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Average lattice symmetry and nanoscale structural correlations in magnetoresistive manganites
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We report x-ray scattering studies of nanoscale structural correlations in the paramagnetic phases of the
perovskite manganites bagCay 4550y 55 0.05MNO3, Lag 62550 37dMIN0O3, and N@ 4551 sgMnO3. We find that
these correlations are present in the orthorhon@bghase in Lg{Ca, 4550 55 0 29MNO3, but they disappear
abruptly at the orthorhombic-to-rhombohedral transition in this compound. The orthorhombic phase exhibits
increased electrical resistivity and reduced ferromagnetic coupling, in agreement with the association of the
nanoscale correlations with insulating regions. In contrast, the correlations were not detected in the two other
compounds, which exhibit rhombohedral and tetragonal phases. Based on these results, as well as on previ-
ously published work, we propose that the local structure of the paramagnetic phase correlates strongly with
the average lattice symmetry, and that the nanoscale correlations are an important factor distinguishing the
insulating and the metallic phases in these compounds.
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The physical mechanism underlying the magnetic-field- There is a significant amount of experimental evidence
induced insulator-metal transition in perovskite manganiteshat electron-phonon coupling plays a key role in the man-
A;_,B,MnO; has been the subject of intense experimentabanites. It is well established that small lattice polarons are
and theoretical investigation since its rediscovery in 1993. present in the PI stafs!*A lattice polaron forms when By
One of the motivations for such considerable attention is thelectron localizes on a M ion, and the surrounding oxy-
unusually large diminution of the electrical resistivity ob- gen octahedron distorts due to the Jahn-Teller effect. Forma-
served at the magnetic-field-induced transition, which is nowvtion of lattice polarons leads to an increase of the electrical
commonly referred to as the colossal magnetoresistana@sistivity. In addition to single polarons, the paramagnetic
(CMR). Several different kinds of the CMR effect are state exhibits correlated lattice distortions with a correlation
known? The most widely studied variant of this effect is the length of several lattice constarifsit has been proposed that
transition from a paramagnetic insulatiff|l) to a ferromag- the structural correlations reported in Ref. 12 reflect the pres-
netic metallic(FM) phase. The large difference between theence of nanoscale regions possessing charge and orbital or-
resistivities of these two phases lies at the heart of the CMRler, and that these regions are responsible for the enhanced
effect. The metallic nature of the FM phase has been exresistivity of the Pl phase. The temperature dependence of
plained within the framework of the double-exchangethe electrical resistivity has been shown to follow the con-
mechanisnt. However, the physical mechanism responsiblecentration of the correlated regiotfsin agreement with this
for the large resistivity of the Pl phase remains poorly un-hypothesis. Further, the correlations are strongly suppressed
derstood. in an applied magnetic fielf implying that they play an

The situation is complicated significantly by the fact thatimportant role in the CMR effect. The detailed structure of
transport properties of the paramagnetic state in manganitese correlated regions remains to be elucidafeoit recent
with the same doping level but with different cation®and  experimental studies sugg¥st® that the correlated regions
B, are often very different. For example, the electrical resis-exhibit CE-type and striped charge and orbital ordered struc-
tivity of Lag;SrpaMnO; shows a metallic behaviofi.e.,  tures similar to those found in manganites possessing long-
grows with temperatulg while the resistivity of range charge and orbital ordéMNumerous theoretical works
Lag /Ca aMNO; exhibits the temperature dependence typicalhave also been devoted to the problem of structural and elec-
of an insulator, decreasing with temperatligs a conse- tronic inhomogeneities in manganitésbut no realistic de-
quence, the resistivity of the latter compound is significantlyscription of the PI state has been achieved thus far.
larger than that of the former. These differences cannot be In the above scenario, the differences in the transport
explained by steric modification of the electronic bandwidthproperties of the PI state in various manganites must then be
W due to the evolution of the average structural parametersxplained by variations in the concentration, size, or other
from one composition to another as a result of the differingproperties of the correlated regions. Such variations might, in
size of the divalent dopant®. In fact, the value ofW in  principle, result from a dependence of the electron-phonon
Lay CaMnO; is expected to differ from that in coupling\ on sample composition. Howevex, is not ex-

Lag 7St aMnO; by less than 1% as a result of such effécts. pected to depend significantly on thesite ionic composi-
The widely accepted solution to this problem, first proposedion (because it is, essentially, a local parameter proportional
theoretically’ is that the electron-phonon couplingplays  to the Jahn-Teller energ§,;). Thus, other reasons for the
an essential role. The resistivity is expected to be larger imbserved variations of physical properties must be identified.
compounds with large values af Among the possible explanations, it has been proposed, for
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example, that in manganites with a large variance inAhe 107'F . ' ' i

cation radius, cation size disorder could produce strain fields i A

stabilizing local Jahn-Teller distortio!8.This explanation S ! Sl

does not work, however, in the case of the, k8, sMnO4 9 L7 \‘\-\,\.

and Lg Ca MnO; compounds discussed above, since the _2 Tl

metallic Sr compound exhibitiarger A-site cation radius e 10 °r i

variation than the Ca compound, which is insulating at high é 5

temperatures. o R S Sp
In this paper, we discuss a different scenario. Specifically, I i

we point out that the symmetry of the average structure can 1073 | - i

affect the energetics for the formation of local distortions by T T '[gggg'r%525

allowing certain types of distortions to occur more easily, or, 5 T —--=NdSr0.55

alternatively, by suppressing them. The importance of the r , -—--LaSr0.375

average long-range structure stems from the fact that the sig- 2 200 250 300 350 400 450

nificant lattice distortions associated with the correlated re- T (K)

gions give rise to long-range anisotropic strdlmhus, lat-

tice symmetry is one of the important factors determining FIG. 1. Temperature dependence of the electrical resistivity of
how easily the local distortions are accommodated in a givemhay ;:Ca ,dMNO3, Lag 75 Cay 455l 55 0.2MNO5, Ndy 455l s5sMNO;
crystal structure. Manganites exhibit structural transitions bettaken from Ref. 2], and Lg 2551 374MIN0s.

tween distorted perovskite phases possessing orthorhombic, )

rhombohedral, tetragonal, and monoclinic lattice symmetrytion, in which thea, b, andc axes run along th€t,1,0, (1,

As explained above, it is reasonable to expect that some of 1.0), and(0,0,1) cubic perovskite directions, respectively.
these phases will be more susceptible towards formation ofcattering vectors h(k,I) are given in reciprocal lattice
local distortions than others. units. . _ _

In this work, therefore, we investigate the connection be- We first focus our discussion on the properties of the
tween the average lattice symmetry and the I¢oahoscalg ~ LCSMO sample. Its high-temperature Pl state exhibits rhom-
correlations in several perovskite manganite compounddohedral symmetry. With decreasing temperature, this com-
X-ray scattering studies of the structural correlations in manPound first undergoes a first order structural transition into
ganites exhibiting orthorhombic, rhombohedral, and tetragothe orthorhombic PI phase @t~360 K, and then becomes
nal structural phases are reported. We find that in the samplé@s ferromagnetic metal af.~300 K. These transitions are
investigated’ as well as in the previous|y studied manganite&learly reflected in the behavior of the electrical reSiStiVity,
these correlations are present only in the orthorhon@ic Shown as solid line in Fig. 1. The x-ray scattering patterns
phase. This result is most convincingly demonstrated in exaround the(4,4,0 Bragg peak in the orthorhombicT(
periments with L@.74C30_453ro_55)o_251\/|n03- This Compound =300 K) and rhombohedralT(= 400 K) phases are shown
undergoes an orthorhombic-to-rhombohedral transition witdn Fig. 2. The sharp peaks .5,3.5,0 and (3.5,4.5,0 at
increasing temperature. We find that the structural correlal =300 K arise from crystallographic twinning in the ortho-
tions abruptly disappear at the transition to the rhombohedrahombic phase. The “butterfly-shaped” feature in the center
state. Based on these results and on previously publishd8 commonly attributed to scattering from uncorrelated po-
work, we propose that the correlations form most easily inlarons, also known as Huang scattering, together with
the orthorhombic®© phase. In this phase, the crystal lattice isthermal-diffuse scatterinf. At T=300 K, there are also
contracted along the axis, as is also the case in structuresfour broad peaks located at £0.5,4,0) and (4,40.5,0).
which exhibit charge-ordered phases, in which the long axe§hese peaks are best seen in scans alondh thek direc-
of the Mr?* Og octahedra lie in thab plane. In contrast, the tions. One such scan at=320 K is shown in Fig. &).
correlations are suppressed in rhombohedral and tetragonal The broad peaks at (40.5,4,0) and (4,4 0.5,0) reflect
phases, in which the MnQoctahedra are either undistorted, the presence of nanoscale correlated regions which are be-
or elongated along the axis, on average. Thus, the local
structure of the paramagnetic phase and, consequently, its
physical properties do, in fact, correlate strongly with the
average lattice symmetry.

Single crystals of Lgs{(Cay 455 58 0.2gMN0O; (LCSMO),

Lag 625519 379MIN0O3, and N 4551 5gMnO3 were grown using

the floating zone technique. X-ray diffraction measurements
were carried out at beamline X22C at the National Synchro-
tron Light Source. A 10.3-keV x-ray beam was focused by a
mirror, monochromatized by a double-crystal G&ll)
monochromator, scattered from the sample, and analyzed
with a pyrolytic graphite crystal. The samples were mounted FIG. 2. Contour plots of the x-ray intensity around tf#4,0
in a closed-cycle refrigeratorT(=6—-450 K). In this paper, Bragg peak atT=300 K (orthorhombic phaseand T=400 K
Bragg peaks are indexed in the orthorhomBibnm nota-  (rhombohedral phagén Lag 75 Cay 455659 0 29MINO5.

9 75009 4550 55)0.25MN0;

T=400‘K .
3.4 3.8 42 4.6 3.4 3.8 4.2 4.6
H (r.lu) H (r.lu.)
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00000000000000000300000000000 magnetic moment extracted from the susceptibility data are

T.=302(2) K, p=6.2 andT.=322(3) K, p=5.6 for the
orthorhombic and the rhombohedral states, respectively.
Thus, the orthorhombic state possesses the larger effective
FIG. 3. X-ray scans along the (44\k,0) direction in ~Mmoment, but smaller ferromagnetic exchange constant than
Lag 74 CaaSlos00,MnO; (@), along  (6,2-Ak,0) in the corresponding values in the rhombohedral state. This ob-
Lag 62:S1 37MnO; (b), and along (6,4 Ak,0) in Ny 4S5 MnO,  S€rvation is in agreement with the proposed CE-type charge
(c). The solid lines are the results of fits, as described in the text. and orbital ordered structure of the correlated regions, which
should be insulating and exhibit antiferromagnetic correla-
lieved to possess charge and orbital ofdéfhe intensity of ~ tions, provided that these regions are sufficiently Iafté.
these peaks reflects the concentration of the correlated/e note, however, that neutron scattering experiments have
regions® To study the temperature dependence of this conthus far failed to detect the CE-type antiferromagnetic corre-
centration, we took data at different temperatures. Some dfitions in the Pl stat& and therefore the character of the
these data are shown in Figia The data were fitted to a magnetic interaction in the correlated regions is yet to be
sum of a Gaussian line shape and a monotonically slopingstablished experimentally. Alternatively, the increased effec-
background, the latter described by a power-law functiontive ferromagnetic exchange constant of the more conducting
This background contains contributions from single polarorrfhombohedral phase can stem from the effects of double ex-
and thermal-diffuse scatterit.The error bars were esti- change which favors ferromagnetic correlations.
mated as described in Ref. 15. The ratio of the integrated intensity of tlt¢,4.5,0 peak
The intensity of the correlated peak in LCSMO as a func-to the integrated intensity of the main Bragy4,0 peak in
tion of temperature is shown in Fig(a}. The central obser- LCSMO is of the order of 10°. In the long-range charge-
vation of this work is that the correlated regions abruptlyordered phases, such as that i k@a, sMnO;3, the typical
disappear at the transition from the orthorhombic to rhombointensity ratio between the brightest charge-ordering peaks
hedral phase. Thus, in LCSMO, the structural correlationsind Bragg peaks is of the order of T0(Ref. 22. This is
are present only in the orthorhombic state. The data of Figsignificantly larger than what is observed in LCSMO. One
4(a) show that the correlated regions also disappear in thean estimate the intensity ratio of tt4.5,0 and the(4,4,0
FM state, as was reported in earlier wotk$® However, in ~ peaks using the structural models proposed in Ref(t@e
contrast to the FM state, the rhombohedral phase is insulaGE-type charge and orbital ordered strucjurdor
ing. Therefore, the suppression of the correlated insulatingtag <Ca sMnO3, and in Ref. 17(the ordering of Zener po-
regions in this phase is a much more surprising result. larong for Pry¢Ca sMnO;. The calculated ratios are 2.7
Figure 4b) shows that the electrical resistivity abruptly X 10 2 for the former, and 4. 10 2 for the latter model
decreases and the magnetic susceptibility increases as thtucture. Assuming that the correlated regions in LCSMO
sample enters the rhombohedral phase and the correlated @e small charge ordered regions with the structure identical
gions disappear. The Curie temperature and the effectivto the charge-ordered state ingls€& MnO3, we obtain the

0.3 0.5 0.7 0.9
Ak (r.l.u.)

pO
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result that the volume fraction of these regigdsfined here  orthorhombic notation In contrast, these correlations are
as the fraction of Mn@ octahedra experiencing treorre-  clearly present in the paramagnetic orthorhombic phase of
lated distortion) is smaller than 0.1%. In contrast, a much La, .4 Ca, 455 59 0 29MNO5 discussed above, and also in the
larger estimate of “a few percent” was obtained for the samep| phases of numerous other orthorhombic manganites, such
fraction in a recent electron diffraction study of a5 Nd_,SrMnO; (0.3=x<0.5)"® La,;_,CaMnO; (0.2
LaysCa,sMn0O5.2 The reason for such a discrepancy is cur-<y< 0.3),*2 and Pf_,CaMnO; (0.3<x=<0.5).2°> We sug-
rently unclear. In either case, it is hard to see how such agest then that the nanoscale structural correlations described
apparently small volume fraction of the charge and orbitalypyye caronly occur in an orthorhombic phase. Of course,
ordered insglating phase could significantly affect the transg,,q systematic studies are needed to verify this intriguing
port properties. hypothesis, but even absent such studies, we feel that there is

cortelation between the nancscale correlatons and the rang. TNt evidence in hand to wairant speculaion as to why
ch an observation might be true.

3%ér%r&pgatéﬁigsssgvn?;iolgi t%:]asrg;ngudn;gier: gOfl eﬁ}gg%?g '1t665 " Al the orthorhombic samples discussed above exhibit the

One way to explain this contradiction is to assume that thé"’ellzlérz‘?w” O structure with the lattice constam\/ﬁ<b
lattice distortions are significantlfat least a factor of 0 ~a.”“"An orthorhombic state witla/ V2<b~ais also re-
smaller in the correlated regions than they are in the correalized in the manganites with long-range CE-type charge and
sponding long-range ordered phases. Since the diffractiofirbital order. In this structure, theaxis contraction reflects
signal from the correlated regions is proportional to thethe global effect of ordered Jahn-Teller distortions of the
square of the magnitude of the lattice distortion, much largeMn®* Og octahedra with the long axis lying in treb plane?
volume fractions of the charge and orbital ordered insulatingrhus, on average, the long axes of the Mr@@tahedra lie in
phase are then deduced from the experimental data under thitse ab plane in both the long-range charge ordered phase,
assumption. and in theO paramagnetic insulating sta#2?’ In contrast,

Alternatively, more elaborate models of the inhomoge-the MnQ; octahedra are undistorted in the rhombohedral
neous Pl state should be proposed. In particular, dynamiR3c state?® and are significantly elongated along thexis
inhomogeneities might play an important role in this state, ag, the tetragonal 4/mcm state?®
evidencgd gy recent experiments in the _related bilayered |t is not completely surprising that the Mp@ctahedra
manganites? in which the structural correlations were found 4re distorted in a similar manner in the manganites exhibiting
to become completely dynamic at high temperatures. Alsonanoscale charge-ordered regions and in the manganites with
the role of theuncorrelatedlocal distortions must be clari- long-range charge and orbital order. Note, however, that this
fied. The latter distortions are known to be present in bothg 4 quite nontrivial result because there is a@riori re-
the rhombohedral and the orthorhombic manganites, and tgyirement that the local symmetry of the nanoscale ordered
have compc_)smon-lndependent distortion magnittide. the regions should match the average symmetry of the crystal
orthorhombic La_,CaMnQO; system, the number of MO |attice. The energetically favorable response of the ortho-
octahedra experiencing a distorticrorrelated or otherwise  hompic structure to the long-range strains produced by the
was found to be functionally correlated to the magnetic andoca| distortions is likely to be one of the key factors explain-
transport propertie3>* The relative contributions of the cor- ing the reported observations. Theoretical calculations taking
related and uncorrelated distortions to these functional relantg account the details of the lattice structure are needed to
tionships remain to be charact_erized. It also remains to bgonfirm these ideas. In any case, the proposed correlation
seen whether these relationships hold on the rhombohedrgktween the presence of the local lattice distortions and the
side of the structural transition boundary. In this work, we doaverage crystallographic structure is intriguing and deserves
not attempt to characterize the uncorrelated distortions ber ther theoretical and experimental investigation.
cause it is difficult to distinguish scattering due to these dis- Finally, we return to the problem of the drastic variation
tortions from thermal-diffuse scattering in our energy-of the electrical properties of the paramagnetic phase with
integrating measurements. Thus, while it is clear that th@nemical composition. We emphasize that here we are dis-
correlations play an important role in the manganites, MOreyssing the high-temperature paramagnetic phase, and not
work is needed to elucidate the microscopic structure of thgne low-temperature state. Specifically, we will consider the
Pl state. _ _ La, (Ca_,Sr,),MnO; series of compounds witk in the

We next briefly discuss the other samples.jcinjty of 0.3. This system exhibits a well defined insulating
Lag g25510.379MIN0O;3 is rhombohedrafspace grouiR3c) atall  behavior fory=0 (see Fig. 1, and is metallic fory=1 (Fig.
temperatures and exhibits a paramagnetic state Tor 1, and Ref. 3 At fixed x and withy increasing from 0 to 1,
>370 K. The paramagnetic insulating state ofthe system should, therefore, undergo an insulator-to-metal
Ndq 455t 5MNO; is tetragonal(space groug4/mcm).?® In transition. It is well known that witly increasing from O to 1,
the latter sample, the Pl state is observed forTy  this system also undergoes an orthorhombic-to-
~220 K. The electrical resistivities of these samples arehombohedral structural transitiGh.With the exception of
shown in Fig. 1. In the both samples, we did not detect anyhe narrow region in the vicinity of the structural transition,
evidence of the structural correlations at any temperaturghe electrical resistivity shows the temperature dependence
Figures 3b) and 3c) show some of the collected data for typical for an insulator in the orthorhombic samples, and that
these sample$Bragg peaks are again indexed using theof a metal in the rhombohedral st&feThese data show that
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the metal-insulator transition coincides approximately withshow that the metallic rhombohedral state in this compound
the structural transition in this series of compounds. series does not exhibit the nanoscale correlations, while the
In the vicinity of the structural transition, the electrical correlations are present in the insulating orthorhombic state.
resistivity exhibits temperature-dependent behavior typicallhe presence of the nanoscale insulating regions, therefore,
of an insulator in the both structural phases, see Fig),4 appears to be an important factor distinguishing the insulat-
and Ref. 29. We would like to point out an interesting pos_ing and the metallic phases. Thus, the nanoscale correlations
sibility that the insulating behavior of the rhombohedralShould be included in any physical mechanism explaining

phase could result from the effects of chemical and magnetif'e observed large variation of the high-temperature proper-

disorder. These effects are, in fact, well known to play arties of manganites and, consequently, the observed values of

important role in mixed-valence manganifesin the thel CMR effect. t tering studies of
Lay_(Cay,Si)MnO, series of compounds, in particular, . c! oo/ PE e et S manganite compounds
the importance of disorder is evidenced by the large magni- 9 P

tude of the electrical resistivity deep in the paramagneticexhlbltlng orthorhombic, rhombohedral, and tetragonal per-

metallic region of the phase diagréhlt is, therefore, rea- ovskite phases. Based on these results, and also on previ-
sonable to expect that in samples with less chemical disorde, usly published work, we propose that these correlations

the metal-insulator transition boundary lies closer or eve orm most easily in the orthorhombid phase, and are sup-

coincides with the structural transition boundary. We, therepressed in the rhombohedral and the .tetragonal phases. Thus,
the local structure of the paramagnetic phase appears to cor-

fore, believe that further theoretical and experimental ; :

investigation of the role of disorder in the relate strongly with the average lattice symmetry. Our ex-
: . periments strongly suggest that changes in physical proper-

Lay - (C&-,St),MnO; series of compounds is of great ties observed at structural transitions in manganites cannot

interest. ) ;
The experimental data for one of the compounds from thi§)e understt_)od through_ _spat|ally uniform phases,_ and th".lt
nanoscale inhomogeneities must play an essential role in

series Lg 74 Cay 4550 550 29MN0O3 were discussed in detail o
above. Our experiments clearly show that the nanoscalg1ese transitions.

structural correlations are present only on the orthorhombic We are grateful to K. I. Kugel and A. J. Millis for impor-
side of the phase boundary. In addition, these correlations atant discussions. This work was supported by the NSF under
clearly present in thg=0 compound Lg;:Ca ,qMn03,*2  Grants No. DMR-0093143 and DMR-0103858, by the DOE
and are undetectable in they=1 material under Contract No. DE-AC02-98CH10886, and by the NSF
Lag 62550 374MN0O5. Thus, the existing experimental data MRSEC program, Grant No. DMR-0080008.
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