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Local atomic and electronic structure in LaMnO3 across the orbital ordering transition
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The local atomic disorder and electronic structure in the environment of manganese atoms inglizdnO
been studied by x-ray absorption spectroscopy over a temperature (20@e870 K covering the orbital
ordering transitior{~710 K). The Mn—0 distance splitting into short and long botH95 and 2.15 Ais kept
across the transition temperature, so that the lo€@ahedra remain locally Jahn-Teller distorted. Disconti-
nuities in the Mn local structure are identified in the extended x-ray fine structure spectra at this temperature,
associated with a reduction of the disorder in the superexchange angle and to the removal of the anisotropy in
the radial disorder within the coordination shell. Subtle changes in the electronic local structure also take place
at the Mn site at the transition temperature. The near-edge spectra show a small drop of thédlim ebunt
and a small enhancement in the pre-edge structures at the transition temperature. These features are associated
with an increase of the covalence of the Mn—O bonds. Our results shed light on the local electronic and
structural phenomena in a model of order-disorder transition, where the cooperative distortion is overcome by
the thermal disorder.
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I. INTRODUCTION respectively; however, this additional splitting is small for

The lanthanum manganite and its doped perovskite alloy!ocal Probes such as real-space high-resolution diffrattfon

i i EX 5-7
La,,AMnO; (with A=Ca,Sr,Ba have attracted much atten- and extended x-ray absorption fine StructyE&xXAFS).>"
rhe local radial distribution is thus seen as made of a single

tion in the last decade, in large part due to the potential’, ,
applications of the so-called colossal magnetoresist’anceq'Stance a(Mn—0);~1.94 A, separated from the long dis-

The unusual physical properties of these compounds ariggnce long bondMn-0),~2.15 A. LaMnQ; undergoes a

from intricate interrelations between spin, charge, and |Ocal1'ransiti_on atT* ~710-750 K from the JT—distorteq ortho-
rhombic phase to a high-temperature nearly cubic phase.

structure. In spite of the large experimental and theoreticajl_h b ins th in both oh but
efforts of the scientific community many of these interrela-y, e space groupbnmremains the same in both phases, bu
tions remain not elucidated. In the LaMg@ompound itself the cell dlstqrtlon is _nearly removed and the orbital ord_e_nng_

. . disappears in the high-temperature phase. The transition is
many questions remain to be @ddressfed- At room temper""tué%companied by abrupt changes in the electrical resistivity,
LaMnQ; is an antiferromagnetic semiconductor and CryStaI'thermoeIectric power, and Weiss constant.
lizes in an orthorhombic variant of the cubic perovgklte At the local scale two scenarios may be proposed: sym-
structure space groug’bnm The MnQ; octahedra in  metrization of the distorted octrahedra Mu®©r an order-
LaMnQ; are distorted due to the Jahn-Telld) effects of  gjsorder transition, where the local distortion is maintained.
the Mr**(t3;e5) and the Mn—O distances are split into two From thermodynamic calculations it has been shvinat
groups. The manganese atoms are coupled ferromagneticaliye thermal energy at* is small with respect to the gain
in the ab plane and antiferromagnetically along theaxis  associated to the lift of the, levels degeneracy, so that this
and an orbital ordering takes place. In the basalplane transition will hardly correspond to a removal of the octahe-
long and short Mn—O bonds alternate. The apical and basalral distortion. The transition would happen as an order-
short bonds have different length=1.91 A and=1.97 A,  disorder transition in the sequence of the distorted octahedra.
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Experimentally, two early works from Raman spectroséépy observed in both the EXAFS and XANES range data. In the
and from the analysis of the overall disorder in the EXAFSEXAFS range, the Jahn-Teller distance splitting still exists
data acrossT* (Ref. 12 supported the hypothesis of the within the coordination shell even above the transition, but
upkeep of the local JT distortion. On the other hand, themodification in the disorder can be identified. At low tem-

hypothesis that the local JT distortion may vanish and thgyerature the static disorder associated with the long bond
Mn-0O d|§tanclegs collapse was sustained by the work in thifpn—0), is about 3 times larger than the disorder associated
LaMnO; films.™ The two distances found by the fitting \ith the short bondMn—0),. As the temperature increases

proceduré collapse into a single one above a given teM- e overall disorder associated with the short bond is rapidly

perature in a similar way as the cell parameters. More re-, - —
cently, Sanchezt ali4 have reached opposite Conclusionsdomlnated by the thermal contribution whereas the structural

o ; : term is still dominant for the long bond. Arount¥ these
fro_ln_1htehr(2|rhxa\r/aey§ebesr? r\F/)g:')i(r;uSStuv?I)(/)rll?SLSgr?gQJ )?_Ig;ygﬁz'rptioﬁgrms become of. the same order and the thermal disorder is
spectroscopy(XAS), shedding light on the nature of the !Kely to be dominant for all apical and basal bonds. We
Jahn-Teller distortion, electronic states, thermal behavioicOnclude then that the tetragonal distortion is preserved
and disorder in manganités’-1214-21The thermal and struc- acrossT*, in agreement with an order-disorder character for
tural disorder enters equivalently in the theory and in thehe transition. We point out that this transition takes place
data analysis where the overall disorder is usually expressétihen the relative displacement of the atoms along the long
by a Debye Waller-like factofDWF). The thermal disorder and short bonds becomes of the same order, turning the av-
depends on the dynamical properties of the lattice. It presengrage radial disorder isotropic and allowing the bond length
a smooth continuous increase with the temperature that cdf vary independently. In the XANES range, the weak but
be modeled using models of correlated vibrati&hdhe  significant discontinuities observed acrdSsare associated
structural local disorder accounts for bond length dispersiofvith an increase of the covalent character of the Mn-O
and site distortions that, in the absence of structural transibonds.
tion, are temperature independent. At high temperatures, the
EXAFS signal is strongly damped by the thermal disorder. Il. EXPERIMENT
The limited available analysis range reducesRmesolution
and closely correlated fitting parameters cannot always been The Mn—K edge EXAFS spectra were collected on a
unambiguously resolvetlin addition, the structural disorder Powder of LaMnQ synthesized by the solid-state reaction
associated with the long and short Mn—O bonds are signifilethod. The sample shows an orthorhombic to cubic transi-
cantly different7 and the thermal behavior of the DWF may tion at T* ~710 K. Details of the synthesis method, the
not be correlated. To avoid misfits in the choice of fixed orStructural characterization, and magnetic of the sample have
correlated parameters, qualitative methods using an alternR€en published elsewhete. The temperature-dependent
tive way of data handling may be useful, prior to the appli-X-fay absorption measurements were performed at LNLS
cation of the fitting procedure. The phase derivative methodP?04B-XAS1 beamlin€ in the transmission mode. A fine-
based on the analysis of the beat stemming from the combg@rained powder sample of LaMn@/as pressed between two
nation of two close frequency sinusoids, has proved in Se\,\‘.h_m beryllium windows and placed into an electrical furnace
eral complex systems its usefulness as a diagnosticgsl. With low vacuum(<107 Torr). EXAFS and XANES data
This method, by characterizing the occurrence of a distanc&ere  collected at increasing temperature  from
splitting, should be especially useful to identify possible col-300 K to 870 K. Then the temperature has been decreased
lapse of this splitting as the temperature is increased. Wit@nd the XAS spectra have been collected again at some tem-
the support of this evidence, the EXAFS fitting analysisPerature points and compared to those previously collected.
should then be specially focused on the behavior of thdJsing this procedure we can certify that the sample had not
disorder-related Debye Waller-like term. been oxidized during the high-temperature measurements. In

X-ray absorption near-edge spectroscqpyANES) has  addition we verify with this procedure the perfect reproduc-
been shown to be very sensitive to the various degrees dpility of the subtle features in the XANES spectra. The EX-
freedom governing the electronic properties of manganithFS data were collected up thy,,=12.5 A™%. This data
compounds, such as local atomic distortion, charge transfégnge limits the minimum difference between two close dis-
in the Mn—0 bond, or local magnetic orderifig:1’-21The  tances that can be resolved in the EXAFS analysis to the
temperature dependence of XANES spectra in LaMh@s ~ Value (8R),,=0.13 A. The two distances at 1.91 A and
been the object of some reports in the literatt#&® but  1.97 A are seen as one unique distatiin—0)s~1.94 A,
most of them are related to the thermal behavior of this comeasily resolved from the long distan¢Mn—0),~2.15 A
pound around the magnetic ordering temperafur&40 K). (6R=0.21 A). The experimental resolution for the XANES
It can be expected that the temperature dependence ekperiments was about 1.5 eV. The simultaneous collection
XANES spectra across the orthorhombic to cubic transitiorof XANES metal foil reference spectra enables the eventual
may shed more light on the modification in the local atomiccorrection of a small energy shift due to thermal effects in
and electronic structure at the site of the ¥ions. the optics of the beamline. After background subtraction the

We address here the issue of the temperature dependenggectra were normalized in the range 150-250 eV above the
of the local distortion around M ions in LaMnQ; with a  edge. The features in the XANES spectra can then be com-
complete set of EXAFS and XANES data, collected belowpared in intensity and in position with a sensitivity as low as
and aboveT*. At this temperature some discontinuities are 0.1 eV.
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O FIG. 2. (a) Fourier transform of the EXAFS signal across
I \\,\/\/Ar\w/\k,f\wf\m/\mw,w\ Murn | (modulus an_d re_al partinset: detail of the first peak corresponding

A . . . . to the coordination shell. Subtle but reproducible changes are ob-
served for temperatures below and above the transition temperature.
(b) Modulus of the Fourier transform of the difference EXAFS

signal acros§*, showing the two differential contributions around
FIG. 1. EXAFS signal(a) and difference spectréb) below, 3 and 1.8 A.

above, and across the transition temperatliteThe inset is a
e ot aBpealing arounk=a.5 A" in the EXAFS pectiariy.
Y ution, in-p 1(a)]. This feature is common, with different scale of inten-
structure above the transition. . .
sities, to all reported EXAFS spectra of manganite com-

o ) pounds, but is absent in LaMnelow T* (Refs. 5-7, 14,
The EXAFS oscillations were extracted following stan- ang 15. Aiming to determine the exact origin of this contri-

dard proceduré’ The signal corresponding to the oxygen pytion, we performab initio simulations in MS expansion,

coordination shell is selected by Fourier filtering. A first using thererr7 code?29 Different clusters were built using
analysis has been made using the phase derivafNR . — )
method. This method is based on the exploration of thethe crystallographic structure &nmandR3C doped com

modulation in the EXAFS signal occurring when the contri- pounds.. A path-by—.path study allowed .the idgntification of
butions of two close shells separated &y are combined. the additional contr|'but|or? abover as bemg mainly due to
For close shells with the same backscattering atom, thi%hhre_e-leg MS paths mvo_lvmg tW.O neighboring M_n at_oms and
modulation results in a minimum in the total amplitude and €ir common oxygerﬁ_Flg_. 1@, ”?38“- The contribution of
an inflection in the total phase of the EXAFS signalkat th|s path increases with increasing th? superexchar_]ge angle
=kg given bykg~ 7/26R (Refs. 23-25 The presence of a (tilt angle) Mn—-O—Mn, as well as with the reduction of
beat is widely used to identify the occurrence of close shells"’mgu.Iar disorder. This contribution is plearly reveilledl in the
Due to the approximations involvedRg=m/2ks does not Fourier transformFT) of th_e E.XAFS §|gnal across” (Fig.
give exactly the bond length separation; however, any relag)' Apart from otRer mod|f|cat|(_)ns, discussed below,_a 'f?“ge
tive modification in this separation will be detected by a shiftgﬁg\lfvsa[‘ou?g t?]e d?f?érriirc):zngimg @;{:? th;é);\/l isc?:;tlzlt?ggon’
in the beat position. The second analysis consisted in thgiffractiorl? studie® do contain agny regr;ort of. an anomalous
application of the conventional fitting procedure constraining ehavior in the average tilt anale. we mav conclude that the
the parameters using the information obtained from the P[Znhancement of the ?\/IS contgr]ibt,Jtion Tt %s more likel
method. In the fitting procedure, the number of free param-, .4 to a reduction of the average angular disordery
eters is limited ton=7 by the useful range and the interval . . . Lo
corresponding to the selected signal in the real space. A (;Iosgr view of the f|r§t pe;ak in FT _correqundmg 1o the
contribution of the coordination shejFig. 2(a), insei re-
veals small but significant modifications occurring within the
Il. RESULTS AND DISCUSSION MnOg octahedra, across the transition. The shape of the sig-

. nal is not notably affected, but we observe a small drop in
The k*-weightedy(k) spectrd x(k)k?] for selected tem-  the height of the peakat ~1.3 &) and a discontinuity in the

peratures below and above the cell ordering temperaturghermal sequence, clearly seen in the real FT component, in
T*(~710 K) are shown in Fig. (). In Fig. 1(b), we report  the highR side of the peakat ~1.8 A), associated with the
the difference EXAFS spectra for measurement at a temperdeng-bond contributiod.The Fourier transform of the differ-
ture differing by 50 K, just below, just above, and across theence spectra acrosk* [Fig. 2(b)] shows a peak around
transition. Subtle modifications are observed acissThe 1.8 A, confirming the occurrence of a structural modification
high frequency of these modifications indicates that they arevithin the coordination shell. As already pointed out, the
associated with higher shells or multiple-scatteriM) ef-  thermal damping may smooth and screen part of the real
fects. We would like to call attention to the additional featureeffects, so that a thorough analysis is necessary to determine

4 6 8 10 12

k A"
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FIG. 3. (a) Back-Fourier-transformed signal of the coordination
shell at room temperaturéb) Total phase shift and derivative: the
minimum of the curve defines the beat positign

the extent of modification of the local atomic organization. j
The PD method was applied in the analysis of this coor- Py

dination shell contribution, first for the room-temperature L, . .

(RT) spectrum, where the local structure is already well es- 400 600 800

tablished. The EXAFS signal was back Fourier transformed Temperanrs: (K)

in theR range 0.7—-2.1 AFig. 3@)]. A minimum in the total

amplitude [Fig. 3@] and an inflection point in the total

p_h_ase[Flg. 3b)] are observed a=8.3 A This t_)eat PO- the temperature. The domain where the orthorhombic to cubic tran-

sition corresponds to a valufRg=/2kg=0.19 A, in good  gjtion takes place is marked by the hatched area.

agreement with bond length separation obtained from crys-

tallographic data6R=0.21 A). The small difference, most

likely due to the approximations involved in the PD

method?® is commonly reportett?® and does not affect the

precision in the relative modification of this separation,

FIG. 4. (a) Total phase shift derivative: the minimum of the
curve defines the beat positi&p. (b) Variation of thekg value with

character, while the longMin—0), distance corresponds to a
weaker ionic bonding. The static radial disorder associated
with the ionic long bonds is largéo=0.07 A) and keeps
almost the same value over the whole temperature range be-

Yézlrfgc;rgtrjtl)?:e%ir:aesvi?ltek?e bpyhaasjhéztrlgc:ir:)i ?}Z"\J‘; pboeseltlllogggw T*. The radial disorder associated with the short bonds is
plied to the EXAFS spectra in the whole temperature range bout 3 times smaller at room temperature, in agreement

leading to a beat position value comprised between 8.1 an\@ith the results reported in the literature. The evolution of
85A_9[Fi 4] Krelative error of 550 has been estiméted is factor is thermally driven, well accounted for by a
frbm the n?éan-sduare deviation for spectra collected at th?imple correlated model for the thermal vibrafiéisThe
same temperature. Within this error bar the same valug of emperature found for the Einstein model @ ~680 K

) . . ig. 5, in agreement with the high Debye temperatures
is obtained over the whole temperature range, showing tha%g) YT d :
the bond length splitting is kept constant acrdgs [Fig. p~3/20g~1000 K) already reported in  perovskites

4(b)].

A two-shell fit in k space is then performed using theoret- . '§ a 4 atan ZA AAds
ical amplitude and phase functions generated usingghe7 ‘im :_ % L a
code®?9 from the crystallographicPbnm structure of - S S T i-i'ij’% ----- L 6 =
LaMnO;. The number of first neighbors were fix¢N,=4 aos[® 58 -],
for the short(Mn—0), bonds andN,=2 for the (Mn-0), B 2.00 X Z 5;
long bond$ and the value of the amplitude reduction factor 3 Z 42 "
S was determined from RT spectra and then fixed for the R AA Ao AAAD éa VR
analysis of the spectra at other temperatures. Figure 5 shows e 0o Z . d°
the results of the fit. We note that the Mn—O distances re- 300 400 500 600 700 800 900

Temperature (K)

main almost constant through* at values close to those
known for LaMnQ, at RT: (Mn-0),=1.93 A and

(Mn—O).|:2.15 A, confirming tha-t. there is no collapse of DWF's (square, right scaje The open symbols and solid symbols
these distances across the transition. correspond to short and long lengths, respectively. For the sake of

As concerns the disorder, the study of the Debye-Walleg|arity the error bars in the bond lengths, almost constant over the
term brings about some interesting observations. As alreadi¢mperature range, have been shown only for room temperature.
been pointed out in previous XAS studfeSthe disorder  The solid line is the fit of the thermal disorder using the correlated
associated with the long and short bonds at room temperatugnstein model. The dotted line is only a guide for the eyes. A small
are quite different. According to the prediction of drop of the long-bond DWF is observed &t (hatched area At
Goodenoug® about the character of the Mn—O bonding, this temperature the DWF's of the short and long bonds are
the shor{Mn-0), bonds are stable bonds with semicovalentequalized.

FIG. 5. Mn—0 bond length@riangles, left scaleand associated
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: C account for the hybridization of the Mnpdorbitals with the
Mn 3d orbitals on neighboring Mn ions, either directly or via
O atoms®'3? In reduced symmetry due to the local Jahn-
Teller distortion of the Mn@ octahedra, the sk 4p transi-
tion on Mn site is split into separable components close to
the onsefshoulderB) around 6546 eV and at the top of the
rising edge(C main peak in the region 6550—-6560 eV
where lies most of the spectral strend¥There is no energy
shift in the XANES over the whole temperature range, in
agreement with the absence of significant modification in the
average coordination distance. It has been recently invéked

FIG. 6. XANES spectra across the orbital ordering temperatur(-,l;hat a charge di.s_proportionation for the Mn io,ns could hap-
(~710 K). The insets are close views showing the subtle discontilP€n at the transition temperature. However, this would result

nuities in amplitude. Left inset: pre-edge region and correspondind? @ SPitting in the rising edge that has not been observed.
absorption derivative. Right inset: main feat@e rastic changes in the charge disproportionation should then
be excluded. The top of the main feat@eneasures the net
compounds:1® The DWF associated with long bonds is al- 4p hole count. Up to the transition temperature the intensity
most temperature independent up to values clos&*tdAt of this C peak decreases very slowly and continuously when
this temperature we observe a small drop in this factor, parthe temperature increases as a consequence of the increase of
tially screened by the error on the determinationsdf We  the thermal disorder. At the transition a small additional drop
should point out that at this temperature the DWF's associin the maximum peak height takes pladgg. 6, insel. We
ated with short and long bonds assume essentially the sanshould remind the reader that the experimental procedure
values. Abover* both factors seem to follow a simple ther- based on the collection of the XAS data twice, both at in-
mal behavior, in the continuity of the low-temperature be-creasing and decreasing temperatures, assures us the perfect
havior of the short-bond DWF. reproducibility of the XANES features. Small changes in the
The small drop in the long-bond DWF is consistent with intensity of the features, especially in the maximum peak
the small discontinuity in the long-bond-related side in theheight, are not experimental artifacts. An additional drop in
FT (Fig. 2. As the distances are kept constant and the DWREhe hole count is then observed across the transition. It ac-
associated with the short bond increases continuously, itounts for an additional nonthermal increase of the delocal-
should be related to the drop in the height of the peak in thézation of theg, electrons through a band effect associated to
FT across the transition. We should emphasize that the DWEhe increase of the average Mn—O bond covaléhdc@or-
in EXAFS only accounts for radial disorder—i.e., the rela-relatively, subtle but reproducible modifications are observed
tive variation in the Mn and O positions—projected alongin the pre-edge domaiFig. 6, insel. Alterations in the
the bond axis. In the basal plane, all the MB—Mnlinkages  spectral weight of these features are currently associated with
are composed of a long and a short bond. The longitudinanodification in the distribution o, majority and(ey ty;)
variation of the(Mn—0), length should then be accommo- minority states® In the present case we do not observe spec-
dated by flattening and unbending the M@—Mn angle. tral transfer from one to the other features, but the simulta-
The resulting transverse accommodation has a limited proreous enhancement of the two features. We associate this
jection on the(Mn—0), bond and is not “seen” in the radial enhancement with an increase of the hybridization between
disorder term. Additionally, the accommodation through thethe Mn 4p orbitals and the Mn @ orbitals on neighboring
Mn—O-Mn angle yields to destructive interferences in theatoms. This is consistent with a reduction of the disorder in
different multiple-scattering contributions of the almost lin- the superexchange angle deduced from EXAFS analysis. The
ear three-leg MS pathFig. 1(a), insel and limits the total ~delocalization of theg, electrons due to the thermal disorder
contribution to the EXAFS signal. Around@* the radial partly overcomes the localization associated with the ionic
DWF of (Mn—0), bonds becomes of the same order as thabonds and should be related to the reported drop in the re-
of (Mn—0), bonds and the variations of the short and longsistivity at the orbital ordering temperatf#!
bonds are almost decorrelated. The two terms follow then
similar thermal bghaviors..The MO—-Mn qngle is no IV. CONCLUSIONS
longer so strongly involved in the accomodation of the bond
vibrations and the contribution of the multiple-scattering We reported an XAS study of the local atomic and struc-
path involving the two adjacent Mn and their common Otural modifications around the manganese atoms in LajnO
increases. The reduction of the angular distortion favors aacross the orbital ordering transitiof. The Jahn-Teller
increase of the hybridization between the Mt @&d O splitting into long(Mn—0), and shor{Mn-0) bonds within
orbitals. the MnQ; octahedra is kept in the high-temperature phase.
The XANES spectra across the transititgi7r0—820 K We observe that significant electronic and structural changes
are shown in Fig. 6. The spectra exhibit the features alreadgre taking place across this transition at the Mn site. We
reported in LaMnQ (Refs. 17-21 The two pre-edge peaks show that the structural modifications correspond to a change
a; and a, (6540.0 and 6542.4 eVarise essentially from in the accommodation of the local thermal disorder related to
1s-4p dipole-allowed transitions of Mn@character. They vibrations of the Mn—O bonds. We point out that the orbital

Absorption (arb. units)

a4 a

6554 , 6556 6558
6540 6560 6580
Energy (V)
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ordering transition takes place when the relative displacebridization between g and 3 orbitals are observed across
ment of the atoms along the long and short bonds becomes tfe transition. These modifications are associated with an
the same order. Below*, the radial thermal disorder ap- increase of the average covalent character of the Mn-O
pears to be mostly accommodated by a bending of the tilbonds.

angle Mn-O—Mnamong adjacent octahedra. Aboig the

Mn—O—-Mn gngl_es are flattened qnd str_engthen_ed and the ACKNOWLEDGMENTS
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