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Order-disorder in the Jahn-Teller transition of LaMnO 3: A Raman scattering study
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The high-T ‘‘orthorhombic-cubic’’ Jahn-Teller~JT! transition of a polycrystalline sample of LaMnO3 is
studied by Raman scattering. A CaMnO3 ceramic sample is used as a reference compound. Dramatic broad-
ening of the LaMnO3 Raman modes are observed asT approaches the JT transition temperature (TJT) from
below. The strongT dependence of the phonon linewidth suggests that considerable lattice disorder is already
present at temperatures well belowTJT . Our results indicate that the JT transition in LaMnO3 is of order-
disorder type and is driven by thermally activatedeg orbital disorder of the Mn31 ion in the MnO6 octahedra.
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Manganese perovskites with the general form
R12xAxMnO3 (R5rare earth,A5Ca, Sr, or Ba! have at-
tracted much attention, due to the discovery of a colos
magnetoresistance~CMR! effect in some of these
compounds.1 In addition to the early double exchange~DE!
model,2 a large electron-phonon interaction, enhanced by
strong Jahn-Teller~JT! character of Mn31 ions, has been
invoked to explain the magnitude of the resistivity drop a
the CMR effect of doped compounds near the ferromagne
paramagnetic~FM-PM! transition temperature (TC).3 The
most evident manifestation of the JT effect in mangan
perovskites is in the parent orthorhombic compou
LaMnO3, which is anA-type antiferromagnetic (A-AFM!
insulator.4 In this material only the Mn31 ions are present
and a cooperative JT distortion of the MnO6 octahedra de-
velops due to the ordering of the Mn31 eg orbitals.5 This
orbital ordering produces a large difference between thea,
b/A2, and c orthorhombic (Pnma space group! lattice
parameters.6–13 Considerable effort has been devoted to u
derstand the physical properties of this compound. Mos
the theoretical and experimental work in LaMnO3 concerns
the correlations between magnetic and structural prope
at low T.4,5,12–14However, the influence of the JT distortio
on the stabilization of theA-AFM alignment is still a subject
of discussion.14 Another interesting point in the study of th
material is the JT transition itself that occurs at highT. For
nearly stoichiometric samples, the average crystal struc
changes from strong orthorhombically distorted to nearly
bic aboveTJT;700– 750 K.7–9 Also, dramatic changes in
the magnetic correlations8,15,16and in the conductivity15 were
observed atTJT . Millis pointed out,17 by fitting a mean-field
theory to structural data in LaMnO3, that the basic JT energ
is much larger than the stiffness parameter which orients
distortions from site to site. Based on these calculations
was predicted that the orthorhombic-cubic transition atTJT is
of an order-disorder type~see below!.17 The same prediction
was made by Zhao and Goodenough,15 based on the fact tha
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the Mn-O average distance changes little through
transition.9 In spite of the present interest on the effects of
distortions in manganese perovskites, the only structural
formation available at the moment, obtained from diffracti
experiments, is about the change of the average crystal s
ture across the JT transition in LaMnO3.7–10 Therefore
further experiments are clearly necessary to clarify its ch
acter and to find out the driving mechanisms of this tran
tion.

In the last four decades, Raman spectroscopy proved t
a useful tool for the study of structural phase transitions18

Materials presenting perovskite crystal structure, with a la
number of structural changes, have been extensively stu
by this technique. The phase transitions are in general c
sified as~i! displacive phase transitions, with the presence
at least one soft phonon withvph→0 as the transition tem
perature is approached,19 and ~ii ! order-disorder transitions
with a broadening of the phonon peaks, associated to
lattice disorder and the presence of a central mode near
above the transition temperature.18

In this work, Raman-scattering studies of the JT transit
in LaMnO3 are presented. A scenario for the JT transition
LaMnO3, consistent with our experimental results, is su
gested.

The LaMnO3 sample studied in this work was prepare
by standard ceramic methods: heating stoichiometric m
tures of the corresponding oxides,20 heat treatment in Ar at
900 °C for 48 h, and cooling at 100 °C/h. The structure a
phase purity of the sample were checked by x-ray pow
diffraction. The room-temperature lattice paramete
(Pnma) of our LaMnO3 sample area55.724(1) Å, b
57.696(1) Å, andc55.534(1) Å, and are consistent t
those expected for nearly stoichiometric LaMnO3.7 The spa-
cial homogeneity of the sample was checked by previ
Raman-scattering measurements.13 The preparation of the
CaMnO3 reference sample is described elsewhere.21 Magne-
tization measurements were taken in a vacuum of 1023 torr
11 304 ©2000 The American Physical Society
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in a Quantum Design superconducting quantum interfere
device~SQUID! magnetometer. Raman measurements w
performed in a pseudobackscattering geometry using a J
Yvon T64000 triple spectrometer~instrumental linewidth:
;3 cm21) equipped with a cryogenic charge-coupled dev
camera, using the 514.5-nm line of an argon ion laser.
laser power was kept below 1 kW/cm2. Previous measure
ments indicate that under these conditions sample hea
effects are not important for undoped LaMnO3.13,22 For the
high-T Raman measurements, fresh-broken pieces of
ramic platelets were mounted in a homemade oven unde
flux. All the measurements as a function ofT were carried
out increasingT. We should mention that surface decomp
sition induced by laser heating in an orthorhombic LaMn3
sample was reported in micro-Raman measurements.22 Nev-
ertheless, in the studiedT range, all our observations wer
reversible, indicating that thermal-induced surface decom
sition is not critical forT&720 K.

Figure 1 shows the inversedc susceptibility of our
LaMnO3 sample between 300 and 800 K, taken upon cool
and warming the sample. A first-order-like transition
clearly observed between 640 and 710 K. The abrupt cha
observed in the susceptibility in thisT interval is a clear
manifestation of the structural Jahn-Teller transition.8,15 The
JT transition temperature of the studied sample isTJT5708
K ~warming! or TJT5703 K ~cooling!, consistent with data
already published for nearly stoichiometric LaMnO3 powder
ceramic samples.7,8 However, we should mention tha
this value is smaller than the one observed in LaMn3
single crystals (TJT5750 K!.15,9 Actually, the transition tem-
perature of our sample is similar to that of
La0.975Ca0.025MnO3 single crystal,15 suggesting that ou
sample presents a Mn41/Mn31 ratio of ;2.5%, which is
possibly due to the presence of a small amount of Mn and
vacancies. A Curie-Weiss law fitting of the data in Fig.
givesme f f55.20(3)mB /Mn for T"TJT , andQp564(5) K
for T,TJT andQp5206(10) K forT.TJT .

Raman scattering profiles of LaMnO3, taken atT510,
290, 520, and 720 K are shown in Fig. 2~a!. At T510 K, all
the modes are quite sharp@G(T510 K)&10 cm21], indicat-
ing that our sample shows good crystalline quality at lowT.
According to lattice dynamic calculations, the most inten
modes, at;290, ;490, and;610 cm21, are associated

FIG. 1. T dependence of the inverse susceptibility of LaMn3

taken at an applied field of 1 T.
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with rotational-, bending-, and stretchinglike vibrations
the MnO6 octahedra, respectively.22 As T increases, a dra
matic broadening and intensity decrease of all the Ram
modes is observed. Notice, however, that contributions fr
these three modes can still be identified atT.TJT @see Fig.
2~a! at 720 K#. For T.720 K, no relevant changes are o
served in the Raman spectra of LaMnO3. However, atT well
aboveTJT ~typically T'900 K!, different spectra were ob
served for the laser focused in different regions of t
sample. Strong features at;150, ;190, and;210 cm21

~not shown! were observed.
Figures 3~a!–~c! show, forT,TJT , the T dependence of

the linewidth for the;610-,;490-, and;290-cm21 peaks
of LaMnO3, respectively~closed circles!. The linewidth for
the ;490 and;610 cm21 modes could not be measure
above 520 K, due to the large overlapping of both peaks.
comparison, Raman measurements were also taken in
ramic samples of CaMnO3 @see Fig. 2~b!#. This compound
presents the same orthorhombicPnma perovskite crystal
structure of LaMnO3, but only Mn41 ions are present. Thu
a Jahn-Teller distortion of oxygen octahedra is not expec
to be present in this compound. TheT dependence of the
linewidths for stretching-, bending-, and rotational-like v
brations of the oxygen cage for CaMnO3 is given in Figs.
3~a!, ~b!, and ~c!, respectively~open circles!. The dashed
lines are the expectedT dependence of the phonon line
widths according to a cubic anharmonicity in second ord
i.e., G(T)5G0$112/@exp(\v0/2kBT)21#%,23 with G0 ,v0

5G0 ,v0(CaMnO3). Although the 470- and 585-cm21 peaks
in CaMnO3 are not exactly the same collective vibratio
measured at 490 and 610 cm21 in LaMnO3, the peak at 290
cm21 in LaMnO3 and 260 cm21 in CaMnO3 correspond to
the same lattice mode, as is evident from the evolution
this mode with composition in the La12xCaxMnO3 system.24

The phonon linewidths for CaMnO3 at low T are the same as
those for the corresponding modes in LaMnO3 ~except for
the bendinglike modes!. However, the thermal broadening
for all observed modes are much more pronounced
LaMnO3. Notice that the broadening is particularly large f

FIG. 2. Raman spectra of LaMnO3 ~a! and CaMnO3 ~b! at vari-
ous temperatures. All the spectra were arbitrarily translated in
vertical.
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the high-energy;490 and;610 cm21 modes that involve
internal vibrations of MnO6 octahedra22 @see Figs. 3~a! and
~b!#.

In displacive phase transitions, large peak broaden
may be observed in the following cases:~i! in the soft mode
of the transition,25 and ~ii ! in hard modes where th
frequency change considerably through the transition~inho-
mogeneous broadening!.26 The ;490 and ;610 cm21

peaks of LaMnO3 are hard modes with a small frequen
dependence on the JT distortion of the MnO6 octahedra and
on T @see Fig. 2~a!#.13,27 Also, the linewidth of all the three
studied modes remains finite above theTJT @see Fig. 2~a!#,
indicating that none of them may be attributed to t
transition.25 Thus the dramatic broadening observed for th
modes asT approachesTJT from below is not consistent with
a displacive JT phase transition. Therefore the broaden
should be a consequence of an increasing lattice disorde
T aproachesTJT . We should mention that the rotational-lik
mode of LaMnO3, at 290 cm21 at T510 K, softens to;220
cm21 at T5720 K @see Fig. 2~a!#, i.e., it is a soft mode,
similarly to rhombohedral perovskites withD3d

6 space
group.28 But, this vibration is not a JT mode22 and its fre-
quency remains high atTJT . Therefore this softening is no
associated with the JT transition, and is possibly due t
reduction of the average tilt angle of the MnO6 octahedra as
T increases.9

FIG. 3. T dependence of the linewidth for the stretching~a!,
bending~b!, and rotational~c! modes of LaMnO3 ~closed circles!
and CaMnO3 ~open circles!. The lines are the expected behavior f
CaMnO3 according to a second-order cubic anharmonicity~see
text!.
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The results discussed above strongly suggest that th
transition of LaMnO3 has an order-disorder character, co
firming the prediction given by Millis17 and Zhou and
Goodenough.15 Although the JT transition in LaMnO3 is be-
ing associated to an order-disorder one, relevant differen
are observed between the JT transition in LaMnO3 and the
order-disorder transitions found in other perovskite co
pounds. Particularly, the anomalous broadening of the h
modes is at least one order of magnitude bigger than th
usually found in order-disorder phase transitions for ot
perovskites,18 and it is observed even atT well below TJT

~see Fig. 3!. These results can be understood assuming
following scenario for the JT transition in LaMnO3. At T
510 K, the oxygen octahedra show a cooperative JT dis
tion associated with the ordering of the Mn31 eg orbitals
through the crystal lattice. The long phonons mean lifeti
observed at this temperature~narrow lines!, indicates low
defect concentration, good crystallinity, and high ordering
our sample, consistent with local structure pair distributi
function studies in a similar sample at lowT.11 As T in-
creases, due to a thermally activated disorder of the orie
tion of the eg orbitals in some of the Mn31 ions, local de-
viations from the mean crystal structure and a consequ
disorder in the oxygen network is expected. Such structu
fluctuations may decrease the phonons mean lifetime
account for the anomalous phonon broadenings observe
LaMnO3. As T approachesTJT , the structural fluctuations
are large enough to break the cooperativeness of the or
ordering, leading to an average ‘‘cubic’’ crystal structure
the JT transition.9,10 It is interesting to mention that the mea
sured values of the phonon linewidths atT5520 K for
LaMnO3, in particular for the bending and stretching mode
are of the order of those found in amorphous materials, s
gesting the existence of a high level of structural disor
well below the JT transition temperature. ForT.TJT the
average crystal structure is metrically cubic, with no coo
erative JT distortion of the MnO6 octahedra.9 However, ac-
cording to the scenario suggested above, the crystal lattic
also disordered above the JT transition. In this high-T phase
only short-range orbital ordering may still persist, or, alte
natively, the orientation of the Mn31 eg orbitals may be
completely disordered.

As mentioned earlier, the LaMnO3 ceramic sample stud
ied in this work shows a non-negligible proportion of Mn41

ions (;2.5%). In general, the large reduction ofTJT ob-
served in nonstoichiometric LaMnO3 samples8,15 may be as-
cribed to an additional contribution to the orbital disord
caused by the absence ofeg orbitals in the Mn41 ions. How-
ever, it is clear from the small phonon linewidths observed
our sample at low temperatures~see Figs. 2 and 3! that the
thermal-activated disorder is still the determinant effect t
leads to the Jahn-Teller transition at 705 K in this samp
Differently, for La12xMn12xO3 compounds showing a
Mn41 concentration*5%, the Raman-active phonons a
considerably broad even at lowT,27 indicating that the lattice
disorder caused by cationic vacancies is playing an impor
role for such samples.

In summary, Raman-scattering measurements were
formed in LaMnO3 over a wide temperature range, includin
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the Jahn-Teller transition (TJT;705 K!. A dramatic broad-
ening was observed for all the Raman modes belowTJT . An
order-disorder scenario, based on the thermal-activated
order of the Mn31 eg orbitals, was invoked to describe th
high-T orthorhombic-to-cubic transition in LaMnO3.
is-
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