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Local lattice distortions in La;_,Sr,MnO ; studied by pulsed neutron scattering
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Pulsed neutron-diffraction measurements were carried out on powder samples QBLKINO; (0<x
=<0.5) in order to study the local atomic structure of this system known for its colossal magnetoresistance
phenomenon. The results are analyzed in terms of the atomic pair-density function to elucidate the role of local
lattice distortion in the magnetic and charge transport properties. It is shown that the JahriJTgltEstor-
tions are locally present even when the crystallographic structure suggests otherwise, and indicate the forma-
tion of small lattice polarons in the insulating phase. Local JT distortions are observed even in the metallic
phase up tx=0.35, suggesting that the charge distribution in the metallic phase just above the metal-insulator
transition may not be spatially uniform. It is possible that charges are partially confined by spin and lattice
resulting in microscopic separation of the charge-rich and charge-poor repfi63-182@09)02209-3

I. INTRODUCTION However, as it was pointed out by Ref. 2, the DE model
predicts an increase in the resistivity with decreasing tem-
In spite of extensive studies on the perovskite manganiteperature in the vicinity ofl,, while the reverse of that has
La; _,A,MnO; (A=Ca, Sr, Ba, or Pbwhich exhibit the co- been observed experimentally; namely, resistivity decreases
lossal magnetoresistan€@MR) phenomenon,a number of  with decreasing temperature beldw. Furthermore the ob-
fundamental issues remain unresolved. These include the ngerved resistivity is much higher than expected for the DE
ture of the metal-insulataiMI) transition and the role of the mechanism. Milliset al? proposed that the additional resis-
Jahn-TellerJT) distortion on charge localization. The possi- tivity is produced by the strong electron-lattice coupling
bility of lattice involvement through polaron formation was leading to polaron formation in the insulating paramagnetic
suggested by Milliset al? by showing that the existing phase.
double-exchangéDE) model could not fully account for the We carried out a detailed investigation on a number of
observed properties. A number of studies suggested the ipowder samples of La,Sr,MnO; with 0.0sx<0.5 by
volvement of the lattice in the form of structural distortion or pulsed neutron scattering, paying particular care to the oxy-
anharmonicity’™*° but the structural evidence on the pres-gen stoichiometry. In this paper we describe our findings on
ence of polarons has been less than fully convincing, anthe dependence of the local structure on temperature and
their involvement in the properties needs further elucidationcomposition. Through the pair-density functi®PDF) analy-
In the present paper, we describe our results of pulsed neuis, we show a clear departure of the actual local structure
tron powder-diffraction measurements which delineate thérom the average crystallographic structure. These differ-
role of the lattice in the magnetic and transport properties irences are particularly notable in the Mgn6ctahedron, and
this mixed-ion system, by explicitly showing the existence ofcan be interpreted in terms of the local JT distortion. It ap-
lattice polarons directly related to the JT distortion. A part ofpears that these local lattice variations are induced by the
this work was reported earliét:*2 presence of charges. In the paramagnetic phase our results
Manganites have attracted considerable attention recentlyre consistent with the self-trapping of a hole at the Mn ion
because of their potential application in magnetic recording.without the JT distortion, forming a small polaron repre-
However, varieties of magnetic and transport properties haveented by a Mfi” ion. At low temperatures the charges are
been known for some tim€:* In these compounds low- less localized, but even in the metallic phase the local JT
temperature ordering of Mn spins changes from antiferrodistortions are observed up ic=0.35, suggesting possible
magnetic(AFM) to ferromagnetiodFM) with the degree of  spatial variation in charge distribution. The observed local
hole dopingx,'® with a spin-glass or noncollinear ferromag- structure is in disagreement with the simple DE model.
netic phase often appearing for intermediate compositibns. ~ We also provide evidence of anomalous lattice dynamics
Electrical conductivity also changes withand temperature in the region of the M-I transition. From the pulsed neutron
T, from an insulator for low values of to a metal with experiment, one can obtain qualitative information on the
increasedk.’*~°Over a certain range of the paramagnetic range of dynamics by comparing information obtained from
(PM) to FM transition is concomitant with the insulator-to- different angles of diffraction. In this way, we conjecture that
metal (I-M) transition'3~1° near the M-I transition the decoupling of the charge dynam-
Zener® suggested a possible connection between ferroics from the local lattice dynamics must take place. Our re-
magnetism and electrical conduction in terms of the DE in-sults suggest that in the insulating phase the carriers are self-
teraction mechanism, and this idea was expanded upodmapped forming polarons, while they no longer follows the
later}”~° The simple DE model assumes a homogeneouslynamics of the local lattice distortion in the metallic phase.
ferromagnetic state and a fully periodic charge distribution. The outline of this paper is as follows: In Sec. Il, an
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introduction to the experimental technique and data analysigp to a high enough value @ to ensure this convergence,

is given. In Sec. lll, we present our results on the local structhe termination errors can be minimized. Usually a cutoff of
ture of La_,Sr,MnO;. We examine how the local atomic 30-40 A 1is sufficient to avoid termination errors that origi-
structure changes with hole doping and temperature. Sectiamate from the Fourier transformatiéh?* While such a high

[l includes a discussion on the dynamics in the systemvalue of Q is difficult to attain with conventional x-ray
Lastly, in Sec. IV, we discuss the implications of our resultssources or thermal neutron sources, they can readily be ob-
in terms of the interplay between charges and the lattice, anthined with the pulsed neutron source or the synchrotron-
how this could lead to the explanations of the observed propradiation source.

erties of the system. The PDF is a real-space representation of atomic pair-
density correlations. The PDF analysis has been used for the
Il. EXPERIMENT studies of glasses, liquitis®® as well as other crystalline
_ _ materials’*~?® and it has been proven effective and reliable
A. Data collection and analysis in determining the local atomic structure. Unlike standard

The pulsed-neutron powder-diffraction data were col-Crystallographic techniques such as the Rietveld method that
lected in the time-of-flight(TOF) mode with the Glass focus on the Bragg peaks and carry out a structure refine-
Liquid and Amorphous Materials DiffractometéBLAD) at  ment in theQ range typically up to 12 A%, the PDF analysis
the Intense Pulsed Neutron Sour@dBNS) of the Argonne takes into account the full structural information including
National Laboratory, at temperatures ranging from 10 to 35Qhe diffuse scattering intensities as well as the Bragg peaks
K. Approximately 14 g of the sample in a finely powdered up to high values o@. Thus the PDF can accurately describe
form was used in each experiment and loaded in a vanadiunie local structure in periodic as well as aperiodic systems,
can with helium gas as a heat exchanger. All measurementnd this technique can provide information regarding any
were performed with the sample mounted on a displex relocal deviations from their average crystallographic struc-
frigeration system in an evacuated chamber. The data wetare. While it is possible to include some structural disorder
corrected for absorption, incoherent scattering, multiple scatin the crystallographic analysis, for instance by introducing
tering, and inelastic scatterir@laczek correctionto obtain  partially occupied sites, the spatial correlation among the
the structure functior§(Q), (Q=4m sind/\, whereQ is the  partially occupied sites cannot be determined by crystallo-
momentum transferd is the diffraction angle, and is the  graphic methods that presume periodicity. The PDF method
wavelength of a neutrorup to Qn,0f 35 A~ The highQ is therefore ideal for describing any anharmonic or locally
portion of the data is particularly important in this study correlated atomic displacements in the lattice. Details of this
because it carries information regarding small local displaceprocedure are described in Refs. 20 and 21. In the present
ments of atoms. work we encountered a special challenge because of the

The powder samples were prepared by the solid-state reregative neutron-scattering lengthof Mn. When elements
action method. Using stoichiometric amounts of pure S;CO with positive and negative neutron-scattering lengths are
MnO,, and LgO; samples were pressed into pellets andmixed the coherent scattering intensity is weak, and the
initially fired under flowing oxygen between 1250 and background correction becomes very important. While the
1300°C for a period of five days in average. They weresample-dependent background due to the double scattering
ground and fired repeatedly until a single phase wadrom the sample and the environment is normally neglected,
achieved. The samples were subsequently annealed in a come found it becomes significant in this case due to the lower
trolled oxygen environmentwith a PG~10 °) at 1000°C  signal-to-background ratio. The intensity of such background
and quenched from this temperature to ensure the oxygewas carefully determined by studying standard samples with
stoichiometry. Characterization of the purity and stoichiom-different average scattering lengths.
etry of the single phase was done using x-ray-diffraction and
energy-dispersive x-ray analysis analysis. With the help of
thermogravimetric analysi§ GA) the oxygen stoichiometry B. Calibration with standard samples
was determined to be 3.80.01. The magnetic transitions  The accuracy of the instrument was tested using nickel
of the samples were confirmed by the susceptibility measureand SrTiQ powders as standards. Ni serves as a good stan-

ments to be in agreement with the published data. ~ dard because it is a strong neutron scatterer and its structure
The PDF,pog(r), is calculated by Fourier transforming (fcc) is well known. In Fig. 1, the PDF determined from the
the structure function$(Q), in the following way: diffraction data for the Ni powdefsymbolg at T=10K is

compared to a model PD&olid line) determined from the
1 * . fcc structure of Ni. The model PDF consists®functions at
2.2r fo QIS(Q)—1]sin(QrdQ (1) positions corresponding to interatomic distances, convoluted

with a gaussian function that represents thermal and zero-

where pq is the average atomic number density of thepoint quantum fluctuations. The width of the gaussian func-
sample. Theoretically the Fourier integration should be cartion (0=0.064 A) that maximizes the agreement between
ried out toQ=oc, but in reality it has to be terminated at a the experimental PDF and the model PDF is fully consistent
finite value ofQ determined by the wavelength of the probe, with the known amplitude of the zero-point oscillation for
N (Q<4m/N). Premature termination of the integfd) re-  Ni.?” As can be seen, the PDF determined from the diffrac-
sults in spurious oscillations called termination errors. How-tion data agrees quite well with the model PDF.
ever, because of the Debye-Waller fact8{()) converges to Since Ni is ferromagnetic the PDF in Fig. 1 contains mag-
unity at largeQ values. As long as th&(Q) is determined netic contributions, but they are practically invisible. This is

pog(r)=po+
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FIG. 2. The PDF of SrTi@determined at 10 Ksymbolg com-
pared to a model PDFsolid line) for the Pm3m perovskite struc-
ture. For the model PDF the lattice constant of 3.91 A and the peak
width of =0.062 A were used. The model PDF agrees very well
with the measured PDF.

FIG. 1. The PDF of nickel determined at 10(Kymbolg com-
pared to a model PDEsolid line) for the fcc structure. The model
and measured PDF’s are in very good agreement.

partly because the magnetic moment of Ni is small ()%

while the value ofb for Ni is large, making the magnetic odel PDF for the perovskite structure wBm3m symme-
contribution minuscule. But the more important and genera{? As can be seen, the model PDF is in very good agree-
reason that is relevant also for the study of manganites is th ént with the exper,imentally determined PDF. Along with
the ma_gnetic moment is spread in space, reflecting the Sp"?‘“ e result for Ni, this result demonstrates the high accuracy
extension of the 8 electrons. Consequently the magnetic ¢ pulsed neutron PDF with regard to the actual crystal
forr_n.factor depends _strongly OQ an_d the PDF peak de- tructure determination. In fact the recent pulsed neutron
scribing the magnetic correlation is_much broader an tudy of PbZrQ demonstrated that the structure determina-
weaker than the nuclear PDF peaks. The magnetic PDF capy | by the real-space modeling of the PDF is at least as
be determined by using spin-polarized heutrons and diVidin%lccurate as the Rietveld refinement method for the atomic
S(Q) through the magnetic form.factfﬁ'. osition parameters within the unit cél.

. SrT!O3 can equally be. used in this case as a stapdar ' The area under each peak corresponds to the coordination
since it has the perovskite structure which can be directly, o, represented by the peak at specific interatomic dis-

compared to tha; of manganitg;. In addition t_his Compoqn‘?ances weighted by the scattering lengths of elements. The
consists of a mixture of positive and negative scatterin umber of 8 atoms around am atom is given by
lengths just as the manganites. The PDF of a multielement

system obtained by Eq1l) is given by )
NaB=4T’P0CBJ Qap(r)redr. 3
peak
atB
pog(r)Zpanﬁ CaCp ()2 9ap(r), (2 Thus if a peak is composed of distances betweeand 8

alone,N,;z can be determined by integratingrap,g(r),
wherec, andb, are the concentration and scattering lengthwhich is usually called the radial distribution function
of the elementy, (b) is the compositionally averaged scat- (RDF), over the region incorporating the peak in question,
tering length, andg,s(r) is the compositionally resolved and multiplying it by(b)zlcababﬁ. Table | lists the atomic
partial PDF between elemenssand 8. Thus the negative  distance and the coordination number for different neighbors
of Ti makes the PDF peaks involving Ti negative and easiein Ni and SrTiQ. As seen in the Table both the atomic
to distinguish. In Fig. 2, the PDF of SrTiletermined from distances and coordination numbers are determined with
the experimental data collected at 10 K is compared to &igh accuracy by this method of analysis. For Srymly

TABLE I. Atomic distance and number of neighbors in Ni and SeJd@termined from the PDF analysis
compared to the expected values.

Peak positior(A) Number of neighbors
Compound Coordination shell Expected Measured Expected Measured
Ni First 2.49 2.49 12 11.995
Second 3.53 3.53 6 6.022
Third 4.32 4.32 24 23.875
Fourth 4.98 4.98 12 11.974
Fifth 5.57 5.57 24 23.818
SITiO, First (Ti-O) 1.95 1.95 6 5.97

Second(O-0O, Sr-Q 2.77 2.77 36 36.87
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the first two PDF peaks are clearly separated from others angeak centered about 1.93 (Bhort bondswith a shoulder to
allow accurate determination of JN. Other peaks partially the right, at 2.16 Along bonds. Note that this peak is nega-
overlap and cancel each other, making the determination lesse because the neutron-scattering length of Mn is negative
reliable. The error analysis for the coordination number iswhile that of oxygen is positive and the PDF as seen from
made by estimating the uncertainty in the PDF due to ranEq. (2) is normalized by the scattering length of the ele-
dom and systematic errors in the data. These errors give risaents. We should also note that the subpeak at 2.16 A is
to oscillations at very low values af. By determining the partially concealed by the tail of the intense positive peak of
root-mean-squaréms) of these oscillations one can estimate La-O and O-O pairs at 2.55 A and above, and consequently
the RDF error and subsequently the error in the coordinatiothe number of Mn-O pairs represented under this subpeak
number. cannot be determined accurately. On the contrary, the first
peak at 1.93 A overlaps slightly only with the subpeak for
the long Mn-O bond, so that the area under this peak can be
. N _determined relatively accurately. The ambiguity in the area
~ The GLAD spectrometer consists of 231 position sensiynder the first peak due to the overlap with the small peak at
tive linear detectors grouped into 10 banks with the highesp 16 A is actually quite small, well within the error of cal-
angle of diffraction at 125° and the lowest at 8°. Details of 5 jation.

Ref. 30. In the TOF diffraction experiment the neutron de-describes the La-O and O-O distances which i€ times
tectors do not have energy resolution. As a result both elagne |attice constant. In LaMnQ the La-O peak splits into
tically as well as inelastically scattered neutrons are recordegh ee subpeaks at 2.55, 2.75, and 2.96 A due to the octahe-
at the detectors, and for each neutron @ealue is calcu-  grg) tilting driven by the mismatch between the Mn-O and
lated from the time of flight and the detector angle assuming 5.0 ponds. Also the O-O peak is split into two peaks, at
elastic scattering. In the event of inelastic scattering, the true 75 A representing four O-O bonds and at 3.0 A for eight

momentum transfe is different from the assigned value o_o elongated bonds, because of the JT distortion of the
Q’. PlaczeR" proposed a correction scheme to compensat@no, octahedron.

for the distortions introduced in the data due to the inelastic yp to room temperature the local atomic structure is vir-

sc_attering of neutrons using a ballistic approximgtion. \./Vhiletua"y independent of temperature as shown in Fig. 1 of Ref.
this scheme is reasonably successful when the inelastic scaty  This is partly because of its high Debye temperatire,
tering is caused by phonons, severe deviations can be OByt theQ termination and the decreas€dresolution at the
served when strong local modes of lattice vibration arenigh.q range may have contributed to it. The increase in
present’ These deviations are quite notable for composithermal vibrations with temperature gives rise to broader

C. Dynamical considerations

tions near the I-M transition as we will describe below. peaks but the area under the peak remains constant.
LaMnG; is antiferromagnetic at low temperatures, and the
ll. RESULTS neutron-diffraction pattern at 10 K shows extra magnetic

peaks which are absent at 300 K. In spite of the appearance
of these magnetic peaks at low temperatures no signature of
The PDF’s of LaMnQ at two temperature6T=300 and magnetic correlation is observable in the PDF, for the rea-
10 K) were shown in Fig. 1 of Ref. 12. The Btlemperature  sons discussed earlier. It should be noted that the magnetic
of this compound isTy~140K. The crystallographic struc- PDF affects only the Mn-Mn peaks, and do not affect the
ture is of monoclinic symmetryP2,..3 In the presence of first Mn-O peak in the PDF at all, since the magnetic polar-
excess oxygen the symmetry becomes orthorhombic ozation of the oxygen atom is zero as required by symmetry.
rhombohedralas will be discussed elsewh&te This result  Even for the Mn-Mn peak the change in the PDF is rather
agrees with Refs. 33—-36, but disagrees with Ref. 37. Thémall as evidenced by a very small change of the peak at
cause of such disagreement must be the extreme sensitivi/93 A. The amplitude in PDF due to the magnetic correla-
of the structure on oxygen stoichiometry and the difficulty oftion at this peak is estimated to be0.02 A~ which is
determining the oxygen content accurately. almost at the level of the noise. In the PM phase the para-
Crystal-field effects on a Mti(d%) ion split the 3 level ~ magnetic scattering produces, upon Fourier transformation,
to the tyy (triplet) and ey (double} levels. Because of a merely the autocorrelation of the spin density of each atom.
strong Hund’s coupling the spins of the electrons are This effect dies off quickly withr in the PDF, and at inter-
aligned, so that the,, level is filled for one spin by three atomic distances and beyond it is negligibly small.
electrons and they level is singly occupied for the same
spin orientation. Consequently the Mp@ctahedron is Jahn-
Teller (JT) distorted and is elongated in one directifrio
produce a splitting in they level. Because of this distortion From the crystallographic analysis, it has been reported
the bond distances between manganese and oxygen atothgt the structure undergoes a transition from monocliviic
within each octahedron become unequal and split into shoitP2,.) to orthorhombidO) (Pbnm), atx=0.1, and then to a
and long bonds. The bondlengths ranging from 1.87-2.00 Ahombohedral(R) (R?C) symmetry atx=0.175 accompa-
constitute the short bonds and the bondlength of 2.11-2.22 Aied by an apparent loss of the macroscopic signature of the
corresponds to the long bonds as determined from the crygiT distortions in theRk phase®® Shown in Fig. 1 of Ref. 12 is
tallographic analysig® This split in the Mn-O distances is the PDF calculated for the model structure of LaMn@th
seen from the PDF’s in Fig. 1 of Ref. 12 as the first negativehe monoclinic crystallographic symmetry. The model was

A. Undoped compound LaMnGO;

B. The local Jahn-Teller effect
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FIG. 3. The PDF of LSt sMnO5 determined at 300 and 10 K. r[A]
The local structure shows very little temperature dependence. The
PDF's are in very good agreement with the model PDF for the
nearly cubic structure for this composition.

RA]

FIG. 4. The PDF for the orthorhombic model with Pnma sym-
metry compared to the experimentally determined PDF of the 12%
sample of the same symmetry. Bel& A the model PDF disagrees
significantly with the data. Note that the JT distortion is very small

created with the atomic coordinates and unit-cell dimension§Olr the model PDE

determined by the Rietveld refineméntThe model PDF is

the sum of the partial PDF's of all pairs of atoms in theWhere f) and goo{r) are the experimental and model
structure as in Eq2). The full width at half maximum value Jexe Imo P

of the Gaussian function to simulate thermal and quantuntizFS;‘O:??a\:]algeoffltgf‘;%cgg(_'soazbiso%t :rﬁ%t;?ret;éa{gﬁr;?
zero-point lattice vibrations was 0.14 A which is similar to 9 : : N 9

the one used in the model PDF fitting to the experimentall))'ange of 5.5-9.4 AR=0.139). Clearly the crystallographic

determined PDF of MnO. This value is consistent with themOdeIs cannot adequately describe the local Mn-O and

amplitude of oscillations that can be determined from thel‘ajsr'O bond lengths. In the model structures the distribu-

Debye temperature [@p,=~400K in the case of tions of the Mn-O and La/Sr-O bond lengths are narrower,

: : making the model PDF peaks sharper and taller than in the
fl}?)orﬁ(ira]oézgﬂtgii)gti((glezr???]isT(r)]% 1625t,|&r‘n3aitr?(:h2”r::1£;net?ﬁotv?: measured PDF. For instance in the model structure of the

o ) S
The experimental PDF’s at both temperatures shown in Figt;hzehui?jr:gtla% trs]zrﬁ]-pl)—l gftg&',?ﬂ '1S /‘;nuS%h trhe;tugﬁdthcgnl\]ﬂprigd to

3 are in excellent agreement with the model. o . .
At very high doping levels, a weak temperature depen_Iengths: are similar. In contrast, in the experimentally deter-
dence is observed and the JT peak at 2.16 A is reducercTJI1Ined PDF, the subpeak for the long Mn-O bond, the JT

. ; . ) peak, is still clearly distinguishable, indicating that locally
Eonsgjrerat;]lé Ifs;)r;eslintjeir?ryihelg gtlg.los’aéze:ag([)) FKS a?;the magnitude of the JT distortion has not been reduced. In
80,52l gVIND3 P the crystallographic rhombohedral structure the JT distortion

s_,hown. The local structure chang_es with temperature Vehs completely absent, while the PDF of the 20% sample still
little as seen by the small changes in the peak intensity. NotgzhOWS a neqative peak at 2.25 A indicating that the JT dis-
that the JT peak around 2.2 A appears to be completely gone . . 9 P ) ! ting . .

. . o o ; ortion is locally present. In summary, while the JT distortion
at this composition as its intensity is not higher than the

oscillation ripples due to noise quickly decreases with Sr doping in the crystallographic

. . . structure, in the real structure the JT distortion locally per-
At intermediate doping levels, one can observe the tran:. .
- : . sists well past the phase boundary into the rhombohedral
sition from the cooperative, ordered JT state, to the disor: hase. However. at the Sr content as hiah as 50% the local
dered JT state with random orientation of the local JT dis® : . 9

tortion with no macroscopic JT distortion, and finally to the JT distortion is absent as can be seen from the agreement of
P S W the model PDF with the experimental PDF as shown in Fig.
complete absence of the local JT distortion. In Fig. 4, th

0, i "
measured PDF of the 12% sample is compared to a mode The local structure described by the PDF is inconsistent

PDF for the orthorhombic symmetry, and in Fig. 3 of Ref, 12With the crystallographic structure over a wide range of com-
the PDF of the 20% sample is compared to the PDF of a Y grap 9

rhombohedral model. The model parameters were obtainepuOSition including the metallic_compositions up to 30%
y Which are of rhombohedral symmetry. The composition de-

from Ref. 33. In both cases the measured PDF's compare d h e h ks is plotted
reasonably well with the model PDF’s beyond 4 or 5 A pendence of the posmons.oft e two Mn—.O peaks is plotte
LTS . " in Fig. 4 of Ref. 12, and is compared with the Mn-O dis-
indicating that the average and local structures agree in thg .

. . tances deduced from the lattice constants of the crystal
long-range order. However, strong differences are quite no-

5 . .
table, particularly below 3 A. In terms of the agreement fac_sr:ructurde_l. Wr_ule tk}eﬁwstallogra{)hp structu_reklsuggests tha:j
tor A defined by the JT distortion of the average lattice is quickly suppresse

by Sr and disappears aroumre-0.17, it is clear that locally
the magnitude of the JT distortion is unchanged, and the

12
f;i[gexp(r)_gmoo(r)]zdr local JT distortion is present even in the rhombohedral

A= T , (4 phase. Since the PDF is a spherically averaged quantity due
r to powder averaging, it records the local JT distortion in any
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FIG. 6. The PDF for the rhombohedral model wR3C com-
[Rared to the measured PDF of @S, ,MnO;, determined at 350
and 10 K. The intensity under the peaks increases considerably with
decreasing temperature. Note that in the model PDF, a very sharp
Mn-O peak is observed at 1.95 A whereas in the data PDF the
fn-o peak has a subpeak due to the long Mn-O bonds.

FIG. 5. The PDF's of La_,SrMnO; for x=0.0, 0.12, and 0.20
at 10 K indicate stronger composition dependence than at roo
temperature.

orientation. The changes in the long-range order could b
brought about by randomization of the orientation of the lo-
cal JT distortion. This result is consistent with the extended-
x-ray-absorption-fine-structure measurement except for th
actual Mn-O bond lengths,and with the results of high-

resolution microscopy that suggests that two types of bond ) . :
are present in the metallic sampf8sWe note that these fion as is the case in SIMRQMN™), Nyno would be six

local effects cannot be explained in terms of the difference i®): The number of close O neighbors for Midy.o, can be
the Sr and La ionic sizekl.36 A for L& and 1.44 A for determined by carrying out the integration in E8). fromr

SP" (Ref. 40]. The changes in the perovskite tolerance© 2 coyering th? first negative peak of the PDF. Since the
factof t=d, ys.o/ V2 (dyo) With composition is too small end portion Of'th.IS peak overlaps with the peak of the long
to account for the structural transition from the monoclinic toMrt"% IbO!’:de, _|tt|s n?_cessary rt10| c?hoosel care;‘rully the upper
rhombohedral structure. On the other hand, the JT distortioffU'0" Mt ot intégrationr,, while the value ofry 1S more

: : : : learly defined by the start of the first peak at 1.76 A. Figure
is caused by the singly occupieg level. Since at the phase c . .
boundary =0.17) thee, level is still 83% singly filled, it 7 shows the relation between tNgy,.c determined from the

is not totally surprising if local JT distortions are seen atgrsttNPDF t[;)]ea:j att 30g Kto tZEZ cgjtoﬁkvalu;a.thTh? v;allley Ki
some of the Mn ions. etween the first and second subpeaks of the first peak is

located at 2.10 A. Indeed the upper cutoff value of 2.10 A for
T>Ty gives the value oNy,,.o at T=300K for LaMnG;

ndoped compound LaMnpbecause of the JT distortion of
the Mr* ion the number of short bonds under the first nega-
g’ve peak is four(4). For comparison, without the JT distor-

C. The anti-JT distortion

While the changes in the PDF peak positions with com- 6.0 — T 1
position are rather minor, the peak intensity depends on com- ‘ ]
position more strongly at low temperatures as indicated by ssr X |
the PDF's atT=10K shown in Fig. 5. For instance, the 50} :
height of the peak at 1.95 A and that at 2.75 A are consid- : § i §
erably enhanced with the increase in Sr doping. The change ° 45 i ; % i ]
in the intensity of the PDF peaks with temperature increases £ 40 .
with doping as shown in Fig. 6, as is illustrated by the tem- =z - i I
perature dependence of the PDF of, kgl ,MNnO; for T 35F § : ]
=350 and 10 K. In comparison to the pure compoUfd. 1 30l i % : ]
of Ref. 12, more structural changes with temperature are E ‘ Kl ]
apparent evidenced by the change in the height of the peaks. 25| : LaMnO; [300 K] 4
In many of the peaks, a significant increase in height with 20 Lo , ; L ]
cooling is seen. For instance, the height of the 2.75 A peak " 200 205 210 215 220 225

increases by as much as 30% between 300 and 10 K, similar
to what has been observed for;LgCaMnO;.% Such a large
change cannot be accounted for by the Debye-Waller factor. rig. 7. Ny, as a function of the upper limit of integration

Note also that the JT peathe long Mn-O bondsat 2.25 A for LaMnO; at 300 K. The cutoff value, of 2.15 A corresponds to

is fairly well defined at 10 K for this composition. the valley between the two Mn-O subpeaks, and correctly gives
The change in the intensity of the first negative peak isny,, o very close to 4. Thus, was chosen to be 2.15 A for all data

more readily expressed in terms of the composition deperat room temperature or abovie . In the case of the 10 K data a

dence of the number of nearest O neighbors for Mn. In theutoff value of 2.10 A was chosen by the similar process.

r,, upper limit of integration
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FIG. 8. The number of nearest Mn-O neighbdis,.o, as a FIG. 9. Composition dependence of the height of the PDF peak

function of Sr doping at 300 and 10 K. The solid line represents et 2.75 A. This peak is due partially to the short O-O distances, and
small-polaron model in which the charges are localized af*Mn ItS increase mainly represents the increase in the Mn sites with no

sites. AtT>T,, Ty, the data points are close to the small-polaronJT dist_ortion. Thus t_his result reinforces the result given in Fig. 8.
line but below, the data points deviate upwards from the smallIn particular, the ratio of the slope fo.r the 300 K data gnd that for
polaron line. The simple double-exchang@E) model predicts the 10 K data corresponds to the ratio of the polaron size.
Nun.o= 6 beyond 17%M-I transition), while the 10 K data suggest

Nwn-o=5 at the M-I transition, and can be fit by the dotted line without the JT distortion. The rate of increase in the peak
which reachedNy,.0=6 only atx=0.35. This result suggests that hejght at 10 K is faster than at 300 K. However, we need to
in average the charge is shared by about three Mn sites. note here that other factors contribute to this peak including
c}pe difference in the La-O and Sr-O bond lengths along with
changes in the octahedral tilting. This does not apply to the
case of the first Mn-O peak because this peak is entirely
comprised of the short Mn-O pairs and is not affected by the
tilting of the octahedron.

The incremental change in the number of nearest oxygen
neighbors to manganese with temperature is shown in Fig.
10 for the case of the lggSr, ,MnO; o, sample. At this com-
position, both an I-M transition as well as a PM to an FM

very close to 4 as it should be, underscoring the accuracy
the present analysis. At=10K, we chose the cutoff of 2.08
A, a slightly lower value reflecting the reduced PDF peak
width. The error in theNy,,.c value is calculated from the
error propagated fronpog(r) described above in the stan-
dard calibration.

The composition dependencedf;,,.q is shown in Fig. 8,
for the data collected at 300 K or aboVg, Ty and at 10 K.
The solid line labeled “the small-polaron model” connects
Nuno=4 for x=0 representing M in LaMnQ,, and
Nun.o=6 atx=1.0 representing MHi in SrIMnO;. This lin-
ear relation betweefNy,,.o and the hole concentration as-
sumes that the doped hole is completely localized within one
octahedron forming a single-site small polaron, i.e., the local
Mn“* site, so that the system is made of a mixture offMn
and Mrf* ions. The room-temperature data up to 24PM
statg are close to the single-site polaron line. The points at
30 and 40% are slightly above the small-polaron line, but
this is probably because the data were collected slightly be-
low T.. The presence of single-site polarons in the PM state
is in agreement with the theoretical prediction in terms of the
entropical effect? The low-temperature data, however, sig-
nificantly deviate upward from the small-polaron model. The
values ofNyn.0 at T=10K increases more rapidly withas
shown in Fig. 8, and extrapolates dy,,.0=6 aroundx oo b o+ I
=0.35. The implication of this result will be discussed later. 0 50 100 150 200 250 300

A similar phenomenon is observed with the composition Temperature [K]
dependence in the peak height of the O-O peak at 2.75 A
(Fig. 9. As we discussed above in the JT distorted MNO  FIG. 10. Top:Ny.o as a function of temperature for the 20%
octahedron 2/3 of the O-O distances are elongated to 3.1 Aample. It is constant at high temperatures but quickly rises with
and do not contribute to the 2.75 A peak. The increase in th@ecreasing temperature. Bottom: The height of the PDF peak at
height of this peak with doping reflects an increase in the2.75 A which includes the O-O pair. Its relation to temperature is
density of the short O-O bonds, thus of the Mn@&tahedra  similar to that of theNy,, o value.

2.75 A Peak Height
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transition occur with lowering the temperatuMy,,, o is only L e
weakly temperature dependent at very high temperatures, L T=300K —— 26=117 deg.
quickly rises belowl ., and eventually levels off at low tem- 04l s — 90

’ —_— 80

peratures. A very similar dependence to temperature is ex-
hibited by the PDF peak height of the O-O peak also shown _
in the figure. Similar changes in the peak height were ob- ¢
served for the La-Ca systein. E
[

70

D. Dynamics in the critical region
The PDF’s of the compound with 15% Sr determined at 0.2\

o . La, 4551, ,sMnO;
300 and at 10 K were found to exhibit rather irregular - . L -
changes with temperature not seen in other compositions. Do 25 30 35 40
Commonly, the temperature-dependent effects would in- ' ' R[Ai ' '

volve a change in the height of the PDF peaks but shifts in

the peak posi_tior_l were seen fo_r this Comp0f5ition. This ir- FIG. 11. The PDF of the 15% sample determined at different
regular behavior is due to a particular dynamic effect of theyngjes of diffraction. Data are integrated up to tifevalues shown.
spectrometer and not due to a real structural change. As W@any changes are seen as the maximum diffraction angle is varied,

mentioned above, the TOF spectrometer without a choppeyiggesting tha@-dependent dynamic events occur in the structure.
such as the GLAD cannot differentiate inelastically scatteredrne range of this local latticévonphonoi dynamic is of the order

neutrons from the elastically scattered neutrons. As a consef 20 meV.

guence the determined structure functi(@Q) represents an

integral, polarons are either static or moving at an energy scale much
smaller than 20 meV, in the composition ranges away from
the I-M transition.

S(Q)=S[Q(w=0)]=fm S(Q(w),w)dw, ®)
- IV. DISCUSSION

A. The evidence of polarons

The results of the PDF analysis of 13Sr,MnO; de-
scribed above show convincingly that the local structure of
TOF spectrometers, howevep, is weakly dependent o, the Sr-dopeq samplgs IS deviated from the grystallqgrap_hm

; ot structure. This also implies that the structure is spatially in-
and this produces complications. : )
homogeneous in the time scale of the neutron TOF spectrom-

If the lattice excitations are all delocalized phonons, the ter. | ticular. the JT distorti f the Ma6etahed
correction can be made reasonably well by the procedur er. In particuiar, the . Istortions of the Vipctahedra
ocally remain strong in spite of Sr doping. Much of the

proposed by PlaczeR, but when there are strong localized changes in the crystallographic structure due to Sr doping,

dynamic lattice modes the Placzek correction is not suffi- A .
y including the phase change from the orthorhombic to rhom-

cient, and the Fourier transform will become distortetf odral struct brouaht about by the i q
This spurious distortion depends upon the detector angle, 43)0 edral structure, are brought about by the increased ran-

that if the PDF varies with the detector angle we know that
the system has local dynamic distortion. Note that if the
structure is static a change of the detector angle affects only
the relation between the time of flight a leaving S(Q)
unaffected, so that the PDF is independent of the detector
angle. As shown in Fig. 11 the PDF's g&=0.15 at 300 K S 02
show significant variations as a function of the detector <,
angle. In this figure each PDF was calculated using the data
from the detectors located up to thé @alue shown. Onthe a 00}

whereS(Q,w) is the dynamic structure factor. @ is inde-
pendent ofw the Fourier transform o8(Q) corresponds to
the instantaneougssame-tim¢ PDF, or a snhapshot. In the

I ' I ' 1

LaMnO, T=10K |

04

contrary, as shown in Fig. 12 the PDF’s for the 0% sample -— 26 =117 deg.
show very little dependence on the detector angle. o | — 90 |
Such a strong dependence of the PDF on the detector ™ - 80

angle was observed only for the=0.15 sample. The PDF [ ‘ ‘ |70 , ,
for the sample withx=0.175 showed much weaker depen- 20 25 30 3.5 4.0
dence, while the PDF’s for other samples showed practically R[A]

no dependence on the detector angle. Note that these com-

positions are in the close vicinity of the I-M transition. Thus  F|G. 12. The PDF of the undoped sample determined at differ-
the dynamical phenomena are restricted only to the region afnt angles of diffraction. All PDF’s are almost identical with the
the I-M transition. The energy scale associated with the locaéxception of the highest angle due to the difference in the value of
dynamics that would cause distortions in the PDF is about 2Q,,,,. This indicates that no local lattice dynamics with the energy
meV for GLAD as discussed in detail elsewhét&@hus the above a few meV are present in this composition.
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domization of the local orientation of the JT distortion with esting to note that other systems such as EuO become ferro-
increasing Sr concentration, and not by the total disappeamagnetic in the complete absence of the DE interaétfon.
ance of the JT distortion at the orthorhombic to rhombohe- Note that the lattice distortion described here is different
dral transition. from the one proposed by Billinget al. who assumed po-

However, doping causes some Mn ions locally to have ndarons are represented by isotrogireathing modglattice
or reduced JT distortion. AbovEy or T, the density of the ~contractior In the present work the polarons clearly are
Mn sites without the JT distortion is roughly equal to the Characterized by the absence of local JT distortion. They
charge(hole) density introduced by Sr doping. Thus it is based their claim on the study of the change in the PDF
only natural to conclude that the absence of the JT distortiorBCross the M-I transition temperature. However, within the
or the anti-JT distortion, is a direct consequence of the predemperature range chose86 K) the change in the PDF was
ence of charges. Indeed if a hole is localized on a Mn atomVery small, almost at the level of the noise. Thus it is difficult
changing it from MA* to Mn**, the local JT distortion will 0 reach a reliable conclusion based upon such a small
disappear. Therefore, we conclude that the Mn sites withoughange. In the present study the conclusion was obtained by
the local JT distortion represent the finions, or the single an extensive study of the local structure over a wide range of
site lattice(and possibly spinpolarons. cqmppsm_on. It is also ppssnble that the relatively |@ter-

Well below the magnetic transition temperature, on theMination in Eq.(1) used in Ref. 3 affected the resultsl. Indeed
other hand, more Mn sites have no local JT distortion tharil We terminate Eq.(1) at aQ value less than 25 & the
aboveTy or T,. In the simple DE model the ferromagnetic subpeak at 2.25 A becomes very small or even disappears.
state is assumed to have a uniform structure that enables
rapid charge hopping from one site to anothell octahe-
dral sites are assumed to be equivalent, withx3charges
per Mn site, and all the Mn-O bonds are of the same length
in the metallic regime since charges are shared equally by all
Mn sites. Thereforéy,, o should be equal to 6 in the metal- It is noteworthy that in Figs. 10 and 11 the dataNg§,,.o
lic phase beyond the I-M transitiaf17% Sp within the DE  andp,g atr=2.75A atT=10K are continuous through the
model. M-I transition around 17%, and local JT distortions persist

A comparison of the data at 10 K to the predictions by theeven in the metallic phase. A similar behavior was observed
DE and the small-polaron models clearly indicates that aecently for the La-Ca systefii. Small ambiguities in the
state not described by either model must exist at low temrange ofr to define the first PDF peak discussed above sim-
peratures. The charge carrier is neither totally delocalized iply shifts theN,,,.o versusx plot vertically, and the continu-
the metallic state as implied by the DE model nor fully lo- ity through the M-I transition is not affected. This is highly
calized to one site as in the small-polaron model. A fit to thecounterintuitive, since usually as soon as the metallic state is
data points aff =10K shows that the coordination of 6 is reached polarons disappear, because the high dielectric con-
reached at~35% of Sr doping with a slope that is about stant of the metallic state destabilizes the local bound state.
three times that of the single-site polaron line. This meansiowever, the continuity of the 10 K data through the M-I
that the density of the Mn sites without the JT distortion istransition indicate that there is no “sharp” change in the
three times the charge density. Thus the charge must Hecal structure and the three-site polaronlike distortions do
shared in average by about three Mn sites. In other words aiot disappear with the transition. How could polaronlike lat-
T<T., Ty, polarons are more extended than at high temtice distortions be compatible with metallic conduction?
peratures with the size covering three Mn sites. Additional The key to solve this conundrum is provided by the infor-
evidence on the size of the polaron is provided by the changmation on the dynamics of the local lattice distortion dis-
in the density of O-O pairs under the PDF peak at 2.75 Acussed above. Even though the TOF spectrometer does not
shown in Fig. 9. This PDF peak height changes more rapidlhave energy resolution, because of the Placzek shift impor-
with x well below T or Ty than above, as is fully consistent tant information on dynamics can be obtained from the TOF
with the observed changes in the density of short Mn-O pairspectrum. It was found that the dynamics of the local distor-
as a function ok. Thus both of these data imply that the size tion is slowerthan the neutron dynamics of the spectrometer
of the polaron belowl ., Ty is larger than above. Therefore, up to 15% of Sr, becomes faster and observable by neutrons
the simple DE model does not fully describe the nature of thet 15% Sr, andslows down agairin the metallic state at
metallic state in the CMR manganites. higher Sr concentrations. This means that the energy scale of

The mechanism to create the three site polaron may bthe local lattice fluctuation is about 10—-20 meV only around
understood in the following way. LaMn{has a layered an- 15% Sr, and is much slower either side of this composition.
tiferromagnetic structure with the alternating spin polariza-Therefore, it is safe to conclude that in the metallic state the
tion along thec axis. When a hole is introduced in the systemlattice dynamics does not follow the carrier dynamics.
by doping, it will try to align the spins locally. This can be Charge carriers move swiftly, and the slow dynamics of lat-
most simply achieved by flipping the spin at one Mn sitetice fluctuation is decoupled from the charge and is not ex-
which makes it parallel to the spins in the layers above angbected to control the charge dynamics. In this sense it is not
below. Once this happens the charge can easily move alorgprrect to call these distortions in the metallic state polarons,
the ¢ axis among the three sites with parallel local spins.either small or large, since the charges are no longer trapped
Also the ferromagnetic order in the layer may induce theby the lattice deformation. It is unclear, however, why the
orbital alignment of three sites in the layer, again allowingsame size of local distortion, three Mn sites per hole, is
the hole to move freely within. Incidentally it is also inter- maintained well into the metallic phase as shown in Fig. 8.

B. A possible mechanism of charge transport
and magnetic ordering
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This is in stark contrast to the state below the M-I transition,charge dynamics, and the concept such as percolation which

where the charge and lattice distortions are strongly couplets usually used for static state may be applicabf&.In this

and they move together as a polaron. scenario with the increased doping the density and size of
Urushibaraet al*® have shown that in La,SrMnOzthe  these clusters would increase, and when the volume fraction

conductivity in the metallic phase depends strongly on comof these clusters exceeds the percolation concentration, an

position. Their low-temperature conductivity results can beextended polaron network will be formed, allowing metallic
fitted with a power law, X—x.)¢ with x,=0.174 anda~ 1 conduction to commence within the network. The volume

up tox~0.3. Just beyond the M-I transition &t the con- fraction of the sites without JT distortion at the M-I transi-

ductivity is relatively low even at low temperatures, indicat- tion (50%), suggests a two-dimensional percolation of a
ing strong scattering of charge carriers in the metallic phaseduare lattice. _ )

The source of such strong scattering could be the local dis- N the present work we did not study the spatial correla-
tortion discussed above. The nearly full JT distortion ob-iOn @mong the locally distorted sites. We do not know
served here in the metallic state with the long Mn-O bond aWhether the polarons are randomly distributed, or clustered
long as 2.23 A suggests that the valence of a Mn ion at th&® form rmicrosegregations =~ as suggested by recent
JT distorted site may be close t63 as in the undoped calculationg!” However, the discussions above need little
LaMnO,. The local JT distortion locally splits the, band modification even when the polarons are spatially correlated.
and consequently more electrons will be attracted to such ﬁ l;]lear room temperature the I—I\/}Itg’tlrgnﬁ.tl?]n. O%CWS at a
site to fill up the lower band making the Mn ion less positive, igher concentration not far frgm 178, which Is the per-
approaching MA". Then the local band splitting will reduce colat!on concentration for a simple cubic lattiteThis is

the local density of states near the Fermi level, making i€ONSistent with the small-polaron model®® T, Ty. The
more energetically costly for an additional hole to occupys'ze of the polaron changes continuously with temperature as

such a site. This mechanism explains how the doped hoiedoWn in Fig. 10. The existence of polarons in the metallic
could be strongly scattered by the JT distorted sites. phase is consistent with thermopower experiments also
In Fig. 8 it is seen that at about 35% of charge doping théVheré an enhancement af(T) by a fact(%ésof_z from the
local JT distortions disappear and the system becomes a h§xPected value is observed in the FM phasehis indicates
mogeneous metal. Starting from the homogeneous metalli@at there exists some trapp!ng of the Chafge carriers at low
state, as the Sr concentration is lowered bejow0.35, lo-  (emperatures which is in disagreement with the homoge-
cally some sites are JT distorted leading to an increase in tH&0Us distribution of charge in the metallic phase. _
charge scattering and thus an increase in resistivity as seen in [t IS most likely that the Mn spins within the three-site
the transport data. Further decrease in the number of dopélﬁlaron are aligned parallel to ea_ch other becau_se_the hole is
holes lead to further increase in carrier scattering, and ever® areld amrc])ng the thrr]ee_snes in @ manner similar to lthe
tually to the confinement of some charge carriers and to thefiouble exchange mechanism as discusses above. Percolation
Anderson localization and the transition to the insulatingt"oUgh such spin clusters would induce ferromagnetic long-
state. range order. However, the spatial range of spin correlation
Conversely, seen from the insulating LaMn6ide, the can be longer than that of the charge correlafforlence,
M-I transition could be explained in terms of the overlap of € Mmagnetic percolation can occur at a slightly lower con-

polarons. At low temperatures and low concentrations of th&entration than the critical concentration for transport, giving

doped holes the polarons would be separated by a matridise to a ferromagnetic spin-canted state as is often observed

with the AFM ordering of spins. Thus the mobility of such a experimentally:'>This model also suggests that even when

spin-lattice polaron would be quite low. Even though thethe FM long-range order is established through the percola-

holes are extended over the three Mn sites within the polion network, locally AFM correlations can remaif This

laron, they must be essentially small polarons as far as th&2Y €xplain the strong scattering of the spin waves at high
mobility is concerned. temperatures and near the zone boundhiy.is interesting

As the concentration of Sr is increased, polarons will be10 note that the instability of a homogeneous FM phase in the
gin to overlap each other. In the case of a single-site polarofresence of strong electron-lattice coupling was predicted
the energy cost for placing two holes on the same site mugheoretically??
be quite large, of the order of thgy-e4 splitting. Thus even
when two polarons are placed next to each other their
charges would be essentially localized, as seen in the charge
ordered state. The charge conductivity then would be con-
trolled by the polaron mobility. On the other hand, in the The study of the local structure of La,Sr,MnO; pre-
case of the three-site polarons this energy cost of placing tweented in this paper has provided rich information directly
holes on the same polaron is merely the screened Coulomglated to the structural origin of various properties in this
repulsion energy between the next-nearest-neighbor site, asystem. Using a local structural technique of the pulsed neu-
would be small. The overlapping three-site polarons couldron PDF analysis, we demonstrated how the local structure
form clusters within which holes would move rather freely, is different from the average crystallographic structure in this
without being dragged by the lattice distortion, thus themixed-ion system. This difference offers clues to the under-
charge and lattice dynamics will be decoupled. In otherstanding of the mechanism of conduction and magnetic or-
words, within such clusters, charges are not in the polaronidering. In particular, the presence of local JT distortions that
state, and move faster than the lattice as discussed abowae consistent with the lattice polarons has been shown
Thus in these clusters the lattice is static in the time scale foclearly. The results indicate that the polarons are single-site

V. CONCLUSION



PRB 59 LOCAL LATTICE DISTORTIONS IN La,_,SrMnO;. . . 6203

small polarons abové,. or Ty, while at low temperatures conventional metallic behaviors of various oxides including
they become more extended and cover three Mn sites.  those of cuprates.

As the Sr concentration is increased the polarons begin to
overlap, leading to the I-M transition. This process may be ACKNOWLEDGMENTS
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