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Optical evidence of multiphase coexistence in single crystalline„La,Pr,Ca…MnO 3
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We investigated temperature (T)- and magnetic field-dependent optical conductivity spectras(v) of a
La5/82yPryCa3/8MnO3(y'0.35) single crystal, showing intriguing phase coexistence at lowT. At TC,T
,TCO, a dominant charge-ordered phase produces a large optical gap energy of;0.4 eV. AtT,TC , at least
two absorption bands newly emerge below 0.4 eV. Analyses ofs(v) indicate that the bands should be
attributed to a ferromagnetic metallic phase and a charge-disordered phase that coexist with the charge-ordered
phase. This optical study clearly shows that La5/82yPryCa3/8MnO3(y'0.35) is composed of multiphases that
might have different lattice strains.

DOI: 10.1103/PhysRevB.65.115118 PACS number~s!: 75.30.Vn, 71.30.1h, 78.20.Ci
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I. INTRODUCTION

Recently, electronic phase separation in manganites
been the subject of various theoretical1,2 and experimental3–8

studies. Computational studies predicted that a strong
dency toward electronic phase separation in mangan
could lead to an inhomogeneous ground state with hole-
and hole-poor regions.1 Indeed, many experimental too
probed evidence of mixed phases with various length
time scales in the wide phase space of manganites that
obtained by tuning of chemical pressure3–6 and/or carrier~or
impurity! doping.6–8

La5/82yPryCa3/8MnO3 revealed a unique type of phas
separation into submicrometer-sized mixtures of ferrom
netic ~FM! metallic and charge-ordered~CO! insulating
domains.3 With variation of y, the chemical pressure wa
varied to tune the volume fraction and the domain size
each component. It was found that the metal-insulator tr
sition in the compound occurs through a percolation proc
and that magnetoresistance can be dramatically enha
due to the two-phase coexistence.

In spite of such interesting phenomena, the physical
gin of the phase separation in La5/82yPryCa3/8MnO3 is not
yet fully understood. A hole segregation-type pha
separation9 was ruled out because the penalty in electrost
energy was too large for the large-scale charge separatio
submicrometer-sized domains.2,3 Instead, Littlewood sug-
gested that structural inhomogeneities should exist due
large strain mismatch of the FM metallic and CO insulati
domains.2 Related to this suggestion, a neutron-scatter
study by Radaelliet al. showed that a phase separation w
the mesoscopic length scale~500–2000 Å! occurring in
Pr0.7Ca0.3MnO3 could be driven by intragranular strain.10 On
the other hand, through an x-ray scattering study, Kiryuk
et al. indicated that an additional insulating phase might
present in a La5/82yPryCa3/8MnO3 crystal as a function of
temperature~T!.11
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Up to this point, there have been a limited number
optical studies on phase separation behavior in mangan
Liu, Cooper, and Cheong12 observed two absorption bands
optical conductivity spectras(v) of Bi12xCaxMnO3 at TN
,T,TCO, that could be attributed to;100 Å scale mix-
tures of FM metallic and CO insulating domains. Junget
al.13 also observed two infrared-absorption bands ins(v) of
La1/8Sr7/8MnO3 that suggested a phase separation betw
two FM phases which were orbital-ordered insulating a
orbital-disordered metallic phases. These studies addre
the coexistence of two kinds of phases based on two abs
tion bands ins(v). However, there has been no repo
showing evidence of multiphase coexistence through opt
conductivity studies of manganites.

In this paper, we present temperature (T)- and magnetic-
field (H)-dependents(v) of a La5/82yPryCa3/8MnO3(y
'0.35) ~LPCMO! single crystal. AtTC,T,TCO, the CO
phase shows a large optical gap energy of;0.4 eV, which
remains finite aboveTCO. At T,TC, at least two additional
absorption bands newly emerge below 0.4 eV. The abs
tion bands can be attributed to a FM metallic and a char
disordered phase, appearing in the backbone of the cha
ordered phase belowTC. The T-dependent changes in th
phonon spectra suggest that these multiphases have diff
degrees of lattice strain in each phase. TheH-dependent
s(v) indicate that, with increasingH at 4.2 K, these coex-
isting multiphases become unified and eventually turn int
homogeneous FM metallic phase at 12 T.

II. EXPERIMENTS AND RESULTS

A. Transport and magnetic properties

A single crystal of LPCMO was grown by the floating
zone method using a mirror furnace. The sample was c
acterized by resistivityr and magnetization measuremen
using the four-probe method and a superconducting quan
interference device magnetometer, respectively. Figure~a!
©2002 The American Physical Society18-1
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showsT-dependentr data for the LPCMO. With decreasin
T, this sample undergoes a charge-ordering transition
TCO'220 K, and then a relatively sharp insulator-me
transition aroundTC'120 K. NearTC, we can observe the
steplike changes ofr in the metal-insulator transition region
~Even for samples obtained from the same batch, the t
perature where the steplike structures appear varies.! Similar
steplike behaviors were observed not in LPCMO polycr
tals but in single crystals,14 which was attributed to the large
size of the FM domains in the single crystals. BelowTC, the
r data show some fluctuations, which seem to be relate
the reported random telegraph noise of LPCMO.15 Therefore,
our r response at lowT suggests the coexistence of F
metallic and CO insulating domains with a temporal fluctu
tion. Figure 1~b! shows the normalized magnetization valu
M (T)/M (0), of theLPCMO crystal.M (T)/M (0) increases
gradually aroundTC, which is distinguished with the behav
ior of the FM transition in a homogeneous system. Also,
value ofM (T)/M (0) saturates at low temperature where t
FM state becomes dominant.

B. T dependence of optical spectra

We measured reflectivity spectraR(v) with various val-
ues of T. Detailed techniques for theR(v) measurements
were described in our previous report.16 Figure 2 shows
T-dependentR(v) of the LPCMO single crystal. There ar
sharp structures due to transverse optic-phonon modes i
far-infrared region. AsT approaches 150 K from 300 K
R(v) below 0.5 eV decreases, which is consistent with
dc resistivity behavior shown in Fig. 1~a!. As T decreases
further belowTC, R(v) shows drastic increases, approac
ing the metallic response at 10 K.

Using the Kramers-Kronig~KK ! relation, we obtained
s(v) from the measuredR(v).16 Figure 3~a! shows
T-dependents(v) aboveTC. As T is lowered from 300 K,

FIG. 1. ~a! T-dependent resistivityr at zero magnetic field for a
La5/82yPryCa3/8MnO3 (y50.35) single crystal.~b! T-dependent nor-
malized magnetization.
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s(v) below 0.5 eV is systematically suppressed and an
tical gap clearly developed. With decreasingT and crossing
TCO, the peak position of the absorption band near 1.3
moves to a higher energy around 1.4 eV. This behavior ill
trates that the charge ordering evolves as a consequen
the freezing out of charge and lattice, and eventually mak
clean charge gap larger, in accord with the more insulat
nature of the CO state. Therefore, it is likely that the C
phase is dominant atTC,T,TCO, and that the broad ban
around 1.4 eV can be attributed to the characteristic opt
response of the CO domains.

Figure 3~b! shows that, belowTC, absorption bands ap
pear in the low-energy region. The features below;0.5 eV
grow in strength asT decreases. Note that there is no Drud

FIG. 2. ~a! T-dependentR(v) of a La5/82yPryCa3/8MnO3 (y
50.35) single crystal.

FIG. 3. T-dependents(v) ~a! above and~b! below TC . At TC

,T, the optical gap energy due to the CO phase is determined
drawing a linearly extrapolated line~dotted! at the inflection point
of s(v). At T<TC , at least two absorption bands appear in t
midinfrared region. The peak positions of the bands are indicate
asterisks.
8-2



a
n

hi
K

he
he

T

gh

of

n
ri

ly
Th

e
le
th
ea
ed
th

e
be

ng
g

e-
de-

set of
2
w
ing
g
ed
se
in
ble

up-
ugh
re-
-IR
-
ars.

rin

OPTICAL EVIDENCE OF MULTIPHASE COEXISTENCE . . . PHYSICAL REVIEW B 65 115118
like peak even at the metallic state. As indicated by the
terisks,s(v) at 10 K show at least two mid-IR absorptio
bands centered around 0.22 and 0.49 eV. AsT decreases, the
former remains located nearly at the same frequency, w
the latter shifts to a higher frequency from 0.35 eV at 120
to 0.49 eV at 10 K. This suggests that the origin of t
lower-frequency peak might be different from that of t
higher-frequency one. Even atT!TC, the strength of a
broad absorption band around 1.4 eV does not decrease.
is in contrast with thes(v) behaviors of homogeneous FM
metallic samples that show a significant spectral wei
transfer from above 1.0 to below 1.0 eV.17 @A similar spectral
weight change was observed by applyingH, which will be
shown in Sec. II C.# This suggests that the volume fraction
the CO phase does not change significantly belowTC.

The evidence of the CO phase belowTC can also be seen
in theT-dependent phonon spectra, shown in Fig. 4. Depe
ing on the types of collective motions in perovskite mate
als, the phonons around 182, 346, and 572 cm21 are known
as external, bending, and stretching modes, respective18

Each phonon mode reflects the motion of related ions:
external mode represents the vibrating motion of the La~Pr
or Ca! ions against the MnO6 octahedra. The bending mod
is strongly affected by a change in the Mn-O-Mn bond ang
The stretching mode is sensitive to the Mn-O bond leng
As shown in Fig. 4, the bending mode starts to be split n
TCO. A similar bending mode splitting was often observ
when large anisotropic lattice distortions developed with
stabilization of charge ordering.19 As T decreases belowTC,
the additional bands around 270, 290, and 516 cm21 seem
to grow continuously in intensity with the bending mod
splitting. The persistence of the bending mode splitting
low TC indicates that the CO phase still remains in the lowT.

C. H dependence of optical spectra

In order to further understanding, we performed melti
experiments for the low-temperature CO phase by applyin

FIG. 4. Optic-phonon modes of La5/82yPryCa3/8MnO3 (y
50.35). Arrows indicate the additional phonon modes appea
below TCO.
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magnetic field. As shown in Fig. 5, theH-dependentR(v)
were measured at a fixedT of 4.2 K using the facilities at
National High Magnetic Field Laboratory at Tallahassee. D
tails of theH-dependent reflectivity measurements were
scribed elsewhere.20 With increasingH, the reflectivity in-
creases and the phonon modes become screened. The in
Fig. 5 shows the hysteresis of ther values measured at 4.
K. With increasingH, ther value decreases abruptly at lo
H below 4 T, and nearly saturates above 4 T. With decreas
H from 12 to 0 T,r remains at a small value, not recoverin
to the original value at 0 T. This hysteresis can be explain
by the fact that the CO phase melts into a FM pha
in the field-increasing run, but the sample remains
the FM phase in the field-decreasing run. Similar metasta
FM phases were reported in Pr0.69Ca0.31MnO3 and
(La0.7,Nd0.3)1.4Sr1.6Mn2O7.21

Figure 6 shows theH-dependents(v), which were ob-
tained from a KK analysis ofR(v) in Fig. 5. With increasing
H, the spectral weight above 1.0 eV becomes strongly s
pressed and transferred to a low-frequency region. Altho
the sample shows a metallic resistivity at 3 T, the cor
sponding optical spectrum still has an asymmetric mid
band. At H512 T, a Drude-like peak can be clearly ob
served, and the absorption peak around 1.4 eV disappe

g
FIG. 5. H-dependentR(v) of La5/82yPryCa3/8MnO3 (y50.35)

single crystal at 4.2 K. Inset :H-dependentr measured at 4.2 K.

FIG. 6. H-dependents(v).
8-3
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Strong asymmetric absorption bands below 1.4 eV were
served in thes(v) of some homogeneous FM metallic ma
ganites, and attributed to the large polaron absorption.17 Note
that the two absorption bands, shown in Fig. 3~b!, are not
observed in the data of Fig. 6 under highH. Therefore, it is
evident that the optical spectra in Fig. 3~b! cannot be inter-
preted in terms of responses of a homogeneous FM me

III. DISCUSSION

A. Failure of the two-phase description

One important question which we should address at
point is how we can interpret the low-frequency absorpt
features belowTC . In Fig. 7~a!, we plot theT-dependent
s(v) at zero field and theH-dependents(v) together at
fixed 4.2 K. Note thats(v), with H50 T andT5150 K,
represents the CO response, and thes(v), with H512 T
andT54.2 K, represents the FM response. With decreas
T from 150 to 4.2 K, the spectral weight below 1 eV i
creases. Also, with increasingH at 4.2 K, a large spectra
weight transfer occurs from above;1 eV to below
;1 eV. Then, the simplest way to describes(v) belowTC
is to use a two-phase description~that is, by assuming tha
each state is composed of the insulating CO and the met
FM phases!.

Optical properties of an inhomogeneous medium can
modeled by several effective-medium theories, which pre
the effective optical conductivityse f f(v) in terms ofs(v)
and the volume fraction of its constituent components.
check the validity of the two-phase description, we appl
the two most commonly used effective-medium theories,
the Maxwell-Garnet theory~MGT! and the Bruggeman-typ

FIG. 7. ~a! T- andH-dependents(v). ~b! The MGT and~c! the
EMA predictions with various metal volume fractionsf.
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effective-medium approximation~EMA!. Details of these
theories and their application to optical properties of co
posites can be found elsewhere.22 Figures 7~b! and 7~c! show
se f f(v) calculated using the MGT and EMA, respective
for various values off, which represent the volume fraction
of the metallic domains. We useds(v) at 150 K and at 12 T
~and 4.2 K! as responses of the homogeneous insulating
metallic phases, respectively. It seems as though the MG
more appropriate for describing the general features of
experimental data, shown in Fig. 7~a!. However, none of the
theories could reproduce the two peak structure below
eV, which was marked with the asterisks. This shows tha
simple picture based on the two-phase description can
explain the two absorption features observed belowTC.

B. Optical evidence of multiphase coexistence

To obtain further insight, we subtracted the optical r
sponse of the CO phases from the measureds(v) at each
temperature,s(v,T). It was assumed thats(v, 150 K)
could represent thes(v) of CO domains. Figure 8 shows th
results for Ds(v,T)[s(v,T)2s(v, 150 K) at various
temperatures. TheDs(v, 10 K) curve is composed of an
asymmetric absorption band peaked around 0.2 eV an
broad band with peaks around 0.4 and 0.8 eV. While
absorption band around 0.2 eV appears belowTC, the broad
band with peaks around 0.4 and 0.8 eV already exists ab
TCO.

To estimate theseT-dependent spectral weight absorptio
bands quantitatively, we fittedDs(v,T) below TC as a sum
of an asymmetric band~band I! around 0.2 eV and two
Lorentzians~band II! around 0.4 and 0.8 eV. The inset of Fi
8 shows theDs(v, 10 K) curve and its fitting results. It is
found that band I is very similar tos(v) at H53T in Fig. 6.
Band II is very similar toDs(v, 280 K) in Fig. 8. These
observations strongly suggest that band I at lowT should be
associated with the FM metallic phase, and that band
should be attributed to another phase. The physical pro

FIG. 8. Ds(v,T)[s(v,T)2s(v, 150 K) for various tem-
peratures. TheDs(v,T) curves atT!TC are composed of an
asymmetric absorption band and small additional bands~filled tri-
angles!. The spectral shape of the additional bands are very sim
to the shape ofDs(v,T) at T@TCO. The inset shows a
Ds(v, 10 K) curve, and fitting results using an asymmetric li
shape~for band I! and two Lorentzians~for band II!.
8-4
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ties of this additional phase can be very similar to those
the highT charge-disordered~CDO! insulating phase.

Based on these analyses, we estimated the strength
band I, SI , and band II, SII , below TC. It is interesting to
compare theT dependence of SI and SII with the normalized
magnetization value,M (T)/M (0). Figure 9~a! shows theT
dependences of SI ~solid squares!, SII ~solid triangles!, and
M (T)/M (0). The observation that SI is proportional to
M (T)/M (0) indicates that band I is a result of FM sp
ordering. Also, the smooth behavior ofM (T)/M (0) is not
consistent with the FM transition in a homogeneous syst
Therefore, SI can be attributed to the spectral weight of F
metallic domains in an inhomogeneous system. On the o
hand, SII increases withM (T)/M (0) nearTC, and it con-
tinuously increases even whenM (T)/M (0) is saturated.
This again confirms the above conclusion that band II is
to the absorption of a CDO insulating phase appearing a
tionally with the development of the FM phase belowTC .
All of these experimental findings suggest that there exis
least three phases, namely the FM metallic phase, the
insulating phase, and the CDO insulating phase in LPCM

C. A possible origin of the charge-disordered phase

The existence of the CDO phase in LPCMO might
closely related to the strain developments suggested
Littlewood.2 In perovskite manganites with strong Jah
Teller ~JT! electron-phonon interaction, anisotropic latti
strain can be developed by the JT distortion. In the CO st
it is well known that the anisotropic strain is quite large d
to a cooperative JT distortion and adz2 orbital ordering. On
the other hand, in a nearly homogeneous FM metallic st
the JT distortion becomes small. AsT decreases belowTC,
the FM phase starts to grow. If a single FM crystallite nuc
ates into a CO phase, it will be under a large stress from
surrounding CO crystals that discourages further grow
Then domains in different parts of the LPCMO crystal w
form with the strain field in random orientations, so the

FIG. 9. ~a! T dependence of the spectral weights SI ~solid
squares! and SII ~solid triangles! at T<TC . See inset of Fig. 4 and
the texts for definitions. The solid line represents a normalized m
netization curve.~b! T dependence of the optical gap energy 2D
~solid circles!. The open circle represents 2D at TC .
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homogeneous strain cannot be easily released, leadin
phase separation with a sub-mm length scale. This can ex
plain the dominance of the CO phases far belowTC and the
hysteretic behavior ofr, shown in the inset of Fig. 5. More
over, due to a large strain mismatch between the FM and
CO phases, the interfacial region will have inhomogene
strain and form the CDO phase.

The temperature dependence of the phonon spe
shown in Fig. 4, also supports the suggested scenario b
on the strain developments. It is well known that phon
modes are quite sensitive to local lattice distortions. Figur
shows that, with decreasingT, a phonon mode splitting
around 346 cm21 starts to occur nearTCO and remains even
at T,TC, in agreement with the dominance of the CO pha
at the low temperature. Moreover, a few additional phon
structures, which are marked with arrows, clearly appear
low TCO, consistent with the existence of another phase~i.e.,
the CDO phase!.

The asymmetric line shape of band I is indicative of t
fact that the lattice distortion of the FM domains is n
large.23 On the other hand,s(v) of the CO domains with
large strains showed a band centered;1.4 eV with a large
2D'0.4 eV. Most of the spectral weights of band II appe
in an energy region of 0.3–1.0 eV. This indicates that
lattice strain of the CDO region can be larger than that of
FM metallic domains, but smaller than that of the CO d
mains. According to our results in Figs. 3~b! and 8~a!, the
lower center frequency of band II and SII increased asT
decreased belowTC. This seems to indicate that the volum
fraction, as well as the strain of the CDO domains, possi
located at the interface of FM and CO domains, incre
with deceasingT. Therefore, ours(v) data suggest that th
lattice strains and their interplay withT among the three
phases play a crucial role in determining the electronic a
magnetic properties of the LPCMO.

D. Charge-ordering gap of the CE-type CO phase

It is worthwhile to acquire quantitative information abo
the optical gap energy 2D at TC<T. We drew a linear tan-
gential line at the inflection point ofs(v), and assigned its
crossing energy with the abscissa as the gap value, show
a dotted line in Fig. 3~a!. Figure 9~b! shows the 2D vs T plot.
2D just aboveTC is found to be as large as 0.38 eV. Th
value remains nearly the same forTC<T<180 K and de-
creases slightly nearTCO. It should be noted that 2D
'0.38 eV atT'150 K is comparable to the observed val
of La1/2Ca1/2MnO3 @i.e., 2D(0)'0.45 eV at the ground
state#.24 Since the charge-ordering in LPCMO is known to
of the La1/2Ca1/2MnO3-type, i.e., the so-called CE-type,3 the
large value of 2D of LPCMO can be ascribed to the chara
teristics of the CE-type CO phase.

It is also interesting to note that 2D'0.22 eV atTCO and
2D'0.1 eV at 300 K. In other words, 2D does not become
zero atT far aboveTCO. This is in contrast with the behavio
of many CO materials that show a nearly zero value of 2D at
TCO. These anomalous 2D behaviors indicate that there exi
enhanced spatial and/or temporal fluctuations in the CO
relation far aboveTCO in LPCMO.24 The enhanced CO fluc

g-
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tuations can be a generic feature of LPCMO that has mi
phases near the phase boundary where a phase sepa
occurs asT→0.25

IV. SUMMARY

In conclusion,T- and H-dependent optical conductivity
spectra of a La5/82yPryCa3/8MnO3 single crystal revealed
that, atT,TC, at least two absorption bands emerge bel
0.4 eV. The absorption bands can be attributed to a FM
tallic phase and a charge-disordered phase that coexist
the charge-ordered phase. We also found that the LPC
has a rather large charge gap, and shows a fluctuatio
charge-ordered correlation aboveTC. In addition, the
T-dependent changes of the phonon modes as well as po
bands suggest that the coexisting multiphase might have
ferent lattice strains. Ours(v) study supports that structura
bo
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as well as electronic phase separations occur in the LPC
below TC.
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