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Volume collapse in LaMnO3 caused by an orbital order-disorder transition
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We have investigated the Jahn-Teller transition accompanied by the orbital order-disorder transition in
LaMnO3 by high temperature x-ray powder diffraction with synchrotron radiation and also neutron powder
diffraction. The unit cell volume of LaMnO3 decreases with increasing temperature in a narrow temperature
range belowTJT'750 K, and then undergoes a volume collapse atTJT . We interpret this effect as due to the
more efficient packing of the MnO6 octahedra in the orbitally disordered or orbital liquid state. The orbital
melting phenomenon can be qualitatively compared with the melting of ice.
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The parent compound LaMnO3 of the hole-doped colossa
magnetoresistance materials La12xAx MnO3 (A5Ca, Sr, Ba!
has attracted much interest from condensed ma
scientists.1,2 Stoichiometric LaMnO3, in which Mn ions are
formally Mn31, has an antiferromagnetic insulating grou
state. Cooperative Jahn-Teller distortion removes the de
eracy of theeg orbitals in thet2g

3 eg
1 electron configuration of

the Mn31 ions, and stabilizesd3x22r 2 /d3y22r 2 orbitals which
are ordered. The orbital order consists of the ordering of
d3x22r 2 andd3y22r 2 orbitals in an alternate staggered patte
~Fig. 1! in thea-b plane. The orbital ordering pattern repea
itself along thec axis. This type of orbital order induce
A-type antiferromagnetic ~AF! ordering3,4 below TN

'140 K. In theA-type AF phase the spins in thea-b plane
are ferromagnetically ordered. The ferromagnetic planes
stacked antiferromagnetically along thec axis. The orbital
order persists in the paramagnetic phase aboveTN . A com-
plete understanding of the mechanism stabilizing the
served order in the insulating parent compound LaMnO3 is a
prerequisite to understanding fully the complex interp
among the spin, charge, orbital, and lattice degrees of f
dom in the doped manganites. For this reason a large num
of theoretical investigations has already been undertake
stoichiometric LaMnO3 itself.5 LaMnO3 crystallizes in the
orthorhombic space groupPbnm~Fig. 1!. The MnO6 octahe-
dra in LaMnO3 are distorted due to the Jahn-Teller effec
There are three Mn-O distances called shorts, mediumm,
and long l. LaMnO3 undergoes a transition atTJT'750 K
from the Jahn-Teller distorted orthorhombic phase to a h
temperature orthorhombic phase which is nearly cubic.6 The
space groupPbnmremains the same in both phases, but
Jahn-Teller distortion is nearly removed in the high tempe
ture phase. The transition is accompanied by an orbital or
disorder transition. Abrupt changes in the electrical resis
ity, thermoelectric power, and Weiss constant7 have also been
observed at this transition. During the present investiga
we discovered an unusual abrupt volume contraction atTJT
'750 K. The high temperature phase just aboveTJT has less
volume than the low temperature phase.

This volume contraction is very rare in solid-solid stru
tural phase transition. A well-known example is the volum
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contraction in Fe~Ref. 8! at the bcc-to-fcc (a-Fe to g-Fe)
structural transition atTc'1185 K. However, this volume
contraction in Fe is due to the transition from the relative
open bcc structure to the closed packed fcc structure.
volume contraction is known at the melting transition
hydrogen-bonded hexagonal ice9 and the covalent tetrahe
drally bonded Si and Ge,10 and also in Bi, Ga, Ce and Pu.10

However, to our knowledge no volume contraction has so
been reported at a Jahn-Teller transition.

High temperature x-ray powder diffraction experimen
were done on the high resolution powder diffractometer
the undulator beam line ID31 of the European Synchrot
Radiation Facility in Grenoble. The x-ray wavelength w
0.49575460.00005 Å. In addition we have done high tem
perature neutron diffraction measurements11 on the high
resolution powder diffractometer D2B of the Institut-Lau
Langevin in Grenoble. Figure 2 shows the x-ray diffracti
diagram of the high temperature phase LaMnO3 at T
5823 K. The inset shows parts of the diffraction patterns
several temperatures showing the diffraction peaks of
low temperature and high temperature phases and their
perature dependence.

Figure 3 shows the temperature variation of the latt
parametersa, b, andc/A2 determined by x-ray diffraction
This variation is similar to that determined previously b
neutron diffraction,11 but the lattice parameters have be
measured by x-ray diffraction in much finer temperature
tervals close toTJT . The lattice parameterb decreases and
the parametersa and c/A2 increase with temperature an
then abruptly become almost the same~metrically almost
cubic! at TJT . The transition is clearly first order, because
a temperature range of about 10 K both high and low te
perature phases coexist. Figure 4~a! shows the temperatur
variation of the unit cell volumeV of LaMnO3, which in-
creases linearly as a function of temperature from room te
perature to about 600 K, and deviates from this linear beh
ior at higher temperatures. It shows a local maximum
about T5720 K, then decreases with increasing tempe
ture, and finally drops abruptly atTJT'750 K with a volume
contraction of about 0.36% atTJT . At higher temperatureV
increases linearly again with increasing temperature. Fig
©2003 The American Physical Society06-1
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4~b! shows the temperature variation ofDV which is
obtained fromV after subtracting the cell volume~‘‘base
volume’’! obtained by the linear fit of the high temperatu
data. The temperature variation of this extra volum
DV looks like an order parameter that decreases cont
ously at first and then drops abruptly to zero~‘‘base
volume’’! at TJT .

High resolution x-ray diffraction from LaMnO3 gave very
accurate lattice parameters and unit cell volume. Howe
x-ray diffraction is not as sensitive as neutron diffracti
for determining the positional parameters, particularly tho
of O atoms. We performed high temperature neutron pow
diffraction measurements at a few selected temperat
to determine positional and thermal parameters of La, M
and O atoms from Rietveld refinements. The distortion
the MnO6 octahedron due to the Jahn-Teller effect produ
three Mn-O bond distances: long (l ), short (s), and medium
(m). The distorted crystal structure can be obtained fr
the ideal perovskite structure in the following way: fir
the distortionQ2 of the octahedron formed with O22 ions
is added in a staggered way along the three directio

FIG. 1. ~Color online! ~a! Schematic representation of the orth
rhombic crystal structure of LaMnO3 in which only the La ions and
the MnO6 octahedra are shown.~b! The staggered ordering of th
d3x22r 2 andd3y22r 2 orbitals in thea-b plane. The orbital ordering
pattern is repeated along thec axis.
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and then the distortionQ3 is superimposed on it. Thes
two distortion modes are expressed in terms ofl ,s, and
m by

Q25
2

A2
~ l 2s!, Q35

2

A6
~2m2 l 2s!. ~1!

The distortion parameterD of anN-coordination polyhedron
BON with an average B-O distance^d& is defined as

D5
1

N (
n51,N

H dn2^d&

^d& J 2

. ~2!

Figure 5~a! shows the temperature dependence of the shos,
long l, and mediumm Mn-O bond distances determined fro
neutron diffraction data. Figure 5~b! shows the temperatur

FIG. 2. X-ray diffraction diagram of LaMnO3 at T5823 K. The
inset shows parts of the diffraction patterns at several temperat
showing the diffraction peaks of the low temperature~LT or O8)
and high temperature~HT or O) phases and their temperature d
pendence.

FIG. 3. Temperature variation of the lattice paramet
of LaMnO3. The error bars are smaller than the sizes of the d
symbols.
6-2
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dependence of the two distortion modesQ2 andQ3. Figure
5~c! gives the temperature dependence of the distor
parameterD. The average Mn-O bond distance^d& shows
an abrupt contraction of about 0.45% atTJT . The thermal
parameters of all atoms increase as a function of tempera
However, the thermal parameters of the O atom become
large in the high temperature orthorhombicO and the rhom-
bohedralR phases.

We heated the sample several times aboveTJT and cooled
down to room temperature during both x-ray and neut
diffraction investigations. The diffraction diagrams fro
the sample at room temperature were found to be iden
to the original diagram each time and also the structu
refinement gave identical results. This confirms that
observed volume collapse in LaMnO3 is intrinsic, and is
not due for example to the oxygen loss or other chem
changes.

Sánchezet al.12 measured the heat capacity anomaly
LaMnO3 at TJT . The enthalpy involved in this transition i
found to beDH531806100 J mole21. This value ofDH
combined with the volume drop atTJT DV5
20.1535 cm3 mole21 determined during the present inves
gation yields from the Clapeyron equationDT/DP5

FIG. 4. ~a! Temperature variation of the unit cell volume o
LaMnO3. ~b! Temperature variation of the unit cell volume aft
subtraction of the base volume explained in the text.
05240
n

re.
ry

n

al
l

e

l

f

23.62 K kbar21. By simple extrapolationTJT in LaMnO3
can be brought down to room temperature by the applica
of pressure of about 125.7 kbar or 12.57 GPa. Loaet al.13

performed high pressure x-ray diffraction on LaMnO3 and
they conclude that Jahn-Teller distortion in LaMnO3 is re-
moved at room temperature by the application of pressur
about 180 kbar. Sa´nchezet al.12 interpreted the transition a
TJT as an order-disorder transition where the statistical oc

FIG. 5. ~a! Temperature variation of the three Mn-O bon
lengthsm, l, ands of LaMnO3. ~b! Temperature variation of the two
octahedral distortion modes,Q2 andQ3 defined in Eq.~1!. ~c! Tem-
perature variation of the distortion parameter defined in Eq.~2!. The
smoothed curves are guide to the eyes.
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pation in the disordered phase corresponds to the three
sible orientations of the tetragonal distortions on each o
hedron. They claimed that the three-state Potts model is
appropriate statistical model for this transition. However,

FIG. 6. ~a! Temperature variation of the density of LaMnO3

close toTJT . ~b! Temperature variation of the density of ice close
the ice melting.
a,
a
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calculated value of entropy atTJT does not agree with the
experimental value.

The negative thermal expansion in a narrow tempera
range and the abrupt volume contraction atTJT in LaMnO3
are connected with the orbital order-disorder transition. T
orbitally disordered state allows a more efficient packing
the MnO6 octahedra. The situation can be compared with
volume reduction as ice melts into water. The orbitally o
dered state with Jahn-Teller distorted octahedra requ
more volume like the directionally ordered hydrogen bon
in ice. However, orbital melting is essentially an electron
phenomenon whereas ice melting is a melting of the cry
lattice. The enthalpy change at the melting of ice14 is DH
5333.5 J g2156.008 kJ mol21, which is about twice that
(DH53.18 kJ mol21) of LaMnO3 at TJT . The analogy is
expected to be limited only. However, it is curious that t
temperature variation of the density of LaMnO3 ~Fig. 6!
shows some qualitative similarity to that of ice, keeping
mind that the volume contraction atTJT in LaMnO3 is only
0.36% whereas that at the melting of ice is about 8%, m
than an order of magnitude higher. It is to be noted t
the resistivity of LaMnO3, which decreases with increasin
temperature, shows a precursor effect and then dr
abruptly atTJT by more than an order of magnitude7,11 in a
way which mimics the temperature variation of the volum
~Fig. 4!. The drop in resistivity indicates that theeg electrons
become delocalized7 aboveTJT . It is interesting to consider
whether electron delocalization is assisted by the volu
contraction atTJT through the modification of the electroni
structure.

In conclusion we have found a volume contraction
LaMnO3 at the orbital order-disorder transition or the me
ing temperatureTJT'750 K, and have proposed a qualit
tive explanation of this unusual phenomenon based on
excess volume needed for the packing of the static disto
octahedra belowTJT .

T.C. wishes to thank Benoy Chakraverty, George Jack
Tulika Maitra, Peter Thalmeier, and Tim Ziman for critic
discussions.
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