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The parent compound of the giant magnetoresistance Mn-perovskite, LaMnO3, has been studied by thermal
analysis and high-resolution neutron-powder diffraction. The orthorhombicPbnmstructure at room tempera-
ture is characterized by an antiferrodistorsive orbital ordering due to the Jahn-Teller effect. This ordering is
evidenced by the spatial distribution of the observed Mn-O bond lengths. LaMnO3 undergoes a structural phase
transition atTJT'750 K, above which the orbital ordering disappears. There is no change in symmetry
although the lattice becomes metrically cubic on the high-temperature side. The MnO6 octahedra become
nearly regular aboveTJT and the thermal parameter of oxygen atoms increases significantly. The observed
average cubic lattice is probably the result of dynamic spatial fluctuations of the underlying orthorhombic
distortion.@S0163-1829~98!51706-7#

The oxides of perovskite structure containing Mn ions
have recently been the object of a strong interest due to their
exhibition of giant negative magnetoresistance effects.1 Dop-
ing the family of compounds RMnO3 ~R: lanthanide! with
divalent ions oxidizes Mn31 to Mn41, introducing holes in
thed band that give rise to a series of very interesting physi-
cal properties. The system of composition La12xCaxMnO3
was studied some 40 years ago.2,3 The parent compound
LaMnO3, is an antiferromagnetic insulator in which an or-
bital ordering is established due to the cooperative Jahn-
Teller ~JT! effect breaking the degeneracy of the electronic
configuration of Mn31 ~t2g

3 eg
1!. This particular orbital order-

ing is responsible for theA-type magnetic structure de-
scribed in the remarkable experimental work by Wollan and
Koehler.3

Hole doping increases the conductivity2 and permits the
ferromagnetic double-exchange interactions to produce fer-
romagnetic metals when doping is aboutx50.15 to 0.35.
Around x5 1

2 charge-ordered states appearing at low
temperatures3 can be suppressed by the application of a mag-
netic field.4 The understanding of the interplay between mag-
netic, transport, and structural properties in this family of
compounds needs improved experimental microscopic data.
These are necessary in order to test theories and to decipher
the role of the different electronic processes taking place as a
function of hole concentration, temperature, and structural
features. One of the first models used to explain the magne-
toresistance in the manganite perovskites was based on a
Kondo lattice5 where the double exchange and a strong Hund
coupling play a fundamental role. Other theories argue that
one of the main ingredients of the magnetoresistance physics
is a strong electron-phonon interaction mediated by the JT
effect.6 Recently, the importance of this effect has been rec-
ognized in the formation of polaronic states.7 It seemed,
then, worthwhile studying in detail how the cooperative JT
effect develops in stoichiometric LaMnO3.

Powder samples of pure LaMnO3 were prepared by crush-
ing single-crystal ingots grown by the floating zone method.8

Such a procedure makes possible preparation of homoge-
neous composition polycrystalline materials. Differential
thermal analysis~DTA! and thermogravimetric analysis
~TGA! experiments were carried out in a SETARAM
TGDTA 92-16 device in a temperature range of 20–1250 °C,
experiments being performed under argon flow at a heating
rate of 10 °C/min.

Two powder diffractometers of the Orphe´e Reactor at
Laboratoire Le´on Brillouin were used in this study. The dif-
fractometer G4.2 for studying the behavior of the crystal
structure as a function of temperature~l52.59 Å,Qmax54.2
Å21, or l51.99 Å, Qmax56.2 Å21! and the diffractometer
3T2 for refining the crystal structure with high direct space
resolution~l51.22 Å,Qmax5 9.2 Å21! at three selected tem-
peratures below and above the phase transition. The program
FullProf9 was used to analyze the experimental data using
the Rietveld method.

We have to point out that the synthesis conditions play an
important role in defining the presence or absence of Mn41

in the lattice. The first systematic study of the influence of
firing atmosphere on the resulting unit cell of LaMnO3
samples evidenced that when the percentage of Mn41 is
larger than 20%, the room temperature~RT! structure is
rhombohedral.10 The authors indicate the existence of an
orthorhombic to rhombohedral phase transition at around
873 K for LaMnO3 containing 2% Mn41. By increasing the
Mn41 concentration, the lattice distortion seems to diminish
continuously. More recent structure determinations have
been performed by Elemanset al.,11 Tofield et al.,12 van
Roosmalenet al.,13 Norby et al.,14 Mitchell et al.,15 and
Huang et al.16 These studies were mainly devoted to the
study of defective LaMnO3. The presence of Mn41 is asso-
ciated with the creation of cationic vacancies on both La and
Mn sites.

The thermal analysis of our sample shows two transitions
on heating. The first atT15750 K is evidenced by a sharp
endothermic peak, which is not accompanied by a composi-
tion change, as shown by TGA data. The other transition is
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indicated by a sharp endothermic peak atT251010 K. Be-
tween the two transitions a continuous weight increase is
observed. Above 1150 K a continuous weight loss is ob-
served. It is worth mentioning that the temperatures for these
phase transitions depend on the initial content of Mn41: the

sample used in Ref. 14 gaveT15600 K andT25800 K,
suggesting the presence of a non-negligble amount of Mn41

that reduces the temperatures of the two phase transitions.
The analysis of powder diffraction patterns indicates that

below T1 the unit cell is orthorhombic and that betweenT1

and T2 the reflections can be indexed either assuming a
double cubic perovskite or using a cell similar to the low-
temperature orthorhombic cell. AboveT2, the compound be-
comes rhombohedral. The transition atT1 is first order and
hysteresis has been observed on cycling aroundT1. The cell
parameters as a function of temperature are represented in
Fig. 1.

The first transition taking place atT1 seems to be
orthorhombic-to-cubic. Matsumoto announced the existence
of this O→C transition in 1970.17 Norby et al.16 have per-
formed a synchrotron x-ray diffraction study confirming this
transition and the ‘‘cubic’’ character of the new phase. We
shall see that the true symmetry of this phase is still ortho-
rhombic. So the transition that we attribute to the suppres-
sion of the cooperative JT effect (T15TJT), does not change
the average crystallographic symmetry. The refinement of
the crystal structure belowTJT was performed using the
Pbnm space group. AboveT2, the space groupR3̄c was
used in the refinements.

In Table I we present some recent results published for
the ‘‘stoichiometric’’ orthorhombic compound together with
our results for three temperatures. A comparison of the pub-
lished cell parameters indicates that a small presence of
Mn41 increases thec axis and diminishes the spontaneous
orthorhombic strain@s52(b2a)/(a1b)#. A more distorted

FIG. 1. Cell parameters of LaMnO3 as a function of tempera-
ture. The continuous lines are a guide for the eyes. The ‘‘equiva-
lent’’ c/A2 for the rhombohedral phase,ceq5cO /A2, is obtained
from: aH5

1
2 (aO-bO-cO), bH5bO , cH52aO1cO; so that 18ceq

2 5cH
2

112aH
2 ~the subscripts H and O stand for hexagonal and orthorhom-

bic, respectively!.

TABLE I. Structural data of LaMnO3 ~Pbmn! at three selected temperatures. Data collection has been performed on the diffractometer
3T2, using a wavelength of 1.22 Å. The Jahn-Teller transition takes place atTJT5750 K. Cell parameters and atomic positions from
references have been put in thePbnmsetting. The representative atom positions of the asymmetric unit have been converted to those used
in our work. The structural parameters described in the monoclinic space groupP21 /n of Ref. 15 have been used to produce a simulated
neutron diffraction pattern that has been refined using thePbnmspace group~see text!.

RT T5573 K T5798 K RT ~Ref. 11! RT ~Ref. 14! RT ~Ref. 15! RT ~Ref. 16!

a ~Å! 5.5367~1! 5.5520~2! 5.5817~3! 5.537~2! 5.5392~6! 5.5365~1! 5.5358~1!

b ~Å! 5.7473~1! 5.7269~2! 5.5834~2! 5.743~1! 5.6991~7! 5.7216~1! 5.7363~1!

c ~Å! 7.6929~2! 7.7365~2! 7.8896~4! 7.695~2! 7.7175~9! 7.7000~1! 7.6994~2!

x ~La! 20.0078~3! 20.0063~3! 20.0046~9! 20.009~1! 20.0063~7! 20.0069~2! 20.0080~3!

y ~La! 0.0490~2! 0.0443~2! 0.0217~3! 0.050~1! 0.0435~5! 0.0459~2! 0.0475~3!

B ~La!~Å2! 0.34~2! 0.80~2! 1.26~3! 0.62~3!

B ~Mn!~Å2! 0.21~3! 0.46~4! 0.84~4! 0.51~6!

x@O~1!# 0.0745~3! 0.0725~3! 0.0687~10! 0.071~1! 0.0733~8! 0.0754~3! 0.0752~4!

y@O~1!# 0.4874~3! 0.4885~3! 0.4890~8! 0.489~1! 0.4893~8! 0.4883~3! 0.4869~4!

B@O~1!#~Å2! 0.50~3! 1.00~4! 1.87~7! 0.79~4!

x@O~2!# 0.7256~2! 0.7257~2! 0.7229~6! 0.725~1! 0.7257~6! 0.7262~2! 0.7256~3!

y@O~2!# 0.3066~2! 0.3038~2! 0.2831~5! 0.309~1! 0.3014~5! 0.3047~2! 0.3059~3!

z@O~2!# 0.0384~2! 0.0378~2! 0.0386~4! 0.039~1! 0.0385~4! 0.0384~1! 0.0385~2!

B@O~2!#~Å2! 0.43~3! 0.91~2! 1.67~5! 0.79~3!

Rp : 8.98 10.4 14.3 6.35
Rwp : 9.04 10.0 11.3 9.97
x2: 2.35 2.40 2.63 2.21
RNucl(%): 5.16 5.32 4.14 2.82
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~monoclinic! phase has also been described for Mn41-free
LaMnO3.

15 In fact these data can also be refined within the
orthorhombic system. We have performed a simulation using
the structural parameters provided in Ref. 15 within the
monoclinic space groupP21 /n and profile parameters simi-
lar to those of our experimental conditions. Thermal param-
eters were kept fixed to arbitrary but physically sound val-
ues. A Poissonian noise was added to the calculated
deterministic pattern and a Rietveld refinement, using the
space groupPbnm, was carried out on the simulated data
giving the results gathered in Table I.

BetweenTJT and T2, the full neutron diffraction profile
can be fitted, without structural model, using a double cubic
primitive unit cell. Taking into account the observed extinc-
tion conditions, the possible space groups are:P23, P213,
Pm3̄, P432,P4232, P4̄3m, Pm3̄m, andPm3̄n. All of these
groups were candidates to describe the crystal structure of

the high-temperature phase (TJT,T,T2) of LaMnO3. In
practice, none of them was successful in the refinement of
the crystal structure of ‘‘cubic’’ LaMnO3. The observed in-
tensities of the Bragg reflections cannot be explained within
the cubic symmetry. Actually no primitive cubic group was
deduced by Glazer in his classification of rigid octahedra tilts
in perovskites.18 In fact, the refinement of the structure by
using the low-temperature space groupPbnm works per-
fectly. In Fig. 2, we have represented the observed and cal-
culated diffraction patterns of LaMnO3 below and above
TJT, obtained in the diffractometer 3T2.

In Table II we have also summarized the geometrical pa-
rameters that are directly related to the JT effect. The break-
ing of the degeneracy ofeg orbitals due to the JT effect can
be described by the coefficientsc1 and c2 determining the
orbital occupation.17,19 The temperature dependence of these
coefficients is represented in Fig. 3.

FIG. 2. Observed and calculated powder dif-
fraction pattens of LaMnO3 at T5573 K and at
T5798 K ~inset!.

TABLE II. Geometrical parameters characterizing the crystal structure of stoichiometric LaMnO3 at three selected temperatures. The
corresponding parameters at RT given in~or calculated from! various recent papers are also shown. The distortion parameterD of a
coordination polyhedron BON with an average B-O distance^d&, is defined asD5(1/N)(n51,N$(dn2^d&)/^d&%2. The average tilt anglêw&
of MnO6 octahedra around the pseudocubic@111# direction is obtained from the two superexchange anglesu1 andu2~see Ref. 20!. The local
modes characterizing the Jahn-Teller effect in LaMnO3 defined as:Q252(l 2s)/A2 andQ352(2m2 l 2s)/A6, wherem, l , ands stand for
medium, long, and short Mn-O distances. The bonding (Cg! and antibonding (Ce! orbitals are obtained as the linear combinations:Cg

5c1fx22y21c2f3z22r 2 andCe5c2fx22y22c2f3z22r 2. The coefficientsc1 andc2 (c1
21c2

251) can be obtained from the relations: tanw
5Q2 /Q3 and tan(w/2)5c1 /c2 ~see Refs. 17, 19!.

RT T5573 K T5798 K RT ~Ref. 11! RT ~Ref. 14! RT ~Ref. 15! RT ~Ref. 16!

Mn-O~1!32(m) 1.9680~3! 1.9766~4! 2.010~1! 1.965~1! 1.973~1! 1.9706~3! 1.9708~4!

Mn-O~2!32(s) 1.907~1! 1.914~2! 1.988~3! 1.901~6! 1.918~3! 1.9043~8! 1.907~2!

Mn-O~2!32(l ) 2.178~1! 2.164~2! 2.035~3! 2.189~6! 2.145~3! 2.1684~9! 2.174~2!

^Mn-O& 2.0178~4! 2.0182~5! 2.011~1! 2.018~2! 2.012~1! 2.0144~3! 2.0171~6!

D(Mn-O!31024 33.1 27.6 0.9 37.6 23.2 31.0 32.0
u15Mn-O~1!-Mn 155.48~2! 156.13~2! 157.73~5! 156.6~1! 155.97~5! 155.28~1! 155.2~1!

u25Mn-O~2!-Mn 155.11~5! 155.77~6! 157.9~1! 154.5~2! 155.9~1! 155.58~3! 155.4~8!

^w& 15.11 14.71 13.58 14.97 14.71 15.02 15.15
c2 0.8074 0.7990 0.7148 0.8080 0.8021 0.7987 0.8023
^La-O& 2.8174~5! 2.8179~6! 2.806~1! 2.818~2! 2.809~1! 2.812~1! 2.8156~7!

D~La-O!31024 162.7 147.2 103.9 164.4 145.0 153.5 160.2

RAPID COMMUNICATIONS

57 R3191NEUTRON-DIFFRACTION STUDY OF THE JAHN- . . .



We observed that atTJT, upon heating,the orbital order-
ing disappears~see Fig. 3!. The orthorhombicO8 phase be-
comes a special case of the orthorhombicO phase ~a
pseudocubic perovskite!. The MnO6 octahedra become much
more regular but, as shown in Fig. 3, the tilt angle around the
pseudocubic@111# axis is conserved. The average tilt angle
has been calculated by taking the mean of the two tilts cal-
culated from the geometrical relation given by O’Keefe and
Hyde20 as a function of the two superexchange angles@u1
5Mn-O(1)-Mn and u25Mn-O~2!-Mn]. The absence of
anomalous behavior in the average tilt angle shows that the
transition taking place atTJT is not simply related to steric
effects. The presence of a primary electronic effect is clear:
the distortion~seeD in Table II! of the MnO6 octahedra on
going from theO8 phase to theO phase diminishes drasti-

cally, indicating the disappearance of the static orbital order-
ing. The average Mn-O distance becomes smaller on heating
at the transition and, then, remains nearly constant at higher
temperatures@Mn-O52.008~2! at 1065 K in the rhombohe-
dral phase#.21

One of the problems to be addressed is to explain why the
lattice is metrically cubic in theO phase. The most conven-
tional explanation is that the ‘‘cubic’’ lattice results from a
spatial averaging of microdomains of small orthorhombic
distortion. This is a common situation found in several other
perovskite systems that have been described as ‘‘double cu-
bic’’ perovskites~see Ref. 22 and references therein!. The
case of SrSnO3 ~Ref. 22! is particularly instructive: high-
resolution electron microscopy shows that crystals are
formed by a three-dimensional multitwinning with thec axis
of the Pbnmstructure oriented in three perpendicular direc-
tions of the direct space.

If we calculate the cell parameters predicted by the
O’Keefe-Hyde relations using the average Mn-O distance
and tilt angle we obtain a significant difference between
c/A2, a andb. The discrepancy is due to the nonrigidity of
MnO6 octahedra. The cubic metric could result from a subtle
balance between tilt and octahedral nonrigidity, but the per-
sistence of the cubic lattice of theO phase up toT2 should
involve fluctuations related to the dynamical JT effect. The
picture is that in the high-temperature phase the local distor-
tions of the MnO6 octahedra are dynamics in character, and
the system behaves as in the first case but with no static
domains. A signature of that is the increase of the thermal
factors of oxygen atoms in going fromO8 to the O phase.
While the La and Mn atoms have an isotropic thermal factor
varying linearly with temperature between RT and 798 K,
oxygen atoms present an excessDB'0.4 Å2 at the latter
temperature. The orthorhombic symmetry persists in theO
phase because the steric effects~Goldschmidt ratio tolerance
factor! dominate: the average tilt angle does not change too
much. AtT2 the change of symmetry towards the aristotype
~Pbnm→R3̄c→Pm3̄m! is driven by steric-thermal effects.
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FIG. 3. Temperature dependence of the mixing coefficientsc1

and c2 ~see Table II!, showing the disappearance of the static JT
distortion above 750 K. The average tilt angle around the pseudocu-
bic direction @111# is also displayed. The continuous lines are a
guide for the eyes.
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