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Lattice effects in La;_,CaMnO5; (x=0—1):
Relationships between distortions, charge distribution, and magnetism
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X-ray-absorption fine-structure measurements from the Mn anH{ lealges of samples of La,CaMnO;
(x=0—1) are presented as a function of temperature. In the insulating state, distortions of the Mn-O envi-
ronment are found to be linear with calcium concentratioriThese distortions are consistent with a model
where individual MA* sites have strong Jahn-TellédT) distortions while MA* sites do not, although
intermediate distortions are also possible. Comparisons to simulations of various possible bond length distri-
butions show that these distortions are best modeled as a JT distortion, as opposed to charge disproportionation
or other models. In the metallic state, at least0% of the distortion is removed. A similar effect is seen in
the Mn-Mn bond length distribution. The La-O bond length distribution does not change significantly through
the ferromagnetic transition, constraining possible changes in the Mn-O-Mn bond angle to less than 0.5°. The
changes in the MngXistortion that occur nedfF. are also preserfto a lesser degreéén an insulating sample
with x=0.12. The functional relation between the Mp@istortions and the magnetization is determined, and
compared to transport measuremef&1163-182608)04917-0

[. INTRODUCTION hop to a neighboring Mn site if the spin of the ion at that
neighboring site is aligned with the electron’s spin. Such a
The La_,A,MnO; series(where A is a divalent metal hopping also promotes ferromagnetic order in the lattice. Al-
such as Ca, Sr, Ba, or Pldemonstrates many interesting though DE correctly predicts many of the properties of these
electronic, magnetic, and structural properties. Stoichiomaterials, detailed calculations of the electronic properties
metric LaMnQ, has a distorted perovskite structure andmust account for spin-lattice interactiotfsRecent reexami-
Mn3* is Jahn-TellefJT) active. Below a Nel temperature nations of the material have dubbed the magnetoresistance

Ty, the system is also an antiferromagné#d) insulator effects in these materials “colossal” magnetoresistance
with ferromagnetio FM) coupling within MnGQ, planes and (CMR) because of the enhancements of the effect that can be

; btained in thin films, by varying the stoichiometry, and by
AF coupling between the plané#t room temperature, sys- ot . A 214
tems withA=Ca are paramagneti®M) insulators. For 0 high applied magnetic fields:1* These enhancements can-

<x=<0.2, these systems have a FM transition at a Curie tem':'Ot be understood only in terms of the DE model: In many

. cases, the magnetoresistance generated by the DE model is
peratureT;, and are also insulators. For 82=<0.48, these g g y

als h " hich coincid ith | much smaller than is actually measufé@ne possibility for
materials have a FM transition which coincides with a metalynjerstanding the large magnetoresistance is to allow for a
insulator (MI) transitionZ™" At higher calcium concentra-

) h b " ic bal 3 large lattice distortion abov&., which is at least partially
tions, the system becomes antiterromagnetic balgquand IS removed belovil . .1*~1° This distortion would occur when a

an insulator both above and beld . This region ofx also  |ocalized charge carrier induces a polaron distortion, which

exhibits charge orderingC0).>° A large peak in the magne- increases the energy required for the charge to hop to a

toresistance(MR) was measured in lgaSi, MnO; near  neighboring site.

room temperature by Volgér. There is a growing body of literature supporting a strong
The basic mechanism of electronic transport has longpin-lattice coupling in these materials. In particular, an

been thought to be the ‘“double-exchange’(DE) orthorhombic to rhombohedral transition can be driven with

mechanisn® 1 whereby an electron requires less energy toan applied magnetic fielf, and a large isotope shift dF,
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(~20 K) with high 08 concentration has been measuféd. could be a consequence of a change in the Mn-O-Mn bond
Evidence supporting polaronic transport abdveincludes angle. If such a change in the bond angle occurs, it should
resistivity’? and thermoelectric pow&r (TEP) measure- result in significant changes in the Ca-O or La-O bond
ments. Perhaps the most convincing studies showing a cotengths ¢-0.2 A). If this change in angle were the only ef-
nection between the electronic properties and the lattice arct, PDF measuremerifs” likely would have measured it.
the local-structure measurements which show that the Mn-@®n the other hand, if the changes in the Mn-O-Mn angle
environment orders sharply as the temperature is decreas®#@re somewhat smaller, PDF analysis may have had trouble
through T., consistent with near-neighbor Mn-O bond detecting it, since the O-O, Ca-0O, and La-O peaks all fall on
lengths separated by0.1 A aboveT, that are less separated top of each other(Large changes in this peak were attributed
below T,.?*~?" The order of magnitude of these distortions solely to changes in the O-O distributipr less ambiguous
was predicted by Milliset al,*” and is consistent with the Mmeasurement of the direction of the oxygen distortion is thus

size of the JT distortion in LaMng Changes in the oxygen vital for determining the mechanism allowing for metallic-

thermal parameters &, measured by diffractidi~*°con-  like transport. o _
firm that the oxygen atoms are involved in the CMR transi- Last, obtaining some more quantitative relations between
tion. the structural, magnetic, and electrical properties could be an

Although the importance of the spin-lattice interaction hasimportant step towards understanding the physics of the
now been well established, several fundamental questiof§MR materials. For instance, Hundley al** have shown
remain. Many such questions can be elucidated by a locafhat the resistance and the magnetism relate simply by
structure probe. One important issue for understanding th#(p)>—M. Cohnet al® have found that the lattice thermal
resistivity aboveT ., and hence the size of the magnetoresis'esistivity scales with Mn@distortions for various samples
tance, is to determine how much of the distortion is removed®f La; -xCaMnOj;, and that the total thermal resistiviky™*
below T.. It has been shown from x-ray-absorption fine- goes aX;—K,M? (K; andK are constanjsfor A,= Sy 17.
structure(XAFS) analysis that the polaron beloW, is not ~As shown in Ref. 26, the temperature dependence of the
completely delocalized in CMR samples of;LagCaMnOs, disorder of the Mn-O in the metallic state is likely related to
since the distortion of the Mn-O pairs still decreases withthe magnetism, rather than thermal effects. We have recently
increasing magnetizaticfi.Likewise, pair-distribution func- shown that a simple model of the distortions can yield an
tion (PDP analysis of neutron diffraction data has demon-e€ffective delocalized hole concentrationy,, and that
strated that the size of the distortion in CMR samples ofn(ngM.*® Here we present a more detailed analysis of
La,_,SrMnOs is intermediate between completely localized this result and compare with other possible models.
and itinerant’ These PDF data have been interpreted as in- In order to directly address these and other questions, we
dicating that the distortion is spread out over approximatelyhave performed XAFS experiments on the; LgCaMnO;
three Mn site$’ Further work is needed to clarify the nature series &=0—1) from T=50 K to 300 K. MnK-edge data
of the distortion, and in particular how it is related to otherallow us to measure various properties of the Mrulstor-
properties of the materials. tion, including changes in the Mn-Mn bond length distribu-

Another central issue concerns the driving force for po-tion nearT.. La K-edge data allow us to measure any pos-
laron formation. A strong possibility is that when no hole sible changes in the Mn-O-Mn bond angle by isolating the
resides on a Mn lattice position, that is, the Mn is in the 3 La-O bonds. Comparisons of the samples with variouas-
state, a local JT distortion is generated around that site. Celow us to determine how much of the distortion is really
tainly the overall size of the distortion is consistent with a JTremoved in the magnetic state. In Sec. Il we describe the
distortion. However, other possibilities exist. For instance, ifexperimental setup and basic sample characterization. We
a large fraction of the M# charge-disproportionatg€D) present the absorption and XAFS data in Sec. lll, and ana-
into Mn?* and Mrf*, similar distortions would be created. lyze the results in terms of various distortion models and
In such a model, the fractional amount of CD changes wittchanges with magnetization in Sec. IV. Our results are sum-
calcium concentratior. This model is supported by thermo- marized in Sec. V.
gravimetric and equilibrium constant wdfi? and TEP

(Ref. 33 measurements. We will consider these and other Il. EXPERIMENTAL DETAILS
possible models of the distortions by comparing them to the '
measured distortions as a functionxgfand in particular, to Powder samples of La,CaMnO; (x=0.0, 0.12, 0.21,

the distortions in the end members LaMné&nd CaMnQ. 0.25, 0.3, 0.65, and 1).0vere prepared by solid state reaction
All local-structure studies to date have shown changes iof La,O;, CaCQ, and MnQ with repeated grindings and
the distribution width of the Mn-O pairs & passes through firings at temperatures up to 1400 °C and a final slow cool at
T.. These results are very strong evidence for small polarod °C per minute. The dc magnetization was measured using a
formation abovel' . mediated by localizetbn the time scales commercial superconducting quantum interference device
of phonons electrons converting M to Mn®". However, (SQUID) magnetometer. Samples witk=0.0 and 1.0
the nature of local probes is that they only measure radiashowed antiferromagnetic transitions at130 and 125 K,
distances between atoms. It has been suggested that the Mespectively. The magnetization of the=0.65 sample
O-Mn bond angle may play the more significant role, sinceshowed features consistent with a CO transition at 270 K and
this angle determines the matrix element for hopping bean AF transition at-140 K.>° Diffraction measurements of
tween Mn sites$* Previous structural studies did not addressthe LaMnQ, sample indicate that this sample is monoclinic,
changes in the Mn-O-Mn bond angle. In fact, a change in thevhile all other samples are orthorhombic. TGA shows the
Mn-O bond length distribution widtias in Refs. 24—-27  actual stoichiometry of this sample to be LaMy¢gs. Figure
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FIG. 1. Normalized magnetization VE for the ferromagnetic k@A)

samples of La_,CaMnO;. These data are normalized to the mag- )
netization atT=5K, M,. All data were collected at 5000 Oe, FIG. 2. A single XAFS scan dfx(k) V?‘k for Lag 74C& 2MNO,
at T=50 K, as an example of data quality.

except forx=0.25, which were collected at 1500 Oe.

1 shows the magnetization for the ferromagnetic samples, Figure 2 showskx(K) vs k for Lag 7sCa ,MNO; as an ex-

=0.12, 0.21, 0.25, and 0.30,’s are estimated to be 1gg, ~ ample of data quality.

2102), 2432), and 26@2) K, respectively, by extrapolating Generally, three scans were collected at each temperature
the data at maximum slope  =0.0. The transition of the point for each sample, although occasionally only two were

insulatingx=0.12 sample is much broader than the other pobtained. Estimated errors reported below are based on the
samples, all of which have CMR transitions in the vicinity of _reprodu0|b|llty of these scans to emphasize relative changes

T.. This sharpening of the transition in the presence of thd" the material from one temperature to the next, and in no
way account for absolute errors. Absolute errors on nearest-

MR iti le- ff :
c transition may be a sample-dependent effect, or ma¥|e|ghbor bond lengths for well-ordered reference crystals

be due to DE enhancement of the magnetism. 38 :
All XAFS data were collected at the Stanford Synchrotronh_ave_ be_en shown to be0.005 A Errors in bond I_ength
distribution widths(o) are around 5% for nearest neighbors,

Radiation Laborator(SSRU. Mn K-edge data were col- ) W\ foo oo high as 20% for further neighbors with inter-

lected on beam line 2-3 using (3200 double monochro- . i i

mator crystals for all samples. lk-edge data were collected vening atoms, S?CE as M'T"OHM”- Rﬁlat|ve errors, thlat 'S'h

on beam line 4-2 using 8I00) crystals for samples witk ][neasurements orc angesr:nt €amp |tudesr?nd bond lengths

=0.12, 0.21, 0.25, and 0.65. All data were collected in trans oM One tempgra_ture to t Er"] next, a_refmuc bett_er because

mission mode. A powdered Mn metal sample was used as attﬁe main contribution to such errors Is from counting statis-
ics, rather than from the fitting function.

energy reference for the MK-edge data. The manganite The relative errors from one temperature to the next have
powders were reground, passed through a 400-mesh sieve P

and brushed onto Scotch tape. Layers of tape were stacked legen minimized by carefully checking the alignment of the

obtain absorption engty(~1 foreach sample. Samples “Ci 2 (S8 TG ECRG R, 26 W
were placed in an Oxford LHe flow cryostat, and tempera-gn the same point on the sample pCheckin this alignment is
tures were regulated to within 0.1 K. Absorption from other. P ple. 9 9

excitations(pre-edge absorptigrwas removed by fitting the gnepnoggnt dtl;]i t:ame{?ﬁazogﬁraﬁélgnwﬁmso sanr?plctzaagglsder.
data to a Victoreen formula, and a simple spliiieknots at Y, P 9 N

constant intervals- 140 eV in E) was used to simulate the where such good alignment was not obtained are reflected by

embedded-atom absorption,. The XAFS oscillationsy larger estimated errors in the plots.
were then obtained as a function of photoelectron wave vec-

tor k=2my(E—Eg)/? from x(K)=u/pmo—1. Eq of the . RESULTS
samples was determined from the first inflection point of the o .
main edge, withE, of Mn metal set to 6539 eV. Fits to the A. Valence determinations from edge region

data were performed in space after Fourier transforming  The absolute photoelectron excitation energy can give a
(FT) kx(k). The real and imaginary parts of this transform good measure of the mean Mn valence, provided a suitable
are complicated functions of the scattering potentials. We fiteference material can be obtained. We used LaMaad

to backscattering amplitudes and phases calculated by tt@aMnQ; as the MA* and Mrf* reference standards, respec-
FEFF6code’’ which has been shown to be very accurate ovetively. E,, as measured from the inflection point in the main
a wide range of material§or instance, see Ref. 38XAFS part of the edgéFig. 3), was found to be 4.130) eV higher
amplitudes are subject to an overall reduction fatﬁér for CaMnQ, than LaMnQ@, in agreement with Subset al 3
which can be determined well from a suitable model com-All Ca-substituted samples haHy's that agreed with a
pound. All fits reported for the MrK edge use arSS simple linear interpolation of the M and Mrf* standards
=0.72, obtained from CaMnQ Further details of the meth- based on calcium concentration within an experimental error
ods used to reduce and fit the data can be found in Ref. 3&f 0.06 valence unit$0.2 eV) for each measured tempera-
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TABLE I. Near-neighbor bond lengthR and number of neigh-

1.5 —
- bors,N, for various atom pairs in LaMnQand CaMnQ as given
a B by diffraction studies(Refs. 40—42 Data for individual bond
.g i . lengths are averaged to account for the poorer resolution of XAFS
2 4L - data for these pure materials. The LaMn&ample Norbyet al.
§ r . (Ref. 40 used was orthorhombic, while Mitchedit al. (Ref. 41
< i ] had a monoclinic sample. The monoclinic sample was found to
T L i have four distinct Mn sites. We have averaged the atomic pair dis-
2 o5 — tances of these sites for this table. Similarly, the Mn-Ca/La envi-
g r 7 ronments for these materials are very distorted, and so their average
é i ] bond lengths are also reported here.
0 I Il Il Il I 1 1 1 Il | Il Il 1 1 | 1 1 Il Il | Il Il 1 I_ LaMnosa LaMnO3b CaMnQC
6540 6545 6550 6555 6560 6565 Atom pair N R N R N R
E (V) Mn-O 2 192 2 191 6  1.90
FIG. 3. Main absorption edggt vs E for all samples afT 2 1.97 2 1.97
=50 K. The absorption jump at the threshold enegy(energy at 2 2.15 2 217
inflection poin}, as determined by a Victoreen formula, is normal- La/Ca-O 4 2.45 4 2.45 4 2.35
ized to unity. From left to right, the samples are 0.0 (solid line), 4 27 4 2.67 4 257
x=0.12 (dotted ling, x=0.21, 0.25 and 0.3@short dashed line 4 3.2 4 3.3 4 3.0
x=0.65 (long dashed ling andx=1.0 (solid line). Mn-CallLa 2 3.24 2 3.24 2 3.09
. . . . . 4 3.39 4 3.38 4 3.23
ture. Likewise, no changes in edge position with temperature 2 3.65 5 3.67 5 3.37
were observed for any of the samples, within experimenta“n_Mn 5 3.86 6 308 6 373
error. 4 3.97

Interestingly, theslopeof the main edge does not change
much across the entire concentration range. If individuabreference 40.
Mn3* and Mrf" sites exist, one would expect the slope of breference 41.
the main absorption edge to broaden for intermediate dopReference 42.
ings, i.e.,x~0.5. This effect should be observable in the
=0.65 data. No significant change in the slope is measured . .
for this sample, ingicating that th% Mn acts mri)xed valent on1,59°'40 * Consequently, the unit cell is larger than the
these time scales<{10™ ° s) despite the fact that this sample

simple cubic unit cell containing one formula unit. Both La

is a charge-ordered insulator. Further work is needed to ur"d Ca are distorted from the central position in the simple
derstand the significance of this result. cubic unit cell, making their near-neighbor oxygen environ-

By averaging all the measurements abdyeand those ment complipateq. In adgiition to these Qistortions: LaMnO
below T, for each sample, we find no shift in the edge en_ha's a JT distortion which splits the SiX cherW|se equal
ergy from 300 K to 50 K to within 0.02 eV, or 810 3 (within 0.01 A Mn-O bond lengths in the tilted octahedra

fpto three pairs of unequal length. This distortion preserves
(within a couple degre¢she Mn-O-Mn bond angles. Table |
lists some of the important bond lengths as given by the
diffraction studies.
¢ Figure 4 shows the FT dfx(k) vsr of both these com-

valence units. This averaged measurement disagrees wi
Ref. 25, which reports an increase of the Mredge energy
of 0.5 eV as the temperature is lowered throughin a
sample of Lg¢Ca 3dMnO;. This large measured difference
may be due to the much smaller amount of data used in Re '
pounds aff =50 K from the MnK-edge data. Also shown in

25. For instance, our measurement ofy kaa, ;MnO; in- S . X C i
cludes 32 scans over 11 temperatures, whereas Ref. 25 ustip figure is a simulatioii.e., no free parametersising the
%uctures from Ref. 41 and Ref. 42, calculatedAgyFa

11 scans over 3 temperatures. Even so, this large discrepanﬁ X : ;
is outside the estimated error for both experiments. The simulations use a correlated Debye model with a Debye
It is worth noting that for LagYo/CaasMnOs (Te temperature® =550 K [specific heat of LaMn@ gives

—160 K), Subaset al® have measured a small edge shift 05 =300 K (Ref. 43]. The reader should note that the cor-
of ~+0.01 eV between 210 K and 50 K. In addition, they related Debye temperature describes the thermal dependence
measure a positive shift of +0.10 eV between 210 K and ©f the bond length distribution width fopairs of atoms.

160 K and a shift of~ —0.09 eV from 160 K to 50 K. These Since bond lengths are not very sensitive to acoustic phonon
authors report that t.hey obtain similar reéults forvibrations, estimates of the correlated Debye temperature are

Lag 6 Ca 3dMN0O5. Our experiments are not sensitive enoughOfFen higher than theeun_correla_tebj Dt_'—}bye temperature ob-
to unambiguously detect to such small shifts. tained from _heat capacity or diffraction measurements.
The amplitude of the complex transform gives a measure

of the number of neighbors to the Mn atoms at a given
The real part of the transforiisometimes referred to loosely

LaMnGO; and CaMnQ have essentially the same structu- as the “phase) is very sensitive to shifts in the atom-pair
re: Each is a distorted perovskite with canted Mri@ta-  separation distances. Both the amplitude and the phase are
hedra that create Mn-O-Mn bond angles within2° of  sensitive to the species of neighboring atom. The position of

B. Local structure of the end members LaMnO; and CaMnOg
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FIG. 4. MnK-edge Fourier transform&T’s) of ky(k) vsr for :
() LaMnO; and (b) CaMnQ; at T=50 K. The oscillating curve is 0
the real part of the transform and the outer envelope is the ampli-
tude of the transform[Re+Im?]*?). The dotted line in each panel
is a simulation using diffraction data from Mitchelt al. (Ref. 4] 0.4
for LaMnO; and Poeppelmeieet al. (Ref. 42 for CaMnQ,. The
simulations are calculated usimgrre (Ref. 37). All transforms in
this paper are from 3.5 to 14.5A& and Gaussian broadened by r (&)
03A L

o
a
N
w
I

. . . . . FIG. 5. FT ofkyx(k) vsr for all samples aff =300 K. These
peaks in the amplitude are shifted from the actual interatomig;pstorms are related to the radial-distribution function. Peaks in

pair distances by a phase shift due to the scattering of thgq it de correspond to neighbors around Mn atoms. Peak posi-
photoelectron from both the central and the neighboring alfions correspond to bond lengths up to an overall phase shift that

oms. S.ince the FT ha,s real and imaginary pa_rts, ContribUtionéorresponds to the species of the neighbor. For instance, the first
from different scattering paths can constructively or destruc-peak at 1.5 A corresponds to the Mn-O distancek95 A.

tively interfere. Fits to thdcalculable contribution from in-

divid.ual atom pajrs are therefore necessary to get reliable Tphe amplitude of the first peak is most sensitive to the
detailed information about the local structure. In any casegggrdination number and distribution width of the nearest-
the first peak at-1.5A is due to the near-neighbor Mn-O neighbor oxygens. Sensitivity to long Mn-O bonds is lower

bond lengths near 1.97 A. The “multipeak” from2.6 0 than to short Mn-O bonds because the XAFS amplitude falls
3.5 A has contributions from Mn-La, Mn-Ca, and Mn-Mn off a5 1£2. In the case of the CaMngthis first peak cor-

paths (see Table | for actual bond lengihsncluding the  responds to all six Mn-O pairs at a distance -ofL.9 A.
multiple scattering contributions from Mn-O-Mn paths._ Since the Mn-O environment in LaMn@s JT distorted, this
The agreement between the data and the simulations gt peak is mostly sensitive to the first two Mn-O lengths at
remarkable, indicating that the local structure around Mn in_4 g2 A and 1.97 A. and less sensitive to the long Mn-O
these samples is very similar to the average structure givegl,ys at~2.18 A. Differences between the simulation and
by the diffraction data used to calculate the simulations. Wihe data near 1.95 A in the LaMn@pectrum are likely due

must point out that the structure used in the simulations o}, jitferences between our sample and the model for this
Fig. 4 for LaMnGQ; are from Ref. 41, which finds a space longer Mn-O peak.

group of P2, /c, in agreement with diffraction data on our  pegyits of fits to these data are reported below in the
sample. A simulation using data from Ref. 40, which uses.gntext of the La_,CaMnO; series.

the Pnma space grougindicating excess oxygéh, com- X 3
pares just as well to the XAFS transform. In fact, the simu-
lations from Ref. 40 and Ref. 41 are almost identical for
atom-pair separations that are as long as the Mn-Mn pairs. Figure 5 shows the FT dx(k) for the MnK-edge data
Therefore, these MK -edge XAFS experiments are not sen- for the full La,_,CaMnO; series atT=2300 K, which is
sitive to the changes in local structure arising from the dif-above any magnetic transitions in all the samples. LaMnO
ferences between the stoichiometfimonoclinio and off- and CaMnQ data are shown here agdat a higher tempera-
stoichiometric(orthorhombi¢ samples. On the other hand, ture) for comparison. As the calcium concentration is in-
simulations using data from Elemaesal** do not compare creased tx=0.12, the first Mn-O peakat 1.5 A grows and
well with the XAFS results(See Sec. Il D for comparisons the combined Mn-La/Ca and Mn-Mn multipeé&t ~ 3.2 A)

at the LaK edge) becomes smoother. The increase of the Mn-O peak ampli-

C. La;_,Ca,MnO; series from the Mn K edge
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FIG. 6. Amplitude of the Mn-O peak ve at 300 K. Generally, FIG. 7. Amplitude of the Mn-O peak vs at 50 K (well below

the amplitude decreases with increasing distortions or disordesiny T.’s). For the non-CMR materials, the conclusion from Fig. 6
(~1/o for harmonic distributions Simulations of possible models siill holds; i.e., the Mn-O environment acts like a weighted average
of the distortions are also display¢olease see textError bars in  of the LaMnQ, and CaMnQ structures(see the text for discussion
this and subsequent plots represent reproducibility, and do not agf x=0.12 amplitudg The open-box symbol shows roughly the
count for systematic errors. amplitude LaMnQ would have if it were not JT activésee the
text). The CMR Mn-O amplitudes are between the linear interpola-

tude indicates that the oxygen environment around the marfions from CaMnQ to either LaMn@ or the modeled non-JT
ganese is becoming less distorted; i.e., at least part of theg?VNOs These data indicate that the JT distortion is clearly
significant distortion in LaMn@is removed. The smoother Smaler belowTc in the CMR materials, but it is only-70% re-
Mn-La/Ca and Mn-Mn multipeak indicates that the distribu- moved.

tion of bond lengths is probably becoming more “continu-

ous;” that is, the bond length distribution is becoming moredata, which is above any magnetic transitiqsame tem-
disordered rather than distorted with distinct bond lengthsperature as presented in Fig. $he amplitudes of the Mn-O
This smoothing of the Mn-La/Ca and Mn-Mn multipeak is peak in the transforms are well describeedd%) by linearly
even more dramatic af=50 K (Fig. 4 shows LaMn@at interpolating the amplitudes from LaMnCand CaMnQ
T=50 K; other concentrations are qualitatively the same a®ased on the Ca concentrati@fig. 6). This indicates that

at 300 K in Fig. 5 for these peaksAs x is increased to 0.21, the oxygen environment around manganese in Ca-substituted
0.25, and 0.3, the Mn-O peak continues to grow and th&amples acts like a linearly interpolated average of the two
Mn-La/Ca and Mn-Mn environment does not change appree€nd members. This result will be discussed in detail in Sec.
ciably. Thex=0.65 sample breaks this trend, with a very IVA2.

different La, Ca, and Mn environment, although the Mn-O  For the materials with a CMR transition, the Mn-O envi-
peak has continued to grow with The amplitude near 2.4 ronment orders as the systems become ferromagnetic, but
A in the transforms grows noticeably in the=0.65 sample. Some disorder exists even in the metallic state. Figur_e 7
This region in the CaMn@spectra is even larger in ampli- Shows the Mn-O peak amplitude at 50 K. The samples with-
tude. The peak at 3.2 A in the CaMg®ansform is similar  Out @ CMR transition still fall on a line that includes the end
in amplitude to the other materials, btt180° out of phase €ompounds, with the same slope as at room temperature. The
(real parf compared with the corresponding peak for CMR samples fall v_veII a_lbove this line, indicating that at
LaMnO; (see Fig. 4 and the CMR materials. This is the €ast some of the distortion present abdyehas been re-
result of very different backscattering functions for La andmoved. A possible exception is the=0.12 sample: A rea-
Ca. Thex=0.65 sample is an intermediate case; the phase igonable linear fit can be obtained while including this
shifted, relative to LaMn@ but much less than 180°. Since Sample, but it appears that the MpQistortions are partially
this peak is a weighted sum of contributions from Mn-Careémoved in the FM state in this sample as well as in the
and Mn-La, such a phase shift is expected for this samplec,:MR samples. We will discuss this result further below.

and does not indicate any large changes in the local structure We can determine whether all of the distortion has been
in this bond length range witk. removed by comparing to the amplitude if no distortions

were present. If the MnQoctahedra were not distorted in

LaMnG;, that is, if the Mn-O bond lengths in LaMnQvere

equal(within ~0.03 A or s9, we expect that the amplitude
We will now focus on the amplitude of the Mn-O peak in of the first peak would be slightly smaller than in CaMpnO

the transformed data. First consider the room temperatur€his decrease occurs because XAFS amplitudes are propor-

1. Amplitude of Mn-O Fourier transform peak
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tional to 1f2. The unit cell of LaMnQ is inherently larger A

than that of CaMn@and thus the Mn-O bond length would 0.009 |- 2
be ~0.07 A longer for Mri3, relative to that for MiA* in |

CaMnQ;. We therefore expect to get an amplitude for “un- 0.008 - o a a
distorted” LaMnQ; shown by the open square in Fig. 7. |

Likewise, if all the Mn-O bond lengths within the MO 0.007 -

octahedra for the CMR samples were the same in the metal
lic state, we would expect the Mn-O amplitude for these
samples to roughly fall on a line intermediate between  0.006
LaMnO; (no JT distortion and CaMnQ. As Fig. 7 shows,
the Mn-O amplitude for the CMR samples falls well below ?3 0.005
such a line. This analysis suggests that DE bélpwemoves Q

only about 70% of the distortion abovE.. The residual
width of the Mn-O bond length distribution may be due to
persisting static distortions or from dynamic fluctuations of
the lattice. These possibilities will be discussed in Sec. IV C.
(It should be noted that the discussion above is somewha
gualitative because the amplitude is assumed to be propor 0.002
tional to the pair-distribution amplitude. However, the ampli- .
tude of XAFS data includes the interference effects, and 401 - [@ =00 © +=0.12. - r=021..® - =025 4
theref/(;re the above discussion is limited to distortions - A-x=030 A x=065 O x=10

=<0.1A)

)

© 0.004

0.003

0.000 . | . | . | 2 1 2 1 2 1 2
0 50 100 150 200 250 300 350

2. Fits to Mn K-edge data T (K)

Fits were performed to the MK-edge data in order to .
quantify the changes in the local structure with temperature, F'G: 8. Correlated Debye-Waller width parameters for the
Since XAFS cannot fully resolve any possible JT or similarg\r}l’g distribution vsT. Open symbols are for materials without the
distortions(even in LaMnQ), we fit the data with a simpli- transition, while solid symbols correspond to materials with a
. L . . e CMR transition. The insulators’ widths increase with temperature
fied model which includes single Gaussian distributions for__ . . ) A i

consistent with thermal broadening. The distribution width of the

the 6 Mn-O, 8(+x) Mn_-La, 8x Mn-Ca_l_, and 6 Mn-O-Mn Mn-O bonds for CaMn@is described well with a correlated Debye
scattering paths. Includl_ng mo_re de_t(il.le., three_ Se_parate model and® =940+ 30 K (solid lineg. This same model with an
Mn-O paths to try and fit the distortigmesulted in higher-  5qgitional 0.0043 & static broadening also describes the high-
quality fits, but the results were not unique. In this model, thqemperature data for=0.21 and 0.25, and was previously shown
distortion will be accounted for by a broad Mn-O bond dis-ig5 describe data from baCay MNOs. (Ref. 26. The x=0.65
tribution width (correlated Debye-Waller facter). Figure 8  \idths are more consistent with@p = 1100+ 100 K. The Debye
shOWSG-fAn_O as a function of temperaturéRecall that the temperatures fox=0.0 and 0.12 are less clear, but are greater than
small error bars show the relative errors, as discussed in Se@00 K. The width of the CMR samples changes rapidly with tem-
II.) The LaMnQ, and CaMnQ distribution widths are con- perature neaf;. Dotted lines are guides to the eye.

sistently the highest and the lowdsespectively of the se-

ries at all temperatuzres. All the insulating materials exhibit &, a4, ation, This possibility is considered in detail for all the

gradual increase ioy,.o, consistent with thermal broaden- ~y\R samples in Sec. IV C.

ing, i.e., the correlated Debye model. AboVg, oy, for Figure 9 shows the weighted average Mn-O bond lengths
the CMR materials appears to have this standard thermzﬁMn_o_ Recall that we have chosen to quantify the XAFS
temperature dependence. As these samples become ferigsuits with a single Gaussian distribution because XAFS
magnetic, the Mn-O distribution narrows. There is also someannot resolve all the Mn-O peaks in this distorted environ-
evidence in Fig. 8 of a slight narrowing for the=0.12  ment. By using this distribution, we are more sensitive to the
sample. nearest Mn-O neighbors around 1.95 A because of the 1/
Even well belowT, where the magnetization is nearly factor than to the Mn-O neighbors near 2.15 A. Hence, for a
saturated, the distribution gets narrow faster than a thermahaterial with a JT or CD-type of Mn-O distortion that grows
model would allow: Fits to a correlated Debye model for 35 the temperature is increased, we expect that the weighted
these samples well below, (first 2-3 point$ require an  average bond length measured by XAFS will decrease. This
unphysical, negative static distortion. More specifically, thedecrease occurs because, in the case of a JT distortion, two
increase in curvature between the fits d§,.o for the x  Mn-O bonds shorten, two lengthen, and two do not change
=0.0 and thex=0.30 data suggests at least a 20% decreasgo first ordey. The higher sensitivity to shorter bonds results
in ®. Since the correlated Debye model give$(T  in a shortening of the average bond length as measured by
=0K)x1/0p, we would expect a-20% increase imrf,m_o XAFS.* Consequently, changes in the measured bond length
at low T. Such an increase is not observed. This result isvould indicate in this case a change in tilistribution of
consistent with our previous measureméfitashich caused bond lengths, rather than an actual change in the bond length
us to conjecture that well beloW,, changes in the Mn-O for any particular atom pair. CMR materials all exhibit a
distribution are primarily governed by changes in the mag-shrinking of the Mn-O bond, commensurate with the de-
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FIG. 9. Ryno VS T. Ryno is the measured Mn-O bond length, ~ FIG. 10. Otnwn VS T for (a) insulating samples angb) CMR
using a single Gaussian Mn-O distribution to fit the nearest-Samples(Note that thex=0.0 and 0.21 data have been shifted by

A 5 : :
neighbor environment. In the event of an anharmonic distortion— 0-002 A° and +0.003 A%, respectively, to avoid overlapData

(such as a JT distortionXAFS measurements of average bond for CMR samples clearly show a step iffynn NEAr T Fits to

lengths will be lower than the actual mean of the distribution. De-data forx=0.65 were inconclusive regarding the Mn-Mn distribu-

creases in bond length with temperature may therefore indicate PN width.

increase of anharmonic distortions in this system. The dashed line is

a polynomial fit toRy,,.o for LaMnQ;, as a guide to the eye. Mn-O-Mn bond angle could produce a similar effect. We
rule out this possibility below.

crease in magnetization. Interestingly, we measure a similar _
shrinking aroundT, for the x=0.12 sample, indicating that D. La; xCaMnO4 series from the LaK edge

some removal of the distortion may be occurring on a local | 3 K-edge data were collected for tke=0.12, 0.21, 0.25,
scale in this material, even though it remains insulating. Theynd 0.65 samples. The FT's ddy(k) for these data are
continued lengthening of the mean Mn-O bondTais low-  shown in Fig. 11. The first peak in the transform-at.8 A
ered indicates that the decreasing distortions shown in Fig. ficludes contributions from all the La-O peaks listed in
are closely related to a further removal of Mn-O distortions, Taple I, but primarily from the nearest eight oxygen atoms to
even well belowT.. The LaMnQ material also shows a the lanthanum ion. The peak at 2.8 A is primarily due to
shrinking Mn-O distance with increasing temperature. Wej a-Mn scattering, but includes contributions from the La-
will discuss this unexpected result in Sec. IV B. La/Ca peak at 3.6 A. As the calcium concentration is in-
The other materials behave in a less unusual waygreased from 0.12 to 0.25, the La-O environment appears
CaMnG; shows very little change of the Mn-O bond length ynchanged. Indeed, a simulation of LaMnghows a very
of 1.8982) A with temperature(this Mn-O distribution  similar La-O distribution near 1.8 fFig. 11(c)]. At the three
should really be Gaussian; so these fits accurately descrigwer doping ranges, the biggest changes are in the La-La/Ca
the distribution and thex=0.65 Mn-O bond length in- peak at 3.6 A. This change is expected, since Ca is a much
creases linearly from 1.912 A to 1.9192) A. weaker backscattering atom than La. The changes in the
Figure 10 showsog,u, Vs T. For the CMR samples La-Mn peak at 2.8 A are at least partially explained by over-
these data show a very similar temperature dependence to thgp with the La-La peak. This La-Mn peak is less distorted
om0 data (Fig. 8), including a comparable decrease in than the simulation of LaMngwould suggest, just as for the
width asT is lowered throughT.. Again for x=0.12, we Mn-La/Ca peak in the MiK-edge data. Th&=0.65 sample
observe a small decrease in disorderdgy,.v, asT is low-  is different than the others: The La-O amplitude is larger
ered throughT, similar to that observed fary,.o. In our  (indicating less distortionas is the La-Mn peak, while the
previous stud)%,6 we measured a similar temperature depen-la-La/Ca peak is not discernible in the transforms.
dence in samples witk=0.25 and 0.33, but we could not  The simulation in Fig. 1) is calculated using the ortho-
unambiguously assign this dependence to changes in tirBombic unit cell from Ref. 40. This unit cell appears to
Mn-Mn atom-pair length distribution because changes in th&eompare a bit more favorably to the nominally orthorhombic
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0.2 N (©) ] tortions in the La-O peak are modeled by a single harmonic distri-
L ¢ i bution, similarly to the fits of the MiiK-edge XAFS data. The FM
B : samples show very little temperature dependence, although esti-
0 e , § mated errors allow for ® as small as 900 K. The=0.65o%'s
N ] increase more rapidly, consistent with, =425+ 50 K.
| —— x=025, =50 K ]
---------- x=0.25, =300 K IV. DISCUSSION AND ANALYSIS
= e simulation of LaMnOs .
C P T L] A. MnO 4 distortion in the paramagnetic state:

o

1 2

Jahn-Teller, charge disproportionation,

r (&) or isotropic polaron distortions?

The primary results described above are that the MnO
octahedra are distorted for#1 and that this distortion is
mostly, but not completely, removed beldw in the CMR

FIG. 11. LaK-edge FT ofkx(k) vsr. Panelga) and(b) show
data forx=0.12, 0.21, 0.25, and 0.65 dt=50 K. The biggest

changes withx occur for the peak at 3.6 A, which is predominantly . . .
due to La-La and La-Ca atom pairs. The La-O distribution does nof’amples' The presence of the distortion at high temperatures

change appreciably witk. Panelc) shows data fox=0.25 at both 'S @vidence for a lattice polaron, which becomes partially
50 K and 300 K. The amplitude of the La-O peak changes onlydelocalized as the sample becomes ferromagnetic. The exis-
slightly over this temperature range, while the La-La/Ca peakience of such polaron distortions has been well

changes more abruptly. Also shown is a simulation of thekLa established”?" However, the symmetry of the experimen-
edge of LaMn@, calculated using diffraction data from Norby tally observed polarons and the connection with the JT effect

et al. (Ref. 40. have not been thoroughly addressed. Identifying the nature,
i.e., the cause, of the measured distortions is an important

. . tep towards understanding the physics of the

Ca-doped manganites for the nearest-neighbor La-O peaﬁ_(al_xCa(Mnog series. Here, we examine the possibility that

than the mono_cllnlc cZeII used in Ref_. 41 and Fig. 4. distortions are caused by the Jahn-Teller effect or by some
The La-O widths ¢{,.0) as a function of temperature are iqr distorting mechanism.

shown in Fig. 12. The widths of most of the data are very
similar and increase very slowly with temperature, with no
correlation to the magnetization. The only exception is the

3=0.65Tsha}mple, I\;Vhl(':lr bhasd.a stronggr tgmpelr\:/atlgrel depe'?ﬁanifest themselves in the structure. For simplicity, we will
ence. This resutt wiff be discussed in sec. - N AYassume that abovg,, the electrons are well localized, and

case, the increase in disorder seen in the Mn-O pairs assoG s individual M3+ and MH sites exist throughout the

ated with the magnetization is not present in the La-O pairscrystal. In a JT distortion, each M site will have a distri-

Since these pairs are roughly perpendicular to each othef, \vion of two oxygen atoms-1.9 A away, two~1.97 A
these measurements show that the extra disorder in the Mn-Qvay, and two about 2.15 A away, as in LaMpQAt the

bonds is mostly in the direction of those bonds and has little,gme time forx=0 in La, _,CaMnO;, there will be &

if any component perpendicular to that direction. Similarly, \jn4+-0 bonds at~1.9 A per unit cell, as in CaMng If

no change in the mean La-O bond lengths was observeghere is no JT distortion, one expects to have a bond length
within ~0.015 A (not shown. Since the Mn-La/Ca distribu-  distribution given roughly by the sum of the radii of what-
tion has been shown to not change significantly fgaiRef.  ever Mn ions are present and the oxygen atomic radii. If CD
26) (these data agrgewe may therefore limit any possible (charge disproportionationoccurs, one will expect some
change in the Mn-O-Mn bond angle neaf, to  number of Mi*-O bonds at~2.18 A, some Mi3-O bonds
sin"%(0.015/1.9%=0.5°. at 1.99 A, and some Mfi-O bonds at 1.88 Ausing radii

1. Possible models for the Mn-O distortion

First, consider the different models and how they should
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from Ref. 46. Of course, lattice effects are not really in- model, the Mn-O bond length distribution would not be a
cluded by merely summing atomic radii. For instance, thesimple linear combination of the end compounds. Rather, it
small atomic radii of Ca and La cause the Mn-O-Mn bondwould appear more distortdtewer intermediate Mn-O bond
angle to be smaller than 180°. If one includes lattice effectdengths at lowx, and would order more quickly witk up to

for the M?™-O bonds, one might expect it to be more like X=0.45 than one would expect from a linear interpolation
the intermediate bond in LaMnQthat is, 1.97 A long. Like- between the LaMn@and CaMnQ structures. If the remain-
wise, Mrf*-O bonds in this structure should be more like iNg_Mn** ions (the ones that do not disproportionate into
1.90 A, as in CaMn@ In any case, the reader should notice Mn”" and Mrf) also undergo a JT distortighich we wil
immediately that practically the same bond lengths occur iféfer to as CB-JT), we would expect a similar dependence

this model as in the JT distortion. Therefore, it is not enougtP! the distortion orx, but the curve will be offset, agreeing

to show that long Mn-O bonds exist around 2.15 A to Saywith a JT distortion abovex=0.45. Last, if the distortions

that the distortion is caused by the JT effect. Moreover pog:we only due to an IP, the distortion should actually increase

laron distortions in thebsenceof JT or CD effects will still W.ith X 'for sma[l x. [The IP model is already ruled out by
produce distortions that could change with magnetization.d'ffra.‘ctIon studies of LaMn@ (Refs. 40 and 4land PDF
. -studies of La_,Sr,MnO; (Ref. 27 that show a long Mn-O

Fpr Instance, a WeII-Iocallze(_j c_harge will cause a Symr.nem%ond~2.15 A, but we include the model for completengss.
distortion of oxygen around it, i.e., a breathing-mode distor- To quantify how the different model distortions would

tion. In this model, which we refer to as the ionic polaron affect the XAFS amplitudes, we useerFsto simulate the
(IP) model, all Mr**-O bond lengths would be-1.97 A and change in the amplitude for a given model vs the JT-

all Mn**-O bond lengths would be-1.90 A. In order 0 istorted LaMnQ model (Fig. 6). For instance, if we take a
differentiate between these possibilities, we will exploit how cp model for LaMnQ at 50 K (no JT distortiony in which

these models differ with changing and how they should 80 of the MA*-O (1.97 A) bonds are converted to
change when the distortion is partially removed by a finiteMn4*-0 (1.9 A) and Mr#"-O (2.15 A) bonds, then we cal-

magnetization. culate an amplitude that is 86% of the amplitude in the JT
] ] ] ] model. If we also allow the 20% remaining Mhto JT
2. Discerning between distortion models distort, then the amplitude is only 65% of the amplitude of a

Now consider the XAFS data above . Recall that the JT model. Atx=0.3, we have at least 30% Mhfrom the
basic mechanism of transport abdlgis well established to €@ doping. Performing the same kind of simulation, we find
be activated hopping2 In this temperature regime, the that the CD amplitude would be much larger t.han'glven by
hopping frequency is impeded by the lack of a DE channelthe JT model {-113%). We have also plotted in Fig. 6 the
since the samples are merely paramagnetic. The slow ho'si_ecreasmg amplitude witk for the IP model(at low x). At

: ; =0.45, the CD and IP models come together, and for
ping frequency allows the lattice to relax around the well-X3 ' . !
localized charge carrier, forming a small polaron, i.e., weII—hlgher x go to the amplitude for CaMnQ The CD+JT

defined distortions. What is the symmetry of this distortion'.)mOdeI becomes the JT mlodel abmo'%' Figure 6 shows
The data presented in Fig. 6 give us a strong clue regardint@g]hggg;eim?égsggagﬁglplg]uoig vgni(tjrre ﬁ;?ﬁ;ﬁeigi‘]}
this question. The amplitude shown in Fig. 6 is inversel pidy

Ymodel. A measurement of this increased slope would be well
proportional to the distortion of the Mn(ctahedra. Since | b

within the noise of our experiment. Therefore, the linear

the Mn-O environment in the doped samples acts like a lingparacter and the rate of change withof the experimental

ear co_mbin_ation of the_end compounds, the magnitude of thﬁmplitudes in Fig. 6 rule out the CD, GEYT, and IP models
distortions is fully consistent with a_model where the Mn tha{tas the primary cause of the distortions.
tortion while the others do not. In the real material, Mn as-gther sensible modelghat the distortions measured above
sociated with both Ca and La atoms probably has intermedit are due to local JT distortions around f#inions. These
ate distortions, and therefore the actual pair-distributionJT distortions exist across the entire Ca-doping range, in-
function may be “quasicontinuous.” cluding the charge-ordered region, in agreement with the in-
Neither CD nor IP models would behave this way. A CD terpretation of Ramireet al® from thermodynamic and elec-
model has all the correct bond lengtlas mentioned aboye tron diffraction data. We do not have an alternate model for
however, the degree to which Mhmust disproportionate in the TGA (Refs. 31 and 3Ror TEP (Ref. 33 data.
order to explain the thermogravimetric analys& (TGA) This analysis depends on the changes of the Mn-O FT
and TEP(Ref. 33 results must change significantly with peak amplitude withx to make the above conclusions. Note
calcium concentration. In fact, the effect is supposed to béhat & CD model in which the fraction of Mh dispropor-
large (~80%) in LaMnQ,. This notion is already suspect, tionating remains a constantetween 60% and 75P6
since if CD does occur to any significant degree, the relativ@mount with changing cannot be ruled out by these data.
number of intermediate-length bonds-{.97 &) would be Likewise, ina CDHJT model, if the CD occurs=10% of the -
decreased, and diffraction analyses invariably show thaime, these data would not be sensitive. Since diffraction
~1/3 of the Mn-O bonds in LaMngare~1.97 A. (Diffrac- clearly shows alJT d|stort|on.|n LaMnPwe conclude that
tion experiments should provide the most accurate informathe maximum amount of CD is-10%.
tion for the pure materials, where structures are most likely
periodic) However, even if we consider LaMn@s anoma-
lous, the TGA and TEP data also require that the CD effect
gradually become smaller with increasingand should dis- The character of the distortion changes as the temperature
appear at 45% calcium concentration. Therefore, in thigs dropped belowl,. As seen previousl§~2" the distortion

B. Differences in the local structure between the magnetic
and paramagnetic states
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of the Mn-O distribution decreases commensurate with the L T T T T T T
increasing magnetization. In addition, we measure an in- - ."
crease in the weighted average Mn-O bond length in the FM 3.0 [ '
state(Fig. 9). Since XAFS is more sensitive to the nearest- 1 &
neighbor Mn-O bonds(as discussed in Sec. lI)Cthis
change in the Mn-O bond length is more consistent with the—~
removal of the JT distortion than a change in random disor-g [
der. = .
The Mn-O bond length data for LaMnGare anomalous > :
(i.e., a decrease in the weighted average bond lgmgttnat LA™
they seem to indicate that the JT distortion grows with in- [
creasing temperature. Although there are fewer data points i PR [ [ S
the vicinity of Ty(~130 K), it is possible that the primary 0.0 0.2 0.4 0.6 0.8 1.0
change in the Mn-O weighted bond length occur§ gt If MM
we apply the same model for this sample as for the ferro- 0
magnetic samples, then this result for LaMn@ay indicate FIG. 13. Natural logarithm of the size of the distortion removed
local ferromagnetic ordering coupling to the JT distortion. py the magnetizatiodo [Eq. (1)] vs magnetizatiorinormalized to

Indeed, the magnetic structure is ferromagnetic in planes angl at 5 K). All data are described by the equation Anf
antiferromagnetic between planes of Mn and Bowever, =0.99(3M/M,—3.825).

in order to have a double-exchange coupling, there need to
be holes available to make Kihsites, and in this material, (Figs. 8, 10, and 12 As shown in Fig. 7, the Mn-O environ-
there should be very few~0.012/unit cell from TGA of  ment in the insulating materials still acts like a linear inter-

oxygeon concentration If a small amount of CD occurs polation of CaMnQ and the JT-active LaMn9Mn-O envi-
(=10% by the arguments abdyeenough holes may be |,nments, and therefore the JT distortions are still present.

available. A temperature-dependent diffraction analysis maype cpR materials have a smaller distortion, although not
help explain this unexpected result.

AN i tant i t ad telv add db thas small as one expects by complete removal of the distor-
n important gquestion not adequately addressed by g, thage data suggest that the distortion and the magneti-

previous WOF"S is whether the OXygen moves perpend|cularl3£ation may be functionally related. We can estimate the

:ﬁ thdg ?'”:.Ct'o.n of the (Ij\/IB-Mn p;]alrs é't.c’ ttf:]atl\/lls, ghl\jthir mount of distortion removed by the sample magnetization
€ distortion IS caused by a change in the Mn-L-in bONG,,, o4anolating a curvéfrom the correlated Debye model

angle. Indeed, the magnitude of the Mn-O-Mn bond ang| iy L
has been related to the hopping matrix element via the effezgrk?:gftlhghziffgggnts?perature data f@f"”'o in Fig. 8 and

of the average ionic radius of the La site op.3* A simple
polaron or JT distortion would be along the direction of the
neighboring Mn, roughly preserving the Mn-O-Mn bond
angle, whereas some distortion of the La/Ca-O bonds woultvhered? is the thermal contributiotestimated from a fit to
not preserve this angle. Thedéig. 10 and previous XAFS  the CaMnQ data, o2, is the fully developed polaron distor-
experi_ment%ﬁ measure a change in the order of the Mn-Mnjo (estimated at room temperatirand o2,  is the data
peak in the FT okyx(k) as the temperature passes throughgnown in Fig. 8. We have found the Ing)<M/M,, and that

Tc, which could have either been due to changes in thgne gata forx=0.21, 0.25, and 0.30 all fall on the same line
Mn-Mn pair distribution or to changes in the Mn-O-Mn bond (Fig. 13.

angle. The LeK-edge data reported here now rule out any  Thjs relationship could be an important clue for under-
change in the Mn-O-Mn bond angle within 0.5° by observingsianding the nature of distortions and the transport in the
no change within 0.015 }1\ in the La-O pair distribution near metg|lic state. Here we consider some simple models of the
Tc, either in the distribution width or in the bond length.  gistortion and try to relate them to the magnetization. The

_The measured changes in the disorder of the Mn-Mn conpersistence of the distortion in the metallic state suggests that
tribution to the XAFS can now be unambiguously attributedat |east some of the electrons causing the polaron distortion
to removal of a distortion of the Mn-Mn pairs belolg (as  gre still partially localized on the time scale of phonon vibra-
in the MnQ; octahedra Moreover, the data showing tions, in agreement with PDF data on,LaSr,MnO; (Ref.
changes in the disorder of the insulatixg 0.12 sample near 27 and with measurements of the magnetic correlation
T, can now be taken to include changes in the Mn-O and thgangth?” This partial localization may be characterized in
Mn-Mn distribution widths, and perhaps also in the Mn-O geveral ways. One possibility is that if some fraction of the
weighted bond length. These data are thus strong evidenggectrons become trapped, then the lattice may have time to
that DE couples to the lattice distortions even in an insulatyg|ax into a JT distortion around those RMrsites. This situ-
ing (but FM) sample. From Fig. 8, we estimate that the statication could easily arise if some defect was encountered, such
JT distortion is reduced by-0.02 A (¢’s add in quadratude  as a MA* ion or a Mn vacancy. We will call this model the
in the FM state. This result is consistent with measurementsyyo_fluid” model, since some holes will be localized and
on the La_,SKMnO; series by Loucat al?’ others will be delocalized charge carriers. In this case the
distortions on the localized sites are essentially static.

A second possibility is that all the charge carriers in the

At T=50 K, the magnetization is virtually saturatéeig. = metallic state are partially delocalized, creating an “aver-
1) and thed’s are no longer changing much with temperatureage,” essentially static, distortion over several unit célls.

2_ 2, 2 2
Ao =01+ 0fp— Opn-0- (1)

C. Delocalization and magnetization
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We refer to this model as the extended polaron model. A 1 T — y T T y T
third possibility is that the systems are in an intermediate : ,A-"“o,;:i;
regime in which the hopping frequency is enhanced by the a2l ',.A"‘ S
DE:1®-19 Here, the distortion capartially relax before the i . K _,Qi-:ZQi

next hop occurs and we would measure only a partial re-
moval of the distortiof® The remaining distortions are then “x 3
better characterized as dynamic disorder, since locally the &
Mn-O bond lengths are time dependent, and the bond length—= 4| .-~ .
distribution would be continuous. & O T
Although these different transport possibilities all have 5 |
distinctly different Mn-O bond length distributions, the sen- o
sitivity of current local structure probes cannot differentiate “ 0z o4 o8 o8 10
between them. However, we can model at least the two-fluid
model and the extended polaron model and consider how MM,
they might scale with the magnetization. _ _
We will now consider these models and how they should FIG. 14. Natural logarithm of the modeled delocalized hole con-

affect the XAFS results, beginning with the two-fluid model. €ntrationng, vs magnetizatiorinormalized toM at 5 K). ngp is
The linear dependence of the distortion on the calcium con: . o o

) . . lar functional dependence on the magnetization as the resistivity
centration(Figs. 6 and Y suggests that the amplitude of the (Ref. 22
Mn-O peak is a good predictor of the localized hole concen- "
samples become delocalizeéBlig. 7). As a model of this e no(X)exg K M,
distortion, consider the effect of removing the distortion dh™ 0 "\ Mg |
around some fraction of the manganese sites. In this model,
the pair-distribution functiorfwhich is proportional to the This form of the equation is chosen so timga(x) gives the
two (unresolvedl Gaussians, centered on approximately themated values areq(x)=0.162), 0.192), and 0.262) for
same average bond length. Gausg@h represents the Mn y—=0.21, 0.25, and 0.30. The coefficieit, appears to be a
ions with nearly itinerent charge carriers; it has a narroweggnstant in this small sample s&t,=3.8+0.2. At low tem-
width than Gaussiat®2, which represents Mn atoms with peratures, the fractional number of holEss ny/x, does not
sians changes with the magnetization, which in turn changego|es still localized. The data indicate ttfatincreases from
the overall peak amplitude of the sumMia=Ac1tAc2:  ~77% to 86% fromx=0.21 to 0.30. It would be interesting
Therefore, assuming that the Mn-O peak amplitude is a googh getermineF for a finer grid of calcium concentrations
measure of the localized hole concentration below as well 3§41 x~0.2 to 0.48 and measure the concentration wifere

calculated using only the MngQilistortions[Eq. (3)], yet has a simi-
tration. BelowT,, a large fraction of the holes in the CMR
FT amplitude for relatively small distortionss the sum of  (maximum number of delocalized holes &t=M,; esti-
localized polarons. The fractional weight of these two Gausyeach unity(as expected from Fig.)7 with ~20% of the
aboveT., we can measure theelocalizedhole concentra- s maximized. Reference 27 indicates that in the Sr material,

tion nyy, in terms of the available holes as: F=1 for CMR samples withx=0.35.
In simple transport modelg,=1/(neu.), whereu, is the
n :A(X’T’M)_AD(X'T) ?) effective carrier mobility anch is the number of charge car-
dn Anp(X, T)—Ap(X,T) riers per unit volume. Therefore, transport measurements

) ] _ showing pxexp(—K,M/M) (Ref. 22 are essentially in
where A(x,T,M) is the total peak amplitude of the pair- agreement with the data shown in Fig. 14. One might expect
distribution function at some magnetizatidh, Ap(x,T) is  he factorK, to be equal to our measurementkof. How-
the peak amplitude if the distortion were fully developed,ever, in the units used in this paper, we estimate
andAyp(x,T) is the amplitude if there were no distortion of K,=5.2+0.3 from Ref. 22. This difference may be due to a
the peak._Smcé\c.x 1/03 we can use the width measureme”tssample-dependent effect but is more likely the resuligf
obtained in the fits, yielding changing withM or T. A combination of the structural and

transport measurements can produce the following interest-
3) ing result, based on the conjecture that the result&fpare

not very sample dependei(This conjecture is not unreason-
_ ) ) ) _ able, since th&,, are roughly constant for the three samples
The width with no distortionoyp is the temperature- measured in this studySince the structural measurement of
dependent Con'[ribu'[iOD'T. The W|dth from a fu”y distorted the de'oca”zed h0|e Concentrati(mah is not dependent on
Mn-O distribution o is given by the thermal contribution he mobility 4 (at least according to this modeK,<K,
and the additional disorder from a fully developed polaronmay indicate tha increases with increasinil. If so, the

: H .2 2 2 ; 2 . . . .
distortionogp: 0p=0Fpt o7. As mentioned aboveripisa  combination of this structural measurement with the trans-
constant that we determine from the room temperature dat@ort measurements suggests

M
I MO !

_ 1/O'Mn_o_ 1/O'D

ndh_ 1/0-ND_ 1/(TD X.

To lowest orderA o?<ng,, and so it is not surprising that
we find thatny, as calculated from Ed3) depends exponen-
tially on the magnetization for the CMR samples, as shown Mc“eXF{ K
in Fig. 14. Each line is described well by the function
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- 1T - 1 T T T T 1 has not been explicitly performed, as far as we know. How-
12k s A .
| ever, such a calculation is implicitly included in the models.
10 | .
8 _ D. Incommensurate to commensurate charge ordering
[ ] transition in La ¢ 3Cay ¢MNO 3
A
Wy 6 n The distortions of the first Mn-O peak for=0.65 are
. [ o | consistent with all the other samples measured, in that the
i A g ] distortion can be modeled as a JT distortion around available
5L Al ] Mn®* ions and no distortion around Mh ions (Figs. 6 and
. aamA m o m A o w OE i 7), within the resolution of these XAFS experiments. This
0 S T distortion is maintained at all temperatures; the measured
0.0 0.2 0.4 0.6 0.8 1.0 width of the pair distribution is almost independent of tem-

perature and can be fit to a Debye model with a rather high
Debye temperature with static disorder. Although we have
FIG. 15. The modeled extef® [Eq. (4)] of the polaron distor- no electron diffraction data demonstrating that this sample
tion per available hole vs the normalized magnetizati¢gnormal-  charge orders, we do see changes in the magnetization with
ized toM at 5 K). temperature that are consistent with the formation of the
charge-ordered stateEven so, it is likely that the local
with K, =1.4+0.4. A measurement of the Hall mobility vs Mn-O structure is only weakly sensitive to this state, since
M could help determine whether or not the model used tdhe excess charge remains localized both above and below
determinmdh [Eq (2)] should somehow inc'udﬁc_ Unfor- TN . Rather than delocaIiZing as in the CMR materials, the
tunately, Hall measurements on magnetic samples with larg@cation of the doped charges becomes periodic. Our mea-
magnetoresistance effects are very difficult to interpret. ~ Surements indicate that any possible changes in the Mn-O
The model for the delocalized hole concentration used ividths o either atTy or Tco are limited to 0.0002 A A
Eq. (2) assumes that a delocalized hole no longer contribute8imilar lack of change in the local structure has been shown
at all to the MnQ distortions; i.e., it becomes completely to occur at the ferroelectric transition in PbTi&
itinerant. Increasing the magnetization would “release” In terms of the nearest-neighbor structure, the only inter-
holes into the conducting state. This model is functionallyesting difference between this sample and the other insulat-
the same as used by Hundleyal,*® which explains thep ~ ing samples is that the correlated Debye temperafises
xexp(— K, M/My) relation in terms of a decreasing polaron much higher for thec=0.65 Mn-O pairs {-1100 K) than for
binding energyw, with increasingM. Using this compari- the other samples, which all ha#, =940 K in the insulat-
son, the\Np is direct]y related to the distortion. Ing state. This |arg@D for x=0.65 is also at odds with the
Of course, as mentioned above, other models may also b@easurement o, =950 K for the Mn-O distribution in an
able to explain the essential physics and how the distortiondF sample of LgsCa, MnOs,*® which shows signs of CO in
scale with the magnetization. Another model that may dethe magnetization curves as well. The large valu®gf is
scribe the transport is the extended polaron model. Thisurprising for this substituted sample, as one would expect
model ascribes the change in the distortion to a charge that {§e strongest bonds to be found in the highly ordered
spread out over more than one site. In this picture, the disCaMnO; material. The much weaker temperature depen-
tortion is reduced proportionally to the number of Mn sitesdence ofa? in the 65% sample may be related to additional
(or extentE) included within the polaron generated by a disorder in the CO state beloWy . For instance, although

single, partially delocalized hole. An estimate féris ob-  the data fit a thermal model welbut with an unusually high
tained from Debye temperatujethere may also be a combination of both

thermal and other effects that conspires to produce the ob-
served very weak temperature dependence. However, futher
_ A% T)—Ap(x,T) (4 data are needed to explore this possibility.
Anp(X,T)—AX,T,M) " In contrast, the temperature dependenceaéffor the
La-O pair distribution is weak for the FM samples but quite

Figure 15 showE as a function of the magnetization. From Strong for the 65% sample: That ©,5 is much higher in
this equation we would infer that at low temperatures, thdhe FM samples(>900K; see Fig. 1P than for thex
polaron is spread out over three to five Mn sitgsssibly = 0-65 sample {425 K). These CO systems therefore merit
more for thex=0.30 samplg However, a plot of In) vsm  further study.
does not produce a straight line, and we are not clear &iow
priori to relate this quantity to transport measurements. V. CONCLUSION

Although the two-fluid model fits the data well and agrees
with transport measurements, the apparent independence of We have reported XAFS data that clarify the nature of the
the curves in Fig. 13 ok is still unexplained. The actual distortions in the La_,CaMnO; materials. Comparisons of
transport mechanism may be better explained by an intermé¢he Mn-O distribution abové for variousx show that the
diate coupling of the carriers to the lattice with a double-Mn-O distortions are consistent with a linear interpolation of
exchange interactioff"1°A calculation of the magnitude of the end-member compounds LaMpénd CaMnQ, indicat-
the Mn-O distortions within these models as a functiodbof ing that proposed charge disproportionation models are in-
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consistent with the local structure. By contrast, a modeized holeny,, we find that Infy) =M. Since Inp)x—M
which includes a Jahn-Teller distortion in proportion to theand, in simple transport modelgsc 1/nu. (n is the number
Ca concentration fits the data well. Be|017\6, this linear of Charge carriers, an@c is the mobi”t)b, we now have
interpolation fails for samples exhibiting a CMR effect as theempirica| relations between the spin, charge, mobility, and
disorder in Mn-O pairs is reduced, consistent with pair-|attice distortions in the CMR perovskites.

distribution function analyse’:2” However, the Mn-O peak
amplitudes are still not completely ordered, indicating that
the polarons may not be completely delocalizednsistent
with Ref. 27 for the Sr compoungsThis result is supported The authors wish to thank M. Hundley, M. Jaime, D.
by the lack of a significant shift in the MK-edge threshold Louca, T. Egami, T. Tyson, A. Millis, H. Rier, and A.
energy, in agreement with Sasiet al®>® Small changes in  Bishop for useful conversations. One of (@B.) would like

the weighted average Mn-O bond length throughshow  to acknowledge the Actinide Chemistry group at LBNL for
that the change in disorder is not symmetric about Mn, consupport of this research and especially D. Shuh and P. Allen
sistent with a change in a JT distortion. We also report Lafor useful conversations. The work of F.B. was supported in
K-edge data that indicate that any change in the Mn-O-Mrpart by a faculty research grant and by NSF Grant No.
bond angle around. is limited to <0.5°. This result shows DMR9705117. This work was conducted under the auspices
that changes inry,.»n are along the Mn-O bonds; conse- of the U.S. Department of EnergpOE), supportedin par)
guently, the Mn atoms are displaced as well as the O atom&y funds provided by the University of California for the
The combination of all these results indicates that the essemonduct of discretionary research by the Los Alamos Na-
tial physics is described by local JT distortions ab@yehat  tional Laboratory. The experiments were performed at the
are partially delocalized beloW,, although small amounts SSRL, which is operated by the DOE, Division of Chemical
of CD (=10%) cannot be ruled out. These distortions scaleéSciences, and by the NIH, Biomedical Resource Technology
with transition temperature and magnetization. In particularProgram, Division of Research Resources. Some experi-
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tion around a single Mn site with the creation of a delocal-beam time.

ACKNOWLEDGMENTS

*Permanent address: Los Alamos National Laboratory, MS K7641°A. J. Millis, R. Mueller, and B. I. Shraiman, Phys. Rev. 3,

Los Alamos, NM 87545. 5405(1996.
TPermanent address: Physics Department, Florida Atlantic Univer?®A. Asamitsu, Y. Moritomo, Y. Tomioka, T. Arima, and Y.
sity, Boca Raton, FL 33431. Tokura, NaturgLondon 373 407 (1995.
1E. 0. Wollan and W. C. Koehler, Phys. Red00, 545 (1955. 21G. Zhao, K. Conder, H. Keller, and K. A. Mer, Nature(Lon-
2G. H. Jonker and J. H. van Santen, Physitesterdan 16, 337 don) 381, 676 (1996.
(1950. 22M. F. Hundley, M. Hawley, R. H. Heffner, Q. X. Jia, J. J. Neu-
3G. H. Jonker, PhysicéAmsterdan 22, 707 (1956 meier, J. Tesmer, J. D. Thompson, and X. D. Wu, Appl. Phys.

4Pp. Schiffer, A. Ramirez, W. Bao, and S-W. Cheong, Phys. Rev. |ett. 67, 860(1995.
: Lett. 75, 3336(1999. 23M. Jaime, M. B. Salamon, K. Pettit, M. Rubinstein, R. E. Treece,
A. P. Ramirez, P. Schiffer, S-W. Cheong, C. H. Chen, W. Bao, T. 3 5. Horwitz, and D. B. Chrisey, Appl. Phys. Le@8, 1576
T. M. Palstra, P. L. Gammel, D. J. Bishop, and B. Zegarski, (1996.
Phys. Rev. Lett76, 3188(1996.
6C. H. Chen, S-W. Cheong, and H. Y. Hwang, J. Appl. Pi8f.
4326(1997).
7J. Volger, PhysicdAmsterdan) 20, 49 (1954).

25 3. L. Billinge, R. G. DiFrancesco, G. H. Kwei, J. J. Neumeier,
and J. D. Thompson, Phys. Rev. Let7, 715(1996.
25T, A. Tyson, J. Mustre de Leon, S. D. Conradson, A. R. Bishop,

8C. Zener, Phys. Re\82, 403 (1951. ”e J. J. Neumeier, arld J. Zang, Phys. Re\vo3 13 985(1996.

9 C. H. Booth, F. Bridges, G. J. Snyder, and T. H. Geballe, Phys.
P. W. Anderson and H. Hasegawa, Phys. R0, 675(1955.

1p G, de Gennes, Phys. Reil8 141 (1960. ;. ev- BS54 R15 606(1996. ) _

1R, M. Kusters, J. Singleton, D. A. Keen, R. McGreevy, and W. D. Louca, T. Egami, E. L. Brosha, H. Rer, and A. R. Bishop,
Hayes, Physica B55 362 (1989. po TyS. Rev. B56, R8475(1997) _

12K Chahara, T. Ohuo, M. Kasai, and Y. Kozono, Appl. Phys. Lett.~ P- Dai, J. Zhang, H. A. Mook, S.-H. Liou, P. A. Dowben, and E.
63, 1990(1993. W. Plummer, Phys. Rev. B4, 3694(1996.

13R. von Helmolt, J. Wecker, B. Holzapfel, L. Schultz, and K. --P- Dai, J. Zhang, H. A. Mook, F. Foong, S-H. Liou, P. A. Dow-
Samwer, Phys. Rev. Letf1, 2331(1993. ben, and E. W. Plummer, Solid State Commi®0, 865(1996.

143, Jin, M. McCormack, T. H. Tiefel, R. M. Fleming, J. Phillips, *°G. H. Kwei, D. N. Argyriou, S. J. L. Billinge, A. C. Lawson, J. J.
and R. Ramesh, Scien@64, 413 (1994). Neumeier, A. P. Ramirez, M. A. Subramanian, and J. D.

5A. J. Millis, P. B. Littlewood, and B. I. Shraiman, Phys. Rev. ~ Thompson, inMagnetic Ultrathin Films, Multilayers, and Sur-
Lett. 74, 5144(1995. faces edited by D. D. Chambliss, J. G. Tobin, D. Kubinski, K.

164 Roder, J. Zang, and A. R. Bishop, Phys. Rev. L&8, 1356 Barmak, W. J. M. de Jonge, T. Katayama, A. Schuhl, and P.
(1996. Dederichs, MRS Symposia Proceedings No. éMaterials Re-

YA, J. Millis, B. I. Shraiman, and R. Mueller, Phys. Rev. L&t, search Society, Pittsburgh, 199p. 533.
175(1996. 813, A. M. van Roosmalen and E. Cordfunke, J. Solid State Chem.

18A. J. Millis, Phys. Rev. B53, 8434(1996. 110, 109 (1994.



10 454 C. H. BOOTHet al. 57

323. A. M. van Roosmalen and E. Cordfunke, J. Solid State Chem**J. B. Elemans, B. van Laar, K. J. R. van der Veen, and B. O.

110, 113(1994. Loopstra, J. Solid State Cher8. 238(1971).
%M. F. Hundley and J. J. Neumeier, Phys. Rev.5B 11511  45A note about anharmonic distortions: In XAFS analysis, if a pair
" (1997. _ _ distribution has a significant third moment, that is, if the distri-
H. Hwang, S-W. Cheong, P. Radaelli, M. Marezio, and B. Bat-  pytion is skewed, then if this moment is not accounted for in the
. logg, Phys. Rev. Lett7§, 914(1995. N fits, one will measure a false decrease in bond length with tem-
J. L. Cohn, J. J. Neumeier, C. P. Popoviciu, K. J. McClellan, and  peraturgP. Eisenberger and G. S. Brown, Solid State Commun.
T. Leventouri, Phys. Rev. B6, R8495(1997. 29, 418(1979]. These data can be fit with a large third moment

C. H. E’_OOth' F. Bridges, G'_ H. Kwei, J. M. Lawrence, A. L. of ~0.08 A. However, inclusion of such a moment in the fit
Comnelius, and J. J. Neumeier, Phys. Rev. L&ff.853 (1998. does not significantly change any of the results listed above.

37 i i
S.Elll- Zalg);]nskyé\]. ngehzréséégggdmov’ R. C. Albers, and M. J.46p ' shannon, Acta Crystallogr., Sect. A: Found. Crystallogr.
er, Phys. Rev. B2, . 32, 7519(1976.

38 - ;
G. G. Li, F. Bridges, and C. H. Booth, Phys. Rev.58, 6332 473, W. Lynn, R. W. Erwin, J. A. Borchers, Q. Huang, A. Santoro,

(1995. !
%9G. Subas, J. Gara, M. G. Proietti, and J. Blasco, Phys. Rev. B g J-L. Pgng, and Z. Y. L_" P_hys. Rev. Lefi6, 4046(1996.
J. Ranninger and U. Thibblin, Phys. Rev.4B, 7730(1992.

56, 8183(1997. 49 . .
40p. Norby, I. G. Krogh Andersen, E. Krogh Andersen, and N. H. M. F. Hundley, J. J. Neumeier, R. H. Heffner, Q. X. Jia, X. D.

Andersen, J. Solid State Chedl9, 191 (1995. Wu, and J. D. Thompson, i&pitaxial Oxide Thin Films IIJ
413, F. Mitchell, D. N. Argyriou, C. D. Potter, D. G. Hinks, J. D, ~ edited by D. G. Schlom, C.-B. Eom, M. E. Hawley, C. M. Fos-
Jorgensen, and S. D. Bader, Phys. Re\64B6172(1996. ter, and J. S. Speck, MRS Symposia Proceedings No(Ma4

42K. R. Poeppelmeier, M. E. Leonowicz, J. C. Scanlon, and J. M.  terials Research Society, Pittsburgh, 199 167.
Longo, J. Solid State Cherd5, 71 (1982. 50N, Sicron, B. Ravel, Y. Yacoby, E. A. Stern, F. Dogan, and J. J.

43B. F. Woodfield, M. L. Wilson, and J. M. Byers, Phys. Rev. Lett.  Rehr, Phys. Rev. B0, 13 168(1994.
78, 3201(1997).



