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Melting of chargeÕorbital ordered states in Nd1Õ2Sr1Õ2MnO3:
Temperature and magnetic-field-dependent optical studies
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We investigated the temperature (T515;290 K) and the magnetic-field-dependent (H50;17 T) optical
conductivity spectra of a charge-orbital-ordered manganite Nd1/2Sr1/2MnO3. With variation ofT andH, large
spectral weight changes were observed up to 4.0 eV. These spectral weight changes could be explained using
the polaron picture. Interestingly, our results suggested that some local ordered state might remain above the
charge ordering temperature, and that the charge/orbital melted state at a high magnetic field~i.e., at H
517 T andT54.2 K) should be a three-dimensional ferromagnetic metal. We also investigated the first order
phase transition from the charge-orbital- ordered state to ferromagnetic metallic state using theT- and
H-dependent dielectric constants«. Through the analysis of« using an effective medium approximation, we
found that the melting of charge-orbital-ordered states should occur through the percolation of ferromagnetic
metal domains.
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I. INTRODUCTION

Doped manganites, with chemical formulaR12xAxMnO3

@R5La,Nd,Pr, andA5Ca,Sr,Ba#, have attracted lots of at
tention due to their exotic transport and magnetic propert
such as colossal magnetoresistance.1 The coexistence of fer
romagnetism and metallicity, for the samples nearx;0.3,
had been explained by the double exchange model.2 How-
ever, it was found that the double exchange interaction al
cannot explain the colossal magnetoresistance.3 Additional
mechanisms were proposed. Among them, two scenario
tracted most of attention: the polaron due to the Jahn-Te
distortion of Mn31 ion3,4 and the orbital fluctuation.5,6

On the other hand, some manganite samples with sm
bandwidths nearx;1/2 show intriguing charge orderin
phenomena,7 i.e., real space orderings of the Mn31 and the
Mn41 ions. For manganites, the charge ordering is usu
accompanied with orbital and antiferromagnetic orderi
For example, charge ordering in Nd1/2Sr1/2MnO3 leads to the
d3x22r 2(d3y22r 2) orbital ordering and the CE-type antiferro
magnetic spin ordering at a low temperature.8 Moreover, it
was found that some charge ordered states could be cha
into ferromagnetic metallic states at a higher tempera
and/or under a high magnetic field.8,9 The transitions from
charge-orbital-ordered insulator to ferromagnetic metal
usually called ‘‘melting’’ of charge-orbital-ordered states.

There have been numerous optical investigations wh
tried to understand basic mechanisms of colos
PRB 620163-1829/2000/62~1!/481~7!/$15.00
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magnetoresistance.10–12 However, only a few works have
been reported for optical responses of the charge-orb
ordered state.13–15 Recently, Okimotoet al. reported the
magnetic-field-dependent optical conductivity for a charg
orbital-ordered manganite, Pr0.6Ca0.4MnO3, and that the op-
tical responses under the magnetic field could be unders
qualitatively in terms of an insulator-metal transition.16 How-
ever, their measured spectral region was rather limited~i.e.,
from midinfrared to visible!, so details of the insulator-meta
transition could not be addressed.

In this paper, we will report optical properties o
Nd1/2Sr1/2MnO3. To get clear understanding on the insulato
metal transitions due to the melting of the charge-orbit
ordered states, optical spectra were taken by varying ei
temperature~T! or magnetic field (H). Our experimental data
will be analyzed in terms of the polaron scenario. T
changes of the optical response due to the melting of
charge-orbital-ordered states will be explained in terms
the percolation model.

II. EXPERIMENTS

Nd1/2Sr1/2MnO3 single crystal was grown by the floatin
zone methods. Details of sample growth and characteriza
were reported elsewhere.17 The T-dependent resistivity was
measured by the four-probe method and the magnetore
tance was obtained using the 20 T superconducting mag
For optical measurements, the crystal was polished up
0.3mm using the diamond paste. To remove surface da
ages due to the polishing process, we carefully annealed
481 ©2000 The American Physical Society
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sample again in an O2 atmosphere at 1000 °C just befo
optical measurements.18

Near normal incident reflectivity spectra were measu
from 5 meV to 30 eV.19 A Fourier transform spectrophotom
eter was used for 5 meV;0.8 eV, and a grating monochro
mator was used for 0.6;7.0 eV. Above 6 eV, we used th
synchrotron radiation from the Normal Incidence Monoch
mator beam line at the Pohang Light Source. After the sp
tra were taken, the gold normalization technique was use
subtract surface scattering effects. In the frequency regio
5 meV;4 eV, the T-dependent reflectivity spectra we
taken using the liquid-He cooled cryostat. In the same
quency region, theH-dependent reflectivity spectra we
taken with spectrophotometers at National High Magne
Field Laboratory.

The Kramers-Kronig analyses were used to obtain opt
conductivity spectras(v) and dielectric constant spectr
«(v). For these analyses, the room-temperature reflecti
spectrum in the frequency region of 4–30 eV was smoot
connected. Then, the reflectivity at 30 eV was extended u
40 eV, above whichv24 dependence was assumed. In t
low-frequency region, the reflectivity spectrum below 5 me
was extrapolated to be a constant for an insulating stat
using the Hagen-Rubens relation for a metallic state.20 To
check the phase errors due to the extrapolations in
Kramers-Kronig analyses, we also independently measu
optical constants in the frequency region of 1.5–5 eV usin
spectroscopic ellipsometry. It was found that the data fr
the spectroscopic ellipsometry measurements agreed
well with the Kramers-Kronig analyses results, demonst
ing the validity of our extrapolations.

III. DATA AND RESULTS

A. dc resistivity

Figure 1~a! shows theT-dependent dc resistivity curve o
Nd1/2Sr1/2MnO3 which was taken withH50 T. With de-
creasingT, the dc resistivity value slightly decreases belo
the ferromagnetic ordering temperatureTC (;250 K), but it
increases abruptly near the charge ordering tempera
TCO (;150 K). The dc resistivity value at 4.2 K is estimate
to be around 200V cm. With increasingT, the dc resistivity

FIG. 1. ~a! T- and ~b! H-dependent dc resistivity o
Nd1/2Sr1/2MnO3.
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value smoothly decreases initially and then experiences
abrupt decrease to;0.6 mV cm near 170 K. The dc resistiv
ity values for the heating run are larger than those for
cooling run, suggesting that the melting of the charg
orbital-ordered states has the nature of first order phase
sition. Above 170 K, the dc resistivity values are nearly t
same as those for the cooling run. Note that no appa
hysteresis can be observed nearTC .

Figure 1~b! shows theH-dependent dc resistivity curve o
Nd1/2Sr1/2MnO3 which was taken at 4.2 K. With increasin
H, the dc resistivity value slowly decreases initially, but
suddenly decreases to;0.2 mV cm near 13 T. Above 13 T
the dc resistivity value does not change at all within o
experimental errors. With decreasingH, the dc value does
not change down to 7.5 T and starts to increase abruptly n
7.5 T. The dc resistivity curve shows a very strong hystere
below 13 T: the dc resistivity values for the field-decreas
run are quite smaller than those for the field-increasing r
Note that the dc resistivity value (;0.2 mV cm) for the fer-
romagnetic metal state atH517 T is lower than that
(;0.6 mV cm) for the same state at 170 K.

B. Temperature-dependent optical conductivity spectra

The T-dependents(v) of Nd1/2Sr1/2MnO3 are shown in
Fig. 2~a!. At room temperature~i.e., T.TC), there are two
broad peaks near 1.0 and 4.0 eV. When entering into
ferromagnetic metallic state~i.e., T,TC), the broad 1.0 eV
peak shifts to a lower energy, which accompanies large sp
tral weight changes. In addition, there is a small decreas
the spectral weight near 3.0 eV. Interestingly, even a
highly metallic state near 170 K, optical conductivity d
creases below 0.5 eV and shows the Drude-like beha
below 0.1 eV. When entering into the charge-orbital-orde
state~i.e., T,TCO), the spectral weights move to the opp
site direction: namely, from a low- to a high-energy regio
The optical conductivity spectrum at this charge-orbit
ordered state shows an opening of optical gap;0.1 eV.

FIG. 2. T-dependents(v) of Nd1/2Sr1/2MnO3 below ~a! 4.0 eV
and~b! 0.1 eV. In~b!, the solid circle represents the dc conductivi
value at 170 K.
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~This value is in reasonable agreements with the value
tained from recent photoemission experiments.21! In addi-
tion, the spectral weights near 3.0 eV are restored appr
mately to the values atT.TC .

The far-infrareds(v) are displayed in Fig. 2~b!. Above
TC , there are three optical phonon peaks, which are kno
as the external, the bending, and the stretching modes o
cubic perovskite.22 In the temperature region ofTCO,T
,TC , the phonon features are screened ands(v) increase
significantly.~The solid circle represents the dc conductiv
value at 170 K.! Note that the Drude-like absorption beha
ior is not so clear.23 Below TCO, s(v) decrease quite dras
tically. At this low temperature, the bending and the stret
ing modes are splitted and corresponding phonon frequen
move to higher energies. Such changes in the phonon sp
can be understood in terms of the strong lattice distortion
to the charge-orbital ordering.24

C. Magnetic-field-dependent optical conductivity spectra

The H-dependents(v), which were taken at 4.2 K, ar
shown in Fig. 3~a!. ~Note that the spectra were measur
with increasingH.! At 0 T, the optical spectra are nearly th
same as those at 15 K, displayed in Fig. 2~a!. With increas-
ing H, the spectral weights near 1.2 and 2.7 eV are tra
ferred to lower energy regions. The gap values seem to
crease and finally disappear above 13 T. Note that
H-dependent spectral weight changes are similar to
T-dependent spectral weight changes nearTCO. However,
the spectra in the ferromagnetic metallic state of 17 T clea
show a Drude-like absorption feature, which is somew
different from s(v) of the ferromagnetic metallic state a
170 K, displayed in Fig. 2~a!.

The far-infrareds(v) under variousH are displayed in
Fig. 3~b!. At 0 T, the low-temperature phonons can be se
clearly. With increasingH, the phonon peaks becom
screened and the Drude peak seems to appear above

FIG. 3. H-dependents(v) of Nd1/2Sr1/2MnO3 below ~a! 4.0 eV
and~b! 0.1 eV. In~b!, the solid circle represents the dc conductiv
value at 17 T.
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~The solid circle represents the dc conductivity value at
T.! Note that the Drude peak becomes clear and app
below 0.04 eV.

D. Behavior of dielectric constants

T-dependent«(v) is shown in Fig. 4~a!. In the insulating
state at 15 K,« is positive andd«/dv'0. With increasing
T, « becomes slightly increased. Above 170 K, it becom
abruptly decreased andd«/dv.0, which are consistent with
typical responses of a metal. Note that the change in« is
rather abrupt near the insulator-metal boundary. Such in
esting behaviors of« can be observed more clearly in th
H-dependent«(v), shown in Fig. 4~b!. Up to the insulator-
metal phase boundary (;13 T),« is increased and then
abruptly decreased.

The changes of« ands at 100 cm21 under variousH are
shown in Figs. 5~a! and 5~b!, respectively. These figure
show trong hysteresis behaviors. The solid circles and
solid squares represent data during the field-increasing
the field-decreasing runs, respectively. It is clear that
abrupt change in« occurs near the insulator-metal transitio
Note that« becomes large as the transition region is a
proached both from the insulating and from the meta
sides.

IV. DISCUSSIONS

A. A schematic diagram of optical transitions

Interpretations ons(v) of perovskite manganites hav
been quite different among experimental groups.25 However,
a correct interpretation is essential to understand physic

FIG. 4. ~a! T- and ~b! H-dependent« of Nd1/2Sr1/2MnO3.

FIG. 5. H dependences of~a! « and~b! s at v85100 cm21. The
solid and the dotted lines are guides for eye for the field-increas
and the field-decreasing runs, respectively.



it
a

co
er
d

pt

-

o

eV
he
en
s
n
r
ea

th
e
m

co

c
tri
t
e
b
a

e

er
its

the
ar.
ing
ergy
uld
r in

nt
n

as
ntal

he
ch

l
o

l

en-
sian

484 PRB 62JUNG, LEE, NOH, CHOI, MORITOMO, WANG, AND WEI
the colossal magnetoresistance and the charge-orb
ordering phenomena. Recently, we proposed a schem
diagram ofs(v) based on the polaron scenario,18,25 which
seems to explain most features of optical transitions in
lossal magnetoresistance manganites observed by num
group.26 We want to extend the schematic diagram to inclu
the charge-orbital-ordered state.

Figure 6 shows our proposed schematic diagram of o
cal transitions in Nd1/2Sr1/2MnO3: ~a! T.TC , ~b! TCO,T
,TC , and~c! T,TCO. AboveTC , there are four main con
tributions for s(v) below 5 eV: ~i! s I(v) due to a small
polaron absorption below 1.0 eV,~ii ! s II(v) due to an inter-
orbital transition between the Jahn-Teller splitted levels
the Mn31 ions near 1.5 eV,~iii ! sHS(v) due to an optical
transition between the Hund’s rule split bands near 3.0
and~iv! sCT(v) due to a charge-transfer transition from t
O 2p band to the Mn 3d band near 4.5 eV. There have be
numerous optical reports which support our assignment
the small polaron peak,27,28 the optical transition betwee
Hund’s rule split bands,29,30 and charge transfe
peaks.10,11,19,28On the other hand, the existence of peak n
1.5 eV was observed by many workers,11,28,31but there re-
main some controversies for its origin.32 We think that the
most probable candidate is the interorbital transition at
same Mn31 site. Although this transition is prohibited by th
selection rule for an Mn atom, this transition could beco
possible due to the local lattice distortion of MnO6 octahedra
and the strong hybridization between Mn3d and O 2p orbit-
als.

For the ferromagnetic metallic region ofTCO,T,TC ,
the small polaron peak will change into coherent and in
herent absorptions of a large polaron.12,33 The coherent ab-
sorption will appear as Drude-like optical conductivity spe
tra sD(v) and the incoherent one as an asymme
midinfrared peak. The increase of electron screening and
decrease of lattice distortion in the metallic state will d
crease the 1.5 eV peak somewhat. The optical transition
tween the Hund’s rule splitted bands will decrease, since
of the t2g spins will be aligned in the ferromagnetic stat
And, the charge transfer peak remains to be nearlyT inde-
pendent.

FIG. 6. Schematic diagram of optical transitions for~a! T
.TC , ~b! TCO,T,TC , and~c! T,TCO.
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Below TCO, the coherent absorption of the free carri
will disappear due to the charge-orbital-ordering. And,
spectrum will be similar to that forT.TC . However, there
seems to be three minor but important differences. First,
optical gap due to charge-orbital-ordering should appe
Second, the absorption peak due to the polaron hopp
should decrease since such a hopping requires more en
in the antiferromagnetic state. Third, the 1.5 eV peak sho
become stronger, since lattice distortion becomes large
the charge-orbital-ordered state.

B. Temperature-dependent spectral weight changes

For the quantitative analysis ofT-dependent electronic
structure, we analyzeds(v) in terms of five peaks, dis-
cussed in Sec. IV. A:

s~v!5sD~v!1s I~v!1s II~v!1sHS~v!1sCT~v!.
~1!

For sHS(v) and sCT(v), the Lorentzian functions were
used. The simple Drude formula were used forsD(v). After
subtracting the Drude and high frequency peaks ins(v), we
obtained the T-dependent midgap compone
sms(v)@5s I(v)1s II(v)#. Note that the polaron absorptio
and the interorbital transition between Mn31 sites are as-
signed as peak I and peak II, respectively.

Peaks I and II were fitted with two Gaussian functions,
shown in Fig. 7. The solid circles represent the experime
s(v) after subtractingsHS(v), sCT(v), and sD(v). The
fitting results with the Gaussian functions could explain t
experimental data quite well. Using the integration of ea
Gaussian function, we derived theT-dependent optica
strengths,SI andSII , for peak I and II, respectively. We als
obtained the strength of the Drude weightSD by integrating
the corresponding Drude peak.

The T dependences ofSI , SII , and SD are displayed in
Figs. 8~a!, 8~b!, and 8~c!, respectively. The total spectra
weights due to polaron absorptionStot(5SI1SD), are also
plotted in Fig. 8~d!. With decreasingT, SI starts to increase
below TC and abruptly decreases belowTCO. The T depen-
dence ofSII is nearly opposite to that ofSI . The T depen-

FIG. 7. T-dependent midgap states of Nd1/2Sr1/2MnO3. The solid
circles, the dotted lines, and the solid lines represent the experim
tal data, the Gaussian functions, and the sums of two Gaus
functions, respectively.
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dence of SD is similar to SI , but becomes zero forT
,TCO. And, Stot starts to increase belowTC and abruptly
decreases belowTCO. When the sample becomes ferroma
netic belowTC , it becomes metallic. Then, the polaron ho
ping contributionSI and the free carrier contributionSD
should increase due to the alignment oft2g spins. Due to the
increase of metallicity, the lattice distortion of the MnO6
octahedron will become reduced, resulting in decrease ofSII .
When the sample becomes antiferromagnetic belowTCO, the
polaron hopping requires more energy andSI should de-
crease. The reduction of the metallicity makesSII increase
andSD become zero very rapidly. These temperature dep
dences are explained using the schematic diagram in Fi

According to the polaron picture, theT dependence ofStot
can be explained more quantitatively.
(La,Pr)0.7Ca0.3MnO3, whose ground state is a thre
dimensional ferromagnetic metal, it was found thatStot could
be scaled with theT-dependent double exchange bandwid
gDE(T):34

gDE5^cos~u i j /2!&, ~2!

where u i j is the relative angle of neighboring spins a
^& represents thermal average in the double excha
model.35 This scaling behavior was explained in a model
Röderet al.4 where the double exchange and the Jahn-Te
polaron Hamiltonian were taken into account. The das
line showsgDE(T) for the three-dimensional ferromagne
Above TCO, the agreement betweenStot(T) and gDE(T) is
quite good.

However,Stot(T) deviates fromgDE(T) belowTCO. This
deviation might be explained by a strong suppression of
laron absorption due to the CE-type antiferromagnetic ord
ing at the low-temperature region. In the CE-type configu

FIG. 8. T-dependent optical strengths~a! SI , ~b! SII , ~c! SD ,
and ~d! Stot . ~All units are V21 cm21 eV.! In ~d!, the dashed line
represents the prediction from theT-dependent double exchang
bandwidth. The open circle, the asterisk, the solid triangle, and
solid square represent theStot at 0, 12, 13, and 17 T, respectively
-

n-
6.

ge

r
d

-
r-
-

tion, the eg conduction electrons are allowed to hop alo
the ferromagnetically aligned zigzag chains forming an
fective one-dimensional ferromagnet. In the thre
dimensional ferromagnet aboveTCO, the polaron hopping is
allowed to six neighboring Mn sites with parallel spins. Bu
in the one-dimensional ferromagnetic chain, the polaron h
ping is allowed only along the zigzag chain. Therefore,
transition from the three-dimensional ferromagnet to the o
dimensional zigzag chain will strongly suppress the pola
absorption nearTCO.

C. Magnetic-field-dependent spectral weight changes

With the fitting process used in Sec. IV B, we obtain
H-dependent changes ofSI , SII , SD , andStot , at 4.2 K. Fig-
ure 9 shows the results of such fittings, and all of the opti
strengths show strong hysteresis behaviors. During the fi
increasing run,SI increases near 13 T and becomes nea
saturated above 14 T. During the field-decreasing run,SI
remains nearly the same down to 8 T and then abruptly de
creases. Note that the value ofSI at H50 T after the comple-
tion of one cycle is larger than the initial value ofSI . TheH
dependence ofSII is nearly opposite to that ofSI , but theH
dependence ofStot is similar to that ofSI . Contrary to rather
smooth changes ofSI , SII , and Stot , the change ofSD is
rather abrupt: the value ofSD becomes nearly zero below 1
T for field-increasing run and below 7 T for field-decreasi
run. Qualitatively, theH dependences ofSI , SII , and SD ,
are quite similar to theT dependences of the correspondi
strengths belowTCO. TheseH dependences can be also e
plained using the schematic diagram in Fig. 6.

Values of Stot at 4.2 K with various values ofH were
shown in Fig. 8~d!. The open circle, the asterisk, the sol
triangle, and the solid square represent values ofStot at 0, 12,
13, and 17 T, respectively. With increasingH, Stot increases.
At 17 T, it finally reaches the value predicted by Eq.~2! for

e

FIG. 9. H-dependent optical strengths~a! SI , ~b! SII , ~c! SD ,
and~d! Stot . ~All units areV21 cm21 eV.! The solid and the dotted
lines are guides for eye for the field-increasing and the fie
decreasing runs, respectively.
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the three-dimensional case. This result indirectly supp
the fact that the charge-orbital melted state might be a th
dimensional ferromagnetic metal. Note that the value
Stot (T5170 K, H50 T) is by about 20% smaller than tha
of Stot (T54.2 K, H517 T). This experimental fact is con
sistent with recent magnetostriction measurement36 and
transmission electron microscopy work37 that there exists a
local charge-orbital ordering even aboveTCO.

D. Percolative phase transition

To get a better understanding on the insulator-metal tr
sition in Nd1/2Sr1/2MnO3, we reexamined«(v), shown in
Sec. III. D. The divergence of« near the insulator-meta
transition has appeared in some materials of the first o
transition. For example, it was found that VO2 films experi-
enced an insulator-metal transition of the first order nat
around 70 °C, and that their midinfrared properties could
explained by a composite medium model which takes i
account the evolution of domain growth during the first ord
phase transition.38 In the composite medium model, the in
crease of« near the insulator-metal transition can be int
preted as a dielectric anomaly related to percolation. Th
fore, we decided to apply the effective mediu
approximation~EMA!, which is a composite medium mode
predicting a percolation transition.

In EMA, it is assumed that individual grains, either m
tallic or insulating, are considered to be embedded in a u
form background, i.e., an ‘‘effective medium’’ which ha
average properties of the mixture.38,39 A self-consistent con-
dition such that the total depolarization field inside the inh
mogeneous medium is equal to zero leads to a quad
equation for an effective dielectric constant«̃eff ,

f i

«̃ i2 «̃eff

«̃ i12«̃eff

1 f m

«̃m2 «̃eff

«̃m12«̃eff

50, ~3!

where«̃ i([« i1 i4ps i /v) and«̃m represent the complex di
electric constants of the insulating and the meta
Nd1/2Sr1/2MnO3 phases, respectively. Andf i and f m(51
2 f i) represent volume fractions of the insulating and
metallic domains, respectively. In EMA, the percolatio
transition occurs atf m51/3.

To apply EMA, we assumed that«̃ i and «̃m could be
represented by the experimental complex dielectric const
at 0 and 17 T, respectively. And, we evaluated«̃eff for vari-
ous values off m . The predictions of«eff are shown in Fig.
10. If f m,1/3 ~i.e., in the insulating side!, «eff increases
when the insulator-metal transition is approached. Iff m be-
comes larger than 1/3, the low-frequency value of«eff sud-
denly becomes negative. By comparing Fig. 10 with Fi
4~a! and 4~b!, it is clear that the EMA results can explain th
T-dependent and theH-dependent« quite well. It should be
noted that the percolation model can also explain the
crease of« near the insulator-metal transition. Near the p
colation, effective capacitive coupling between the meta
clusters increase due to an increase of effective area an
decrease of spacing between the metallic clusters. This
ts
e-
f

n-

er

e
e
o
r

-
e-

i-

-
tic

e

ts

.

-
-
c
the
n-

crease of coupling results in the increase of« near the per-
colation transition. Therefore, it can be argued that
insulator-metal transition in Nd1/2Sr1/2MnO3 occurs through
a percolative phase transition.

Recently, there have been lots of studies on the ph
separations in doped manganites.40–46Our picture of the per-
colative phase transition agrees with such phase separa
The EMA calculation in Fig. 10 shows that the metallic d
main can exist in the insulating states, i.e., below 150
without H, or below 13 T at 4.2 K. And it also shows that th
insulating domain can exist in the metallic states
Nd1/2Sr1/2MnO3. The origin of the phase separations
doped manganites remains controversial. Some workers
gue that the phase separation comes from the electr
origin,44 and some workers argue that it comes from sam
inhomogeneity.45,46 Further studies are required to solve th
issue clearly.

V. SUMMARY

We investigated the temperature and the magnetic-fi
dependent optical conductivity spectra of charge-orbi
ordered manganite Nd1/2Sr1/2MnO3. By the analyses of the
temperature and the magnetic-field-dependent spe
weights, we found that some local-ordered state might
mained above the charge-ordering temperature, and tha
charge-orbital-melted state at a high magnetic field should
a three-dimensional ferromagnetic metal. Moreover, us
the analyses of dielectric constants, we showed that the m
ing of charge-orbital-ordered states occurred through the
colation in the ferromagnetic metal domains and that opt
conductivity should be explained by the two-phase coex
ence picture between charge-orbital-ordered insulator and
ferromagnetic metal domains.
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FIG. 10. EMA results of«eff . Here, f m represents the volume
fraction of the metallic domain.
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