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Paramagnetic phase in single-crystal LaMnO3
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We report the observation of a peculiar conductive phase with ferromagnetic interactions and a Curie-Weiss
paramagnetism above the cooperative Jahn-Teller orbital-ordering temperatureTJT in a single crystal of the
single-valent compound LaMnO3. A positive Weiss constant increases discontinuously on raising the tempera-
ture throughTJT, but the Curie constant remains unchanged. AboveTJT, a nearly temperature-independent
resistivityr(T) and thermoelectric powera(T) that, unlike belowTJT, are insensitive to the oxidation state of
the MnO3 array are suggestive of charge transport by vibronic charge carriers.@S0163-1829~99!51746-3#
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The geometric tolerance factort[(A-O)/A2(M -O) is a
measure of the mismatch between the equilibrium (A-O) and
(M -O) bond lengths of anAMO3 perovskite. Accommoda
tion to a t,1 is accomplished by a cooperative rotation
the corner-shared MO6/2 octahedra, which bends theM-O-M
bond angles to~180°2f!. Rotations about the cubic@111#
axis give rhombohedral symmetry with bending anglefR ,
and rotations about the cubic@110# axis give orthorhombic
symmetry with mean bending anglefO.fR In the
L12xAxMnO3 ~L5lanthanide, A5alkaline-earth! perov-
skites, every octahedral-site Mn atom has a localizedt3 con-
figuration of spinS53/2, and strong intra-atomic exchang
removes the spin degeneracy of the twofold-degeneratee or-
bitals. In LaMnO3, a cooperative Jahn-Teller ordering of th
occupied e orbitals at the Mn~III !:t3e1 ions removes the
e-orbital degeneracy and lowers thec/a ratio of the ortho-
rhombic structure; we distinguish the orbitally disorder
and orbitally ordered phases by the notationO andO8 ortho-
rhombic. The orbital ordering signals that thee electrons are
localized. At x50.5, charge ordering localizes thee elec-
trons; the Mn~IV !:t3e0 and Mn~III !:t3e1 sites are distinguish
able, and orbital ordering at the Mn~III ! ions results in tetrag-
onal symmetry with a complex type CE antiferromagne
order.1,2,3 Whereas the antiferromagnetic, orbitally order
O8 and CE phases are insulators, the orbitally disorde
phases are ferromagnetic and conductive. The Curie t
peratureTc of the ferromagnetic phase increases shar
with x and/ort in the O phase near theO8/O phase bound-
ary, and a first-order metallic-polaronic transition atTc be-
comes second order asTc increases to a maximum valu
nearx50.38. In the range 0.38,x,0.5, Tc decreases with
increasingx and, with smallert, electron-electron Coulomb
interactions induce a charge ordering atx50.5 that localizes
the e electrons.

Magnetic Mn-O-Mn interactions in the manganese-ox
perovskites involve charge transfers, real or virtual. R
charge transfers are treated in first-order perturbation the
and give rise to ferromagnetic double-exchange interactio
Virtual charge transfers are treated in higher-order pertu
tion and give rise to superexchange interactions that ma
either antiferromagnetic or ferromagnetic. Superexchange
teractions occur in insulators, and double-exchange inte
tions are found in metallic oxides and were first postulated
PRB 600163-1829/99/60~22!/15002~3!/$15.00
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account for isotropic ferromagnetism in the mixed-vale
perovskites La12xAxMnO3 ~A5alkaline earth!. A coopera-
tive Jahn-Teller ordering of the twofold-degeneratee orbitals
at the Mn~III !:t3e1 ions in LaMnO3 gives anisotropic super
exchange interactions, ferromagnetic~001! plans coupled an-
tiferromagnetically along thec axis;1,2,4,5and orbital disorder
in the LaMn12xGaxO3 system, which also contains onl
Mn~III ! ions, gives isotropic ferromagnetic superexchan
coupling.6 The original double-exchange interaction pos
lated by Zener7 involves formation of two-manganes
Mn~III !-O-Mn~IV ! polarons that move diffusively with no
motional enthalpy. The de Gennes8 double-exchange mode
couples localizedt3-configuration spins by intra-atomic ex
change with itinerant electrons in a partially filleds* band
of e-orbital parentage. It differs from indirect exchange by
treatment of the mobilee electrons, which are assumed
tunnel from a Mn~III ! to a Mn~IV ! only after the mobile spin
has become aligned with the localized spin on the do
atom. Extrapolation of the de Gennes double-excha
model to LaMnO3 is not possible; coupling of localized
t3-configuration spins by itinerante electrons in a partially
filled s* band in single-valent LaMnO3 would be better
treated by the Yafet-Kittel-Kasuya-Yosida~YKKY ! indirect-
exchange model. However, if the conducting spins are
bronic in LaMnO3, a double-exchange interaction may b
applicable.

Jonker9 has reported a positive Weiss constantu,TN of
the Curie-Weiss paramagnetism of the antiferromagneticO8
phase belowTJT and a sharp increase in the Weiss const
to a u.TN in the O phase aboveTJT. A question arises
whether the apparent isotropic ferromagnetic interactions
the orbitally disorderedO phase of single-valent LaMnO3
should be described by a superexchange interaction in a
ciation with locally cooperative, dynamic Jahn-Teller defo
mations or by a double-exchange interaction. In order
clarify this question, we have undertaken a careful investi
tion on single-crystal LaMnO3 of the transport and magneti
susceptibility data from room temperature to aboveTJT. The
early work of Jonker9 was done on a polycrystalline samp
at a time when control of the oxygen stoichiometry was le
precise.

Floating-zone~FZ! crystal growth in an infrared-~IR!
heated furnace gives pure, large single crystals. Rodrigu
R15 002 ©1999 The American Physical Society
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Carvajalet al.10 have used this technique to show thatTJT
5750 K in stoichiometric LaMnO3 and decreases sensitive
with Mn~IV ! concentration.They also showed that the me
^Mn-O& bond length changes little on crossingTJT although
the orthorhombic distortion measured by diffraction chan
significantly~Fig. 1!. A small change in̂Mn-O& means little
change in the mean potential energy of the electrons
therefore little discontinuity in the Jahn-Teller stabilizatio
on passing from orbital order to disorder. We may infer
orbital order-disorder transition atTJT with a dynamic Jahn-
Teller stabilization of thee electrons persisting into the high
temperatureO-orthorhombic phase.

We obtained single-crystal LaMnO3 by FZ growth in a
flow of high-purity Ar gas with an IR-heated image furna
~NEC SC-35 MD!. The starting ceramic rods of LaMnO3
were the product of a reaction between La2O3 ~99.995%! and
Mn2O3 ~99.995%! in a 1:1 ratio. The high-temperature tran
port and magnetic measurements were carried out i
vacuum of 1023 torr with, respectively, homemade apparat
and a commercial superconducting quantum interference
vice ~SQUID! magnetometer~Quantum Design!. Both pow-
der diffraction and Laue back diffraction were used to ver
the structure and single-crystal character of the sample.
results of our transport measurements, shown in Fig. 2, h
two interesting features.

~i! An irreversible change froma~300 K!52600mV/K to
about 1550 mV/K on thermal cycling to1100 K. Small-
polaron conduction by a single charge carrier would giv

FIG. 1. The change in Mn-O bond lengths on crossingTJT after
Ref. 10.

FIG. 2. Resistivityr(T) and thermoelectric powera(T) taken
on cycling a virgin single crystal from room temperature to 1100
n
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temperature-independent thermoelectric power dominate
the statistical term:

a52~k/e!ln@~12c!/c#, ~1!

where c is the fraction of Mn sites occupied by a charg
carrier and the spin degree of freedom is lifted by the stro
intra-atomic exchange. Near stoichiometry, two types
charge carriers may be present, but with only one domina
at room temperature to give a large negative or large posi
value ofa~300 K! for a small value ofc ~Fig. 3!. From Eq.
~1! thea~300 K!'2600mV/K in the virgin crystal reflects a
small fraction (c'0.0009) of Mn~II ! ions, and thermal cy-
cling to 1000 K in vacuum (1023 torr) results in a small
oxidation of the sample above 500 K giving a similarly sm
fraction of Mn~IV ! ions.

~ii ! An abrupt drop ina(T) and r(T) at TJT to a nearly
temperature-independent value for T.TJT. Reversibility of
a(T) in subsequent runs indicates that the conductive s
in theO-orthorhombic phase does not reflect a change in
oxidation state of the MnO3 array. Instead of a small fraction
of polarons participating in conduction, a large fraction
the e electrons appears to be involved even though the c
tal is essentially single-valent Mn~III ! and thee electrons
remain strongly coupled to locally cooperative, dynam
Jahn-Teller deformations of the MnO6/2 octahedra. A dy-
namic disproportionation reaction 2Mn~III !5Mn~IV !
1Mn~II ! would create mobile carriers, and a temperatu
independenta(T) is characteristic of polaronic conduction
However, a temperature-independentr(T) is not character-
istic of polaronic conduction even for a motional enthal
DHm,kT. On the other hand, a temperature-independ
r(T) is characteristic of a fixed mean free path for itinera
electrons. However, the value ofr(T)is too high for conven-
tional itinerant electrons with a mean free path of one latt
parameter; the mobilitym5ets /m* must be reduced by an
unusually heavy effective mass resulting from the stro
electron-lattice coupling implicit in a dynamic Jahn-Tell
stabilization. A largem* would also reflect a nearly disper
sionless«(k) curve, which in turn would give rise to a nearl
temperature-independent thermoelectric power.

In order to check whether a change from an anisotro
antiferromagnetism to an isotropic ferromagnetism accom
nies the change in transport properties atTJT, we measured
the paramagnetic susceptibilityx(T). Figure 4 shows that.

FIG. 3. Theoreticala(T) vs c curves based on Eq.~1!.
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x(T) follows precisely a Curie-Weiss law both below 650
and aboveTJT with the same Curie constantC53.41 corre-
sponding to ameff55.22mB . The significant change on
crossingTJT is an abrupt increase in the Weiss constant fr
u552 K for 300,T,650 K tou5177 K for T.750 K. The
Weiss constantu,TN in the antiferromagneticO8 phase re-
flects the sum of a positive interaction in the~001! MnO2
planes and a negative interaction along thec axis; in theO
phase au.Tc reflects an isotropic ferromagnetic interactio
that could be viewed as a superexchange interaction as
ated with locally cooperative, dynamic Jahn-Teller deform
tions that correlate occupiede orbitals on one side of an
oxygen atom with emptye orbitals on the other.6 However,
the transport data indicate a real, not a virtual, charge tran
from occupied to emptye orbitals as in a double-exchang
interaction. Moreover, the discontinuous increase inu to a
value u.TN5177 K suggests a change in the character
the interatomic interactions. It seems that the doub
exchange interaction in theO phase of single-valent LaMnO3
can be neither that envisaged by Zener nor that by
Gennes. A full disproportionation reaction would give
spin only meff55.0mB, whereas it is 4.89mB for localized
Mn31. The appearance of charge disproportionation, wh
gives rise to a small changeDmeff50.11mB , cannot be ruled
out for the phase aboveTJT.

In order to test a charge-disproportionation model furth
we investigated the sensitivity of the magnetic interactions

FIG. 4. Magnetic susceptibilityx(T)and x21(T) for single-
crystal LaMnO3. x i and x'could not be resolved in the parama
netic O8 phase, but they are resolved belowTN .
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the oxidation state of the MnO3 array. An x50.025 Ca-
doped LaMnO3 sample was prepared andr(T), a(T), and
x(T)were measured as for LaMnO3. The a(T) and r(T)
data in theO phase aboveTJT were essentially unchanged b
the doping as were theu and C values of the Curie-Weiss
paramagnetism in both theO andO8 phases. Only the trans
port properties of the polaronicO8 phase andTJT were
changed;a~300 K!.0 dropped dramatically as expecte
from Eq.~1! and Fig. 3, andTJT was lowered by about 50 K
Like x(T), the transport properties in theO phase apparently
depend on a large number ofe electrons and remain insen
sitive to a 2.5% reduction.

In summary, the data show a transition atTJT from po-
laronic conduction to a cooperative charge transfer of m
heavy charge carriers. The orbital-ordering distortion is s
nificantly reduced~Fig. 1!, but there is no change in th
mean^Mn-O& bond length or rotation of the MnO6/2 octahe-
dra. The Curie constant also remains unchanged, but
Weiss constant increases abruptly. In the polaronic ph
below TJT, the interatomic Mn-O-Mn spin-spin interaction
can be treated by superexchange theory; in the conduc
phase aboveTJT a real charge transfer and isotropic ferr
magnetic coupling suggest that a double-exchange mod
appropriate. The electrons must move from filled to empte
orbitals that correspond to a partial charge disproporti
ation. The strong electron-lattice coupling that leads to
charge disproportionation gives them a heavy effective m
m* and indicates a hybridization of electron and phon
states, making the charge carriers vibronic. A large Deb
Waller factor associated with the vibronic state aboveTJT
has been found by neutron diffraction.10 The tunneling time
of the electrons from one Mn atom to another is slowed
the period vO

21 of a cooperative oxygen-atom vibration
which means the mobile spins have time to become alig
with the localized spin on an individual atom, so the electr
transfer integral becomes spin dependent as in the de Ge
model of double exchange. However, we would distingu
this vibronic picture of double exchange in a single-vale
system from the de Gennes model of itinerant electrons
mixed-valent array.

We have learned after submitting this manuscript t
Gorkov and Kresin11 have predicted a metallic ferromag
netism in LaMnO3 aboveTJT by their revised band calcula
tion. However, the paramagnetic phase aboveTJT with
strong ferromagnetic coupling shows peculiar transport pr
erties which are incompatible with a band electronic mod
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