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Local structure at the manganese site in mixed-valence manganites
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Extended x-ray absorption fine structure at the mangakeesdge has been used to study the first oxygen
coordination shell at the manganese site as a function of temperature in mixed-valence perovskites.
La; ,CaMnO; (x=0, 0.15, 0.33, 0.5, 0.66, and),1Lay oY o0/CaaMNO;, Lags7Thy 1CaysMNO;, and
Th; _,CaMnO; (x=0, 0.33, 0.5, and 0.§Avere studied. Our results show that the manganese atom is sur-
rounded by a regular oxygen octahedra in the metallic-ferromagnetic phase. The analysis of the spectra at
temperatures above the magnetic transition can be described in terms of either a unique Mn-O interatomic
distance with a large Debye-Waller factor or two Mn-O distances with a distortion lower than 0.1 A. Such
distortion or disorder must be dynamic since it cannot be detected by diffraction measurements. This result
supports the evidence of a large phonon-electronic interaction and the polaronic origin as a possible mechanism
of electrical conduction in the paramagnetic phd$€163-18208)03101-4

[. INTRODUCTION existence of local distortions induced by JT coupling in the

paramagnetic phase. X-ray and neutron-diffraction tech-

The physical properties of manganese oxideshiques have shown small distortiéh,**typically an order of
RE;_,A,MnO; (RE=La,Pr..; A=Ca,Sr,Baare now being magnitude lower than those observed for static or dynamic

. . 6 .
investigated due to the discovery of colossal magnetoresis! distortions™ Previous works on extended x-ray-

tance effects associated with the ferromagnetic-paramagnef2SOrPtion fine SIUCIUrEEXAFS) spectroscopy at the man-
hase transition. A great experimental and theoretical effo anesex edge have reported d|ffere.nt resqlts for these ma-
b . 9 P e erials. Tysonet al?’ observed a single-site Mn-O bond
is currently being devoted to understand the intriguing beength distribution belowT, while a multisite distribution
havior of these kinds of compounds. was observed aboVE, . Boothet al?® have observed only a
The series La ,CaMnO; can be considered as an arche-discontinuous change of the Debye-Waller factor at the
type of these kinds of materials. The phase diagram can bghase transition with a unique Mn-O bond distance. More-
described briefly as follow§® LaMnO; orders antiferro- over, negligible changes are observed in x-ray absorption
magnetically at 140 K showing weak ferromagnetism due thear-edge structuréXANES) spectrd’ across the phase
spin cantingt* This low-temperature ordered state is presengransition indica_ting no modifications of tgse local structure,
in the La_,CaMnO; series up tax=0.1. In the composi- N agreement with the results of Booh al™ _
tion range between 0<1x< 0.5 the system orders ferromag- The local structure determination and, in particular, the

netically when cooling down, coupled to a large decrease iROSSIPIe relationship between local vibrational modes and
the electrical resistivity, i.e., a metal-insulativll) phase electron motion is very important to understand the behavior
transition. Simultaneous metallic state and ferromagnetic 09! (N€S€ materials. The oxygen arrangement in the MnO
dering was explained by the double exchange model pr octahedra should be determined in order to test the JT po-

Yaronic model proposed by several auth®t&1°2L:23n 3 re-
posed by Zener and developed by Anderson and D%ent work we have studied these materials with different

Ge_nne§.5 17When_x is larger than 0.5, the manganese Su_b'compositions, with the presence of a magnetic field and at
lattice orde_rs antlferronlagnetlcally and a charge Orde”_anifferent temperatures by means of XANES and circular
(CO) state is developetf~?’These features have been tradi- magnetic x-ray dichroisliCMXD) techniques at the Mi
tionally explained as due to the competition between superagge?8 Our results have shown only one kind of manganese
exchange antiferromagnetic interactions of (MN-O-  atom independently of the formal MivMn** ratio, i.e., a
Mn(lll) and Mr(IV)-O-Mn(lV) on the one hand, and the pure mixed-valence state with a fluctuation time lower than
ferromagnetic double exchange interaction of (Mn-O- 10719 sec. In order to account for this problem we have in-
Mn(lV) on the other. vestigated the local structure by EXAFS spectroscopy at the

Recently, several studies have shown a strong electronmanganesd edge in an extensive number of samples ac-
phonon coupling at both the MI phase transition and the CQording to the following points: (i) study of the variation of
transition>1>?°The importance of the lattice dynamics in the the local structure as a function of the composition in the
mechanism of the electronic and magnetic transitions haka; _,CaMnO; series;(ii) study of the structural changes in
suggested different possible models that include the presentike  ferromagnetic and paramagnetic phases of
of lattice polarons of the Janh-Tell&IT) type®19192222This  (La, _,RE,),:Ca,,;MnO3; (iii ) study of the local structure of
means a local JT distortion due to the splitting of the outerTb, ,CaMnO; series that does not show ferromagnetic or-
Mn3* 3d level. Up to now there is no evidence about thedering.

0163-1829/98/52)/748(7)/$15.00 57 748 © 1998 The American Physical Society



57 LOCAL STRUCTURE AT THE MANGANESE SITEN . .. 749

TABLE |. Lattice parameters at room temperatiif, magnetic and electrical transition temperatures
(K), and referencesTy denotes the Neel temperatufg; the Curie temperaturel oo the CO transition
temperatureT ), the Ml transition temperature, SC indicates a semiconducting behavior, and SG a spin-glass
behavior at low temperatures.

Unit cell Physical properties
Sample a b c Magnetic Electrical Reference
LaMnG; 5.535 5.723 7.697 Tn=140 SC 12, 19
Lag g<Cay 1MN0O;4 5.501 5.536 7.737 Tc.=180 Tw~Tc 6, 19
Lay;zCaysMnO; 5.472 5.457 7.711 Tc=260 Tu~Tc 19, 23
Lay,Ca,,MnO; 5.470 5.433 7.688 Tc=230 Tw~Tc 19

Ty=195 Teo~Tn

Lay3CasMnO;, 5.404 5.379 7.580 Ty=160 Teo=275 19, 20
CaMnQy 5.268 5.281 7.458 Tny=120 SC 19, 30
LaggY . 07Ca,sMNO; 5.455 5.455 7.697 Tc=160 Tu=~Te 5
Lag s7Thy 1CaysMnO5 5.452 5.454 7.693 Tc=150 Tw=~Tc 23
TbMnO, 5.301 5.854 7.399 Ty=15 SC 30
ThysCaysMNO5 5.326 5.529 7.496 SGTy=70 SC 30
Tby,,Cay,MnO; 5.337 5.462 7.472 Ty=140 Tco=300 30
Tby3CasMnO; 5.312 5.376 7.485 Ty=130 Tco=285 30
Il. EXPERIMENTAL DETAILS chrotron radiation facilities, beam line 18 at ESRF

Samples were synthesized using a sol-gel method bg/(GrenobIe); beam line 7.1 at S_REDaresbury, and beam line
the citrate route. The synthetic route and physical AS4at LURE(Orsay. Identical EXAFS spectra} were ob-
characterization have been reported elsewhéié2330 tained for samples measured at the three facilities. Spectra
The samples were characterized by means of x-ra were recorded in transmission mode using a fixed exit beam
powder diffraction as single-phase materials with andouble Si111) crystal monochromator. Tﬁf energy resolu-
orthorhombic ~ perovskite ~ structure. Oxygen contentlion AE/E was estimated to be aboux20" " for all of the
was tested by titration redox using KMpQGand Mohr's ~Measurements. Harmonic rejection was achieved by a slight
salt. The main magnetic, crystallographic, and transporgl€tuning of the two crystals from the parallel alignment. Sili-
properties of the studied samples are summarized i§0n photodiodes were used to detect the incident and trans-
Table I. mitted flux at ESRF while ionization chambers were used at

The experiments were performed at three different syn-
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FIG. 2. Modulus of the Fourier transform of the EXAFS spectra
FIG. 1. Room temperature mangandsedge EXAFS spectra of La; ,CaMnO; series at room temperature. Data have been
of La; _,CaMnO; (x=0.0.33,1). transformed between 3.5 and 14 Ausing a Gaussian window.
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LURE and SRS. Cryostats were used for recording the spec-
tra at low temperatures and the temperature control was
regulated within 0.1 K in all cases, but the sample tempera-
ture could be as muchs& K higher than the nominal tem-
1.2+ perature.

The structural analysis has been reduced to the first
oxygen shell because it is the most relevant parameter
in order to understand the possible mechanism conducting
the behavior of these systems. Data were reduced following
standard procedurds.The EXAFS signals were extracted
x=0.33; 90 K| from the raw spectra measured in a wide range
(800 eV above the edge The background subtraction
was performed by means of a cubic spline that simulates
the monotonic atomic absorption coefficientuf,
therefore the EXAFS signal was obtained k) =[ w(k)

— mo(K) 1/ mo(K), wherek is the magnitude of the photoelec-
tron wave vector obtained ak=[2m(E—Eg)]Y%%,
being E, the 1s binding energy determined by the
inflection point of the experimental spectra. The first
shell contribution was extracted by Fourier filterifigF)

of the spectra between 1 and 2 A. The structural

FIG. 3. Comparison between Fourier filtered first shell experi-parameters were obtained by least-square fitting of the
mental spectra and best-fit simulations of ;Lg&CaMnO; (x filtered spectra using as reference the first shell signal of
=0,0.33,1) samples at different temperatures. An only Mn-O dis-CaMnQ,. EXAFS of this sample was also analyzed using
tance has been considered for 0.33 sample. the theoretical phases and amplitudes generated from the

FEFF 3.11 codé®

1.6 [+

k x(k)

x=1;300K

k(A

TABLE IlI. Results of the structural analysis of the first oxygen coordination shell ¢f |GaMnO,
EXAFS spectra at the MK edge as a function of temperatub¢is the coordination numbeR and(R) are
the interatomic and the average Mn-O distances, respecti¥ely,is the Debye-Waller factor for the Mn-O
distance referred to the value for the CaMr&ample,o? is the absolute value for the Debye-Waller factor
and Res. is the best-fit residual factor normalizedifore., the difference between the number of indepen-
dent points of the spectra and the number of fit paraméRe§ 33. Estimated errors for Mn-O bonds are
+0.01. EXAFS data are compared with x-ray-diffractiofRD) data.

EXAFS
XRD Ad? (A%  o? (A?Y
Sample T (K) N RA RA R A X103 X103 Res.
LaMnO;, RT 4 1.94 1.94 -0.2 1.3 0.01
2 2.17 2.21 8.5 10
20 K 4 1.94 1.94 -1.7 0.0 0.01
2 2.16 2.18 3.8 5.3
Lag g<Cap 19MNO;4 RT 6 1.96 3.3 4.8 0.001
4 1.93 1.98 -03 1.2 0.002
2 2.06 -0.2 1.3
120K 6 1.96 2.1 3.6 0.003
4 1.94 1.98 -0.7 0.8 0.005
2 2.05 -1.0 0.4
Lag g7Cay 3MnO;4 RT 6 1.96 1.94 1.4 2.9 0.001
4 1.92 1.95 -0.15 1.3 0.003
2 2.00 0.1 1.6
240K 6 1.95 -0.1 1.4 0.002
90 K 6 1.96 -1.8 0.0 0.003
Lag Cay MnO; RT 6 1.94 0.7 2.2 0.002
Lag 38C8y ¢ MnO; RT 6 1.93 0.5 2.0 0.002
CaMnQ, RT 6 1.90 1.92 0.0 1.5 0.002
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Ill. RESULTS

A. EXAFS spectra of the series La_,Ca,MnO3 T

(x=0, 0.15, 0.33, 0.5, 0.66, and) 1 i

Figure 1 shows the EXAFS spectra for LaMyO 04F
Lay;sCa,sMNnO;, and CaMnQ@ samples. The spectra are
highly structurated indicating the crystalline character of the
samples. The Fourier transform of the room temperature
spectra taken between 3.5 and 14*Aare shown in Fig. 2.

We observe a main peak ascribed to the first oxygen shell
and further peaks, corresponding to successive coordination
shells. The intensity of the first peak for LaMp@®@ lower
than for the other samples, making evident the presence of a
tetragonal distortion.

Comparisons between experimental spectrum and the
best-fit simulation are shown for CaMgOLaMnG;, and
Lay;sCa,sMN0O5 in Fig. 3. The best-fit parameters are sum-
marized in Table Il. Only one best fit was obtained for all the n
samples at room temperature except forg,_f_gﬁa)_lgj\/lnog . 0 1
and Lg;;Ca,;sMn0O;. In these samples two different best fits
are obtained with very small differences between the accu-
racy factors. The two solutions are, either well a nondistorted
MnQg octahedron with an only Mn-O bond length with a  FIG. 4. Fourier transform of the EXAFS spectra for
large Debye-Waller factor, or a Mnctahedron with two  (La;—yRE))23CasMnO; samples at temperatures above and below
Mn-O distances and low Debye-Waller factors. Although,the MI phase transition. Solid lines represent the room-temperature
the one-shell fit seems to be better on a statistical point oflata. Pointed curves are data taken at 180 K. Dashed lines are data
view, i.e., in terms of the residual factor reported in Table |1.t2ken at 80 K for the Y sample and 105 K for the Tb sample.

Both fits are in agreement with a large spread of the inter-
atomic distances abovE.. It is important to note that coor-

T=160K

Modulus of Fourier Transform

2 3 4 5 6 7 8
R (A)

TABLE 1ll. Results of the structural analysis of the first oxygen coordination shell of
(Lay - yRE,)25CasMn0O; series withRE=Y or Th as a function of temperature. Fit parameters are the same
as those defined in Table II. Estimated errors for Mn-O bondstdd®1. EXAFS data are compared with

XRD data.
EXAFS
XRD Ac? (A% % (A?
Sample TK) N RA RA R A X103 X10"%  Res.
Lag ¢/Cay 3MnO; RT 6 1.96 1.94 1.4 2.9 0.001
4 1.92 1.95 -0.1 1.4 0.003
2 2.00 0.1 1.6
240K 6 1.95 -0.1 1.4 0.002
90K 6 1.96 -1.8 0.0 0.003
LagaY .07C8 3MNO; RT 6 2x1.97 195 2.1 3.6 0.001
2x1.96
4 2x1.95 1.93 1.96 -0.8 0.7 0.002
2 2.03 0.4 2.0
180K 6 1.94 1.7 3.2 0.001
4 1.92 1.95 -0.8 0.7 0.002
2 2.02 0.6 2.2
80K 6 1.96 1.96 -1.1 0.4 0.003
Lag 57Thg 1Cay 3MNO; RT 6 1.96 1.95 2.7 4.2 0.002
4 1.92 1.96 0.0 1.5 0.004
2 2.03 0.0 1.6
180K 6 1.94 2.2 3.7 0.001
4 1.92 1.95 -03 1.2 0.003
2 2.02 -04 1.1
106K 6 1.96 -03 1.2 0.002
20K 6 1.96 -09 0.6 0.003
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TABLE IV. Results of the structural analysis of the first oxygen coordination shell gf g MnO;
EXAFS spectra at the MK edge as a function of temperature. Fit parameters are the same as those defined
in Table Il. Estimated errors for Mn-O bond ate0.01. EXAFS data are compared with XRD data.

EXAFS
XRD Ad? (AD)  o? (AP
Sample TK) N RA RA (R A x 1073 x 1073 Res.
2x1.88
TbMnO; RT 4  2x1.93 193 -0.3 1.2 0.009
2 2x228 229 9.1 11
20 K 4 1.92 -1.0 0.5 0.002
2 2.26 4.0 55
2X1.96
Thg 6/Ca 3MNO5 RT 4  2x195 192 1.96 0.4 1.9 0.002
2 2x201 205 11 12.2
20 K 4 1.92 -0.2 1.3 0.003
2 2.03 0.6 2.1
Tho :Cay MnO; 320K 6 195 1.94 2.3 3.8 0.002
Thg 3Ca cMNO; RT 6 1.94 0.6 2.2 0.001
CaMnQ, RT 6 1.90 1.92 0.0 15 0.002
dination numbers have been fixed in the fit process. The C. Series Th_,Ca,MnOg,

difference between the bond lengths, obtained by the two-
shell fit, ranges between 0.08 and 0.1 A, very similar to the,

Debye-Waller factor value®.05-0.07 A obtained in the fit ;g ¢, distinguish the effects of the rare-earth substitution with

with an only distance. Samples with=0.5 andx=% only 5 from the effects arising from ferromagnetic ordering. The
show an interatomic distance with low Debye-Waller factors..eqits of the first shell analysis are reported in Table IV.
The interatomic Mn-O distances are in nice agreement Witlj gt shell data for ToMn@show two interatomic distances
the dlstances obtained from diffraction mea_surements as Calharacteristic of a JT splitting as occurs for LaMpGrhe
be seen in Table Il and show a monotonic decrease Witligiortion for TOMnQ is larger than for LaMn@ in part due
Lnei‘llzaiisems%:[eéue to the increase of the average Manganesgy the smaller iqnic radius of the Th atom. JJ&a,,sMnO; _
shows a small distortion at room temperature and at 20 K in
agreement with the x-ray-diffraction studies. In this case, the
fit using a local distortion is clearly better than the fit ob-
The effect of the so-called “chemical pressure,” i.e., thetained by using a unique distance, in contrast with the results
decrease of the radius of tiheatom () in ABO; perovs-  obtained for La-sCa;sMnO; and RE substituted samples.
kites obtained in this case by substitution of lanthanum witfSamples withx=3 and x=3% show a unique Mn-O inter-
smaller rare-earth atoms, induces a decrease in the tempegtomic distance in agreement with crystallographic studies.
ture of both, the Ml and magnetic phase transitions. In order The first shell filtered spectra at high and low tempera-
to characterize the Mnoctahedra in the paramagnetic tures of the homologous compounds;k@a;sMnO; and
phase for different 5 values, we have performed EXAFS Thb,;Ca;;MnO; are compared in Fig. 5. It allows us to visu-
experiments in two different samples, dgf o C& :MNO3;  alize the absence of distortion in the ferromagnetic phase,
and Las7Thy Cay3dMNnO5. The Fourier transform of the i.e., the interference between two different interatomic dis-
spectra taken at temperatures above and below the phatces that gives rise to a lower signal for the distorted spec-
transition are shown in Fig. 4. The intensity of the peaktra. On the other hand, the high-temperature phase of
ascribed to the Mn-O distance increases, as expected, withb,Ca;sMnO; is more distorted than its homologous
decreasing the temperature, but the change is much mote,Ca;;sMnO; sample.
evident across the MI transition temperature, independently
of the absolute value .. This means that the Mn-O bond-
length disorder is strongly reduced when the MI transition
takes place. Analysis of the first shell was performed using The extensive EXAFS study performed has allowed us to
CaMnQ; as reference and the best-fit values are given irdetermine the local structure of three different series of man-
Table Ill. As in the case of LaCa;sMnO; an only inter-  ganite compounds and, in particular, the short-range order at
atomic distance is obtained for the samples with long-rang¢he Mn site above and below the MI phase transition in the
ferromagnetic ordering. Nevertheless, the paramagnetic ranagnetoresistive lanthanum-calcium based manganese per-
gion can be described again by a large Debye-Waller factoovskites. Several points can be considered for discussion.
or a local distortion. We want to emphasize that the accuracyhe first point is the evidence of regular Mg@ctahedra in
of both fits are similar and, consequently, the technique carthe metallic ferromagnetic phase independent of the phase
not distinguish between the two possibilities. transition temperature of the compound considered. Our re-

Th, _,CaMnO; series does not show long-range ferro-
agnetism for any compositiofl.Therefore, its study allows

B. Series(La;_,RE,),3Ca;,sMn0O 5

IV. DISCUSSION AND CONCLUSIONS
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EXAFS that is determined by the usefklrange datd® In
TrTTTrTTTITTITT our case, i.e., with & range of about 10 A?, differences in
distances lower than 0.15 A cannot be unambiguously re-
solved. In any case, the large Debye-Waller factors obtained
in the former case allow us to conclude that paramagnetic
phase is characterized by a large random static or dynamic
disorder. Either the Debye-Waller factor or the distortion ob-
tained by the two-shell fit are lower than the static distortion
found in the homologous BHhCa;;sMnO; or in LaMnO; and
TbMnGO; where the distortion is originated by the splitting of
the e4 ground state. This point together with the absence of
any kind of distortion obtained by diffraction
studies>®192324syggests a dynamic distortion that collapses
at the phase transition. Moreover, it is impossible to distin-
guish from EXAFS results the driving force of the distortion,
i.e., between a breathing mode and a JT distortion. Our re-
sults can support the mechanism of polaronic conduction
N A I R R aboveT, as it has been suggested by magnetostriction and
4 6 8 10 12 small-angle neutron-scattering resdftsThis result also
agrees with theoretical studies that propose a localization of
the conduction-band electrons as polarons by electron-
phonon coupling and belowW, the polaron effect is turned
_ FIG. 5. _Comparison of the firs_t shell EXAFS contribution of the off allowing the formation of a metallic state.
|soelectro.n|c Lg+Ca,sMNnO; (continuous lingand Tly:Ca,;sMNO3 Furthermore, ThiCa;,sMnO; shows features similar to
(dashed ling samples at room and low temperatures. the isoelectronic LggCaysMnO; at room temperature but
sults agree with diffraction results obtained by severafthe local distortion remains for the Tb compound at low
author§®192324  and  complete previous EXAFS temperatures where long-range ferromagnetism no longer
experiment$’23*This point, around which some consensustakes place. This point indicates that the phase transition has
is growing within the scientific community, puts in evidence & magnetic origin, being the decrease of local Mn-O disorder
that if the MI transition is driven by coupling with phonons, @ consequence of the ferromagnetic coupling of the manga-
such a coupling does not stabilize any kind of local distortion€S€ atoms.
in the ferromagnetic phase. This result, together with recent Regarding nonmagnetoresistive perovskites, i.e., Xor
XANES and CMXD resu'ts] points to the presence of a>0.5, our results coincide with the diffraction I’esults, g|V|ng
unique kind of manganese atom in the ferromagnetic phasé’:nteratomic distances arising from the aVerage Value Of the
therefore Mn is shown to be in a pure mixed-valence stateQXidation state and Debye-Waller factor values lower than
These results points out that the ferromagnetic metallic staté10se found at room temperature in the magnetoresistive ma-
would be better described in the framework of band theoryerials. We would like also to emphasize that from a struc-
models and as it has been suggested by Picket and Sasgh, tural point of view a unique manganese is detected, which
a half-metallic ferromagnet. means no disproportion of Mn atoms.

Second, our results clearly show the presence of an
anomalous structural disorder of the Mn@ctahedra in the
paramagnetic phase for the magnetoresistive materials. Our
opinion about some of the controversies found in the litera- We would like to thank Dr. A. Filipponi and Dr. P. Loef-
ture about the EXAFS results for this phase is that they cafen of ESRF, Dr. D. Bazin and H. Sonneville of LURE, and
arise from the intrinsic limitations of the EXAFS technique. K. C. Cheung of SRS for technical assistance at the respec-
In fact, our analysis gives a similar agreement by consideringve facilities. The authors are grateful to the EC Large Fa-
a unique Mn-O distance or two distances. This fact is congcilities Program, ESRF, and the Spanish DGICYT for finan-
sistent with the typical resolution of distances achievable byial support(Project No. MAT96-0491
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