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Optical evidence of multiphase coexistence in single crystallinga,Pr,Ca)MnO 5
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We investigated temperaturd Y- and magnetic field-dependent optical conductivity speetta) of a
LagigyPr,CaygMnO5(y~0.35) single crystal, showing intriguing phase coexistence at TovAt Tc<T
<Tco, @ dominant charge-ordered phase produces a large optical gap ener@ydofeV. AtT<T., at least
two absorption bands newly emerge below 0.4 eV. Analyses (@) 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 thatg,Pr,CaygMnO;(y~0.35) is composed of multiphases that
might have different lattice strains.
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[. INTRODUCTION Up to this point, there have been a limited number of
optical studies on phase separation behavior in manganites.
Recently, electronic phase separation in manganites hadsu, Cooper, and Cheorigobserved two absorption bands in
been the subject of various theoreticadnd experimentdf®  optical conductivity spectrar(w) of Bi;_,CaMnO; at Ty
studies. Computational studies predicted that a strong ter=T<Tco, that could be attributed te-100 A scale mix-
dency toward electronic phase separation in manganiteiires of FM metallic and CO insulating domains. Juglg
could lead to an inhomogeneous ground state with hole-rickl-** also observed two infrared-absorption bands (@) of
and hole-poor regions.Indeed, many experimental tools LaigSi7gMnO; that suggested a phase separation between
probed evidence of mixed phases with various length an@vo FM phases which were orbital-ordered insulating and
time scales in the wide phase space of manganites that wasbital-disordered metallic phases. These studies addressed
obtained by tuning of chemical presstirfeand/or carriefor ~ the coexistence of two kinds of phases based on two absorp-
impurity) doping®-8 tion bands ino(w). However, there has been no report
Lagg_yPr,CaygMnO; revealed a unique type of phase showing evidence of multiphase coexistence through optical
separation into submicrometer-sized mixtures of ferromagconductivity studies of manganites.
netic (FM) metallic and charge-ordereCO) insulating In this paper, we present temperatui§{and magnetic-
domains® With variation of y, the chemical pressure was field (H)-dependento(w) of a Lays-,Pr,CaygMnOs(y
varied to tune the volume fraction and the domain size of=0.35) (LPCMO) single crystal. AtTc<T<T¢o, the CO
each component. It was found that the metal-insulator tranphase shows a large optical gap energy-@f.4 eV, which
sition in the compound occurs through a percolation procesgemains finite abov@ cq. At T<T(, at least two additional
and that magnetoresistance can be dramatically enhancédysorption bands newly emerge below 0.4 eV. The absorp-
due to the two-phase coexistence. tion bands can be attributed to a FM metallic and a charge-
In spite of such interesting phenomena, the physical oridisordered phase, appearing in the backbone of the charge-
gin of the phase separation in 4,a ,Pr,Ca;gMnO; is not  ordered phase beloWc. The T-dependent changes in the
yet fully understood. A hole segregation-type phasephonon spectra suggest that these multiphases have different
separatiohwas ruled out because the penalty in electrostaticlegrees of lattice strain in each phase. Hielependent
energy was too large for the large-scale charge separation of(w) indicate that, with increasingl at 4.2 K, these coex-
submicrometer-sized domaifis. Instead, Littlewood sug- isting multiphases become unified and eventually turn into a
gested that structural inhomogeneities should exist due to Bomogeneous FM metallic phase at 12 T.
large strain mismatch of the FM metallic and CO insulating
domains’ Related to this suggestion, a neutron-scattering Il. EXPERIMENTS AND RESULTS
study by Radaellet al. showed that a phase separation with
the mesoscopic length scal®00—2000 A occurring in
Pr, {Ca aMNnO; could be driven by intragranular straifiOn A single crystal of LPCMO was grown by the floating-
the other hand, through an x-ray scattering study, Kiryukhirzone method using a mirror furnace. The sample was char-
et al. indicated that an additional insulating phase might beacterized by resistivityp and magnetization measurements
present in a Lgg ,Pr,Ca;gMnO; crystal as a function of using the four-probe method and a superconducting quantum
temperaturgT).* interference device magnetometer, respectively. Figiag 1

A. Transport and magnetic properties

0163-1829/2002/68.1)/1151186)/$20.00 65115118-1 ©2002 The American Physical Society



H. J. LEEet al. PHYSICAL REVIEW B 65115118

10 1.0
X: (a)
10°%  Tc=120 K
£ F
& 107k
- 2
107°E =
E -+
10-3 | | | | | =
(0]
1.0 (b) o
S
<
— 05 Las/s,Pr,Cas/gMnO
= y=0.35 [
0.0 ol RN RET Lo lanl RN ERTT
1072 107! 10° 10!
0.0 CRBET Photon E (eV)
0 50 100 150 200 250 300 oton knergy (e

T () FIG. 2. (a) T-dependentR(w) of a Layg ,Pr,CaygMnO; (y

FIG. 1. (a) T-dependent resistivity at zero magnetic field for a =0.35) single crystal.

Las/s—,Pr,CaggMnO; (y=0.35) single crystakb) T-dependent nor-
malized magnetization. o(w) below 0.5 eV is systematically suppressed and an op-
tical gap clearly developed. With decreasii@nd crossing

showsT-dependenp data for the LPCMO. With decreasing 1co- the peak position of the absorption band near 1.3 eV

T, this sample undergoes a charge-ordering transition dt'0V€S to a higher energy arpund 1.4 eV. This behavior illus-
~220 K, and then a relatively sharp insulator-metalfrates that the charge ordering evolves as a consequence of

transition aroundrc~120 K. NearTc, we can observe the the freezing out of charge and lattice, and eventually makes a
steplike changes of in the metal-insulator transition region. ¢/€an charge gap larger, in accord with the more insulating
(Even for samples obtained from the same batch, the tenflature _of the_CO state. Therefore, it is likely that the CO
perature where the steplike structures appear va@milar ~ Phase is dominant dic<T<Tco, and that the broad band
steplike behaviors were observed not in LPCMO poncrys-arOU”d 1.4 eV can be attr!buted to the characteristic optical
tals but in single crysta which was attributed to the larger "€SPonse of the CO domains. ,

size of the FM domains in the single crystals. Bel6w, the Figure 3b) shows that, belowlc, absorption bands ap-

p data show some fluctuations, which seem to be related tB&@r in the low-energy region. The features belo@.5 eV

the reported random telegraph noise of LPCHM@herefore, ~970W in strength a3 decreases. Note that there is no Drude-

our p response at lowl suggests the coexistence of FM

TCO

metallic and CO insulating domains with a temporal fluctua- 1200 @ T )

tion. Figure 1b) shows the normalized magnetization value, 000 L Tep=200 K°
M(T)/M(0), of theLPCMO crystal.M(T)/M(0) increases

gradually around’¢, which is distinguished with the behav- 600 |- \
ior of the FM transition in a homogeneous system. Also, the 7 oK

value ofM(T)/M(0) saturates at low temperature where the 300 ,///// fgg

FM state becomes dominant.

o(w) (Q7'em™)
[

B. T dependence of optical spectra 900
We measured reflectivity spectR{w) with various val- 600
ues of T. Detailed techniques for thR(w) measurements H ‘
were described in our previous repbttFigure 2 shows 300 W/,
T-dependenR(w) of the LPCMO single crystal. There are ‘ Las/g—,Pr,Caz/gMn0;, y=0.35
sharp structures due to transverse optic-phonon modes in the N '015' L '110' — '1f5' E—

far-infrared region. AsT approaches 150 K from 300 K, Photon E v
R(w) below 0.5 eV decreases, which is consistent with the oton Energy (eV)
dc resistivity behavior shown in Fig.(d. As T decreases FIG. 3. T-dependent-(w) (a) above andb) below T . At Te
further belowTc, R(w) shows drastic increases, approach-<r the optical gap energy due to the CO phase is determined by
ing the metallic response at 10 K. drawing a linearly extrapolated linglotted at the inflection point
Using the Kramers-KronigKK) relation, we obtained of ¢(w). At T<T., at least two absorption bands appear in the
o(w) from the measuredR(w).*® Figure 3a) shows midinfrared region. The peak positions of the bands are indicated as
T-dependent(w) aboveT.. As T is lowered from 300 K, asterisks.
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FIG. 4. Optic-phonon modes of Lg ,Pr,CaygMnO; (y FIG. 5. H-dependenR(w) of Lagg_,Pr,CaygMnO; (y=0.35)

=0.35). Arrows indicate the additional phonon modes appearingingie crystal at 4.2 K. InsetH-dependenp measured at 4.2 K.
below T¢g.

like peak even at the metallic state. As indicated by the asr_nagneﬂc field. As shown in Fig. 5, thie-dependen®(w)

; . - “were measured at a fixed of 4.2 K using the facilities at
terisks,o(w) at 10 K show at least two mid-IR absorption . : SO
bands centered around 0.22 and 0.49 eVIAfecreases, the National High Magnetic Field Laboratory at Tallahassee. De-

former remains located nearly at the same frequency, Wh"éalls of theH-dependent reflectivity measurements were de-

the latter shifts to a higher frequency from 0.35 eV at 120 Kscribed elsewher®. With increasingH, the reflectivity in-
to 0.49 eV at 10 K. This suggests that tHe origin of theCreases and the phonon modes become screened. The inset of

lower-frequency peak might be different from that of the E'g\'N.St;hOWS the rgst'tﬁregs ?f tt(:jevalues meatl)sur(ild aE[ |4'2
higher-frequency one. Even &i<T., the strength of a Ith increasingH, the p value decreases abruptly at low

broad absorption band around 1.4 eV does not decrease. T below 4T, and nearly ;aturates above 4 T. With decrea}sing
is in contrast with ther(w) behaviors of homogeneous FM from 1.2 to 0 T,p remains at a small vaI_ue, not recovering
metallic samples that show a significant spectral weigh o the original value at O T. This hystereS|$ can be explained
transfer from above 1.0 to below 1.0 &4A similar spectral > ttr?e ]f.a(lzé that the CO phgsiz trrr:elts mtol a FM phase
weigh change was observed by sppkguhich il be 1 1% Telbncsasiig un, but e sanple remans
shown in Sec. Il J.This suggests that the volume fraction of EM hp : ! ted >Ing run. IMI 0 d
the CO phase does not change significantly beTew L pNases Swere (r)epzolre N ofg§-23MnO;  an

The evidence of the CO phase beldw can also be seen ( a£:7' dogh.?] rl-GMt?]; 7O'| dentr hich b
in the T-dependent phonon spectra, shown in Fig. 4. Depend- \gure 5 shows -dependenir(w), which were ob-

ing on the types of collective motions in perovskite materi-ﬁiqﬁd from ? PTK a'_f]aflli/Siz dR(“:’L)(;n Iillgb 5. With inct:reasling
als, the phonons around 182, 346, and 572 tiare known » the spectral weight above 1.U eV becomes strongly sup-

as external, bending, and stretching modes, respecﬁ%ely.pressed and transferred to a low-frequency region. Although

Each phonon mode reflects the motion of related ions: Théhe Se!mp'e s_hows a metalllc_ resistivity at 3 T, the corre-
external mode represents the vibrating motion of the(Ria Sponding optical spectrum St.'" has an asymmetric mid-IR
or Cg ions against the MnQoctahedra. The bending mode band. AtH=12 T, a Dr_ude—llke peak can be clea}rly ob-

is strongly affected by a change in the Mn-O-Mn bond angle_served, and the absorption peak around 1.4 eV disappears.
The stretching mode is sensitive to the Mn-O bond length.
As shown in Fig. 4, the bending mode starts to be split near
Tco- A similar bending mode splitting was often observed
when large anisotropic lattice distortions developed with the
stabilization of charge ordering.As T decreases beloWic,

the additional bands around 270, 290, and 516 trseem

to grow continuously in intensity with the bending mode
splitting. The persistence of the bending mode splitting be-
low T¢ indicates that the CO phase still remains in the Taw

N
o
o
o

Las/gyPr,CazgMnO;
y=0.35

1000

o(w) (Q7'em™)
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C. H dependence of optical spectra

In order to further understanding, we performed melting
experiments for the low-temperature CO phase by applying a FIG. 6. H-dependentr(w).
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FIG. 8. Ao(w,T)=0(w,T)—0o(w, 150 K) for various tem-
peratures. Thedo(w,T) curves atT<T. are composed of an
asymmetric absorption band and small additional b&fitled tri-
angle$. The spectral shape of the additional bands are very similar
to the shape ofAo(w,T) at T>Tco. The inset shows a
Ao(w, 10 K) curve, and fitting results using an asymmetric line
shape(for band ) and two Lorentziansgfor band ).

effective-medium approximatiotEMA). Details of these
theories and their application to optical properties of com-
Photon Energy (eV) posites can be found elsewhéfdigures Tb) and 7c) show
FIG. 7. () T- andH-dependent-(w). (b) The MGT and(c) the ~ Teff(@) calculated using the MGT and EMA, respectively,
EMA predictions with various metal volume fractiohs for various values of, which represent the volume fractions
of the metallic domains. We used w) at 150 Kand at 12 T

Strong asymmetric absorption bands below 1.4 eV were obl@nd 4.2 K as responses of the homogeneous insulating and
served in ther(w) of some homogeneous FM metallic man- metallic phases, respectively. It seems as though the MGT is
ganites, and attributed to the large polaron absorgfioiote ~ More appropriate for describing the general features of the
that the two absorption bands, shown in Figb)3are not experimental data, shown in Fig(&/. However, none of the

observed in the data of Fig. 6 under high Therefore, itis theories could reproduce the two peak structure below 0.5
evident that the optical spectra in Figb3 cannot be inter- €V, which was marked with the asterisks. This shows that a

preted in terms of responses of a homogeneous FM metal.Simple picture based on the two-phase description cannot
explain the two absorption features observed below

Ill. DISCUSSION

A. Failure of the two-phase description B. Optical evidence of multiphase coexistence

One important question which we should address at this To obtain further insight, we subtracted the optical re-
point is how we can interpret the low-frequency absorptionsponse of the CO phases from the measuréd) at each
features belowT:. In Fig. 7@, we plot theT-dependent temperature,c(w,T). It was assumed that(w, 150 K)
o(w) at zero field and théd-dependenis(w) together at  could represent the(w) of CO domains. Figure 8 shows the
fixed 4.2 K. Note thatr(w), with H=0 T andT=150 K, results for Ac(w,T)=0(w,T)—0o(w, 150 K) at various
represents the CO response, and #fe), with H=12 T  temperatures. Thdo(w, 10 K) curve is composed of an
andT=4.2 K, represents the FM response. With decreasingsymmetric absorption band peaked around 0.2 eV and a
T from 150 to 4.2 K, the spectral weight below 1 eV in- broad band with peaks around 0.4 and 0.8 eV. While the
creases. Also, with increasintg at 4.2 K, a large spectral absorption band around 0.2 eV appears belgw the broad
weight transfer occurs from above-1 eV to below band with peaks around 0.4 and 0.8 eV already exists above
~1 eV. Then, the simplest way to descriséw) below T,  Tco.
is to use a two-phase descriptidiat is, by assuming that To estimate thes&-dependent spectral weight absorption
each state is composed of the insulating CO and the metalligands quantitatively, we fittedo(w,T) below T¢ as a sum
FM phasegs of an asymmetric bandband ) around 0.2 eV and two

Optical properties of an inhomogeneous medium can bé&orentziangband I) around 0.4 and 0.8 eV. The inset of Fig.
modeled by several effective-medium theories, which predic8 shows theA o(w, 10 K) curve and its fitting results. It is
the effective optical conductivityq¢1(w) in terms ofo(w) found that band | is very similar to(w) atH=3T in Fig. 6.
and the volume fraction of its constituent components. TdBand Il is very similar toAo(w, 280 K) in Fig. 8. These
check the validity of the two-phase description, we appliedobservations strongly suggest that band | at Toghould be
the two most commonly used effective-medium theories, i.e.associated with the FM metallic phase, and that band II
the Maxwell-Garnet theoryMGT) and the Bruggeman-type should be attributed to another phase. The physical proper-
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homogeneous strain cannot be easily released, leading to

2 i Lag/g_,Pr,Cas gMn0z7 10 > .

T 300 poo/ey ly /e L phase separation with a sybw length scale. This can ex-

£ y=0.35 % plain the dominance of the CO phases far belbwand the

. 2003 . 05 hysteretic behavior of, shown in the inset of Fig. 5. More-

~ ook A N\ = over, due to a large strain mismatch between the FM and the
2 (a) R = CO phases, the interfacial region will have inhomogeneous
B 0 * 0.0 strain and form the CDO phase.

0.4 b9 @ 1 The temperature dependence of the phonon spectra,
<S03 TT (K) o ] shown in Fig. 4, also supports the suggested scenario based
;",02 i Te . | on the strain developments. It is well known that phonon
g : T ° modes are quite sensitive to local lattice distortions. Figure 4

0.1 " (b) Teo ® ¢ shows that, with decreasing, a phonon mode splitting

0.0 f——i— -“')05 T T around 34_6 cm?! starts to_occur neaf_co and remains even

T K atT<Tc, in agreement with the dominance of the CO phase

at the low temperature. Moreover, a few additional phonon
FIG. 9. (@ T dependence of the spectral weights (Solid structures, Wh?ch are marked With arrows, clearly appear be-

squaresand S (solid triangles at T<Tc. See inset of Fig. 4 and 1OW Tco, consistent with the existence of another phase,

the texts for definitions. The solid line represents a normalized magthe CDO phase

netization curve(b) T dependence of the optical gap energy 2 The asymmetric line shape of band | is indicative of the
(solid circles. The open circle represents\2at T . fact that the lattice distortion of the FM domains is not

large?® On the other handg(w) of the CO domains with

ties of this additional phase can be very similar to those ofarge strains showed a band centered.4 eV with a large
the highT charge-disordere(CDO) insulating phase. 2A~0.4 eV. Most of the spectral weights of band Il appear

Based on these analyses, we estimated the strengths iff an energy region of 0.3-1.0 eV. This indicates that the
band I, $, and band Il, §, below T¢. It is interesting to lattice strain of the CDO region can be larger than that of the
magnetization valueM (T)/M(0). Figure 9a) shows theT ~ Mains. According to our results in Figs(b3 and &a), the
dependences of, Ssolid squares S, (solid triangles, and ~ lower center frequency of band Il and, Sncreased as
M(T)/M(O) The Observation that |SiS proportional to decreased beIOWC. ThIS seems to |nd|Cate that the V0|ume
M(T)/M(0) indicates that band | is a result of FM spin fraction, as well as the strain of the CDO domains, possibly
ordering. Also, the smooth behavior ®(T)/M(0) is not located at the interface of FM and CO domains, increase
consistent with the FM transition in a homogeneous systemVith deceasingr. Therefore, our(w) data suggest that the
Therefore, $can be attributed to the spectral weight of FM lattice strains and their interplay witli among the three
metallic domains in an inhomogeneous system. On the othdthases play a crucial role in determining the electronic and
hand, § increases witiVl (T)/M(0) nearT¢, and it con- Magnetic properties of the LPCMO.
tinuously increases even wheM (T)/M(0) is saturated.
This again cor_1firms the aboye con_clusion that band'll is dug D. Charge-ordering gap of the CE-type CO phase
to the absorption of a CDO insulating phase appearing addi- . . . o .
tionally with the development of the FM phase beld . Itis yvorthwhlle to acquire quantitative mformguon about
All of these experimental findings suggest that there exist e{{‘e qptl(_:al 9ap en_ergyAZ_ at TC_sT. We drew a Im_ear ta_n-
least three phases, namely the FM metallic phase, the C(gentlal line at the inflection point af(w), and assigned its

insulating phase, and the CDO insulating phase in LPCMO_crossing energy with the abscissa as the gap value, shown as
a dotted line in Fig. @). Figure 9b) shows the A vsT plot.

_ o _ 2A just aboveT is found to be as large as 0.38 eV. The
C. A possible origin of the charge-disordered phase value remains nearly the same fe<T=<180 K and de-
The existence of the CDO phase in LPCMO might becreases slightly neaif . It should be noted that &
closely related to the strain developments suggested by 0.38 eV afT~150 K is comparable to the observed value
Litlewood? In perovskite manganites with strong Jahn-of La;,Ca;,MnO; [i.e., 2A(0)~0.45 eV at the ground
Teller (JT) electron-phonon interaction, anisotropic lattice statd.** Since the charge-ordering in LPCMO is known to be
strain can be developed by the JT distortion. In the CO stateyf the La,Cay,;MnOs-type, i.e., the so-called CE-typehe
it is well known that the anisotropic strain is quite large duelarge value of 2 of LPCMO can be ascribed to the charac-
to a cooperative JT distortion anddg orbital ordering. On teristics of the CE-type CO phase.
the other hand, in a nearly homogeneous FM metallic state, Itis also interesting to note that?>~0.22 eV atT o and
the JT distortion becomes small. Asdecreases beloW, 2A=~0.1 eV at 300 K. In other words,® does not become
the FM phase starts to grow. If a single FM crystallite nucle-zero atT far aboveT . This is in contrast with the behavior
ates into a CO phase, it will be under a large stress from thef many CO materials that show a nearly zero value dfe2
surrounding CO crystals that discourages further growthTco. These anomalous®behaviors indicate that there exist
Then domains in different parts of the LPCMO crystal will enhanced spatial and/or temporal fluctuations in the CO cor-
form with the strain field in random orientations, so the in-relation far abovel oo in LPCMO2* The enhanced CO fluc-
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tuations can be a generic feature of LPCMO that has mixeds well as electronic phase separations occur in the LPCMO
phases near the phase boundary where a phase separatimiow T.

occurs asT—0.%
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