd-d
transition, nominally Fe311Fe51→Fe411Fe41, to which the
hybridized O 2p states also contribute.

We tried to estimate the magnitude of the optical g
energy by extrapolating the onset part linearly to the b
line of s(v)50, as shown by a dashed line for the 10
spectrum. This approximate procedure cannot be accu
enough for the gap value itself because of the blurred
feature and of its unknown theoretical shape, but can b
good quantitative measure of the gap opening because o
near-parallel shift of the conductivity onset. The result
shown in the bottom panel of Fig. 1. The value of 2D shows
an onset atTCO, increases sharply but continuously wi
decrease of temperature, and saturates at about 0.13 eV
low 100 K. The temperature dependence seems to be o
BCS-type function that is predicted by the theory of t
charge density wave/spin density wave transition.22 How-
ever, the ratio of the gap energy~2D! to TCO is about 7.6
which is twice as large as the theoretical value~;3.5! but
half as small as in the quasi-2D case of La22xSrxNiO4 (x
50.33).21 The discrepancy between the theoretical and
experimental values may be attributed to the electr
correlation effect as in the La22xSrxNiO4 (x50.33) case.

One may notice in Fig. 1 that there is some differen
between the temperature dependencies of the activated
non intensitySA ~abrupt increase atTCO! and the optical gap
value ~BCS-type temperature dependence!, although both
must be relevant to the order parameter of the charge-ord
phase. The intensity of theE peak in Fig. 3~not activated by
charge modulation! also shows a jump atTCO and decreases
with decreasing temperature~see Fig. 1!.

This may be due to abrupt change of the effective cha
of Fe ion. Thus, BCS-type temperature dependence of
gap value signals that the opening of the gap is governed
only by the charge modulation or associated lattice distort

-
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as measured by the phonon spectra, but also by the evolu
of the staggered moment in the antiferromagnetic state.
CO transition occurs concurrently with the antiferromagne
transition, as readily shown in Fig. 1. In fact, the magne
susceptibility aroundTCO shows a rather conventional cus
shape indicating the second-order-like magnetic transitio

In summary we have investigated the temperature dep
dence of optical conductivity spectra for the charge-order
~CO! system La1/3Sr2/3FeO3. As summarized in Fig. 1, resis
tivity increases steeply upon the CO transition andM /H
shows a cusp atTCO due to the antiferromagnetic order. Re
flecting the periodic lattice distortion along the@111#c direc-
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tion ~in the pseudocubic setting! in the CO state, new phono
modes become infrared active, whose spectral inten
abruptly increases atTCO and then shows weak temperatu
dependence. By contrast, the optical charge gap~0.13 eV in
the ground state! rather continuously opens up with decrea
of temperature belowTCO.
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