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Magnetotransport properties of LaMnO3
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~Received 13 November 2003; published 12 March 2004!

The magnetotransport properties of LaMnO3 have been studied using the crystal-field theory and the corre-
lated effective-field theory. The crystal-field theory is used to treat the many-body problem of an atom or ion
in the crystal and the correlated effective-field theory is used to treat the many-body effect of the magnetic part
of the Hamiltonian. The crystal-field theory exploits the symmetry of the electrostatic field generated by the
ligands around the magnetic ion in the transition-metal compounds. The parent compound of colossal magnets,
e.g., LaMnO3 is a Mott-Hubbard and charge-transfer antiferromagnetic insulator. The magnetotransport prop-
erties of this compound have been studied using a theory which goes beyond the mean-field theory. This theory
includes fluctuations and explains the experimental results better than the mean-field theory.
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I. INTRODUCTION

The discoveries of colossal magnetoresistance and h
temperature superconductivity have led to a renewed inte
in transition-metal oxides which are Mott insulators and b
come metals or superconductors when doped with a crit
concentration. LaMnO3 is a Mott-Hubbard and charge
transfer antiferromagnetic insulator and it is the parent co
pound of Colossal magnetoresistive materials. These ma
als are obtained by doping divalent alkaline-earth metals~Ca,
Mg, Ba, Sr!, and a critical doping leads to a drastic change
transport properties near the magnetic transition tempera
At a temperature close to the phase transition, the fluctua
becomes important and the magnetotransport properties
enhanced by the application of magnetic field. These ma
als show insulator-to-metal transition around 250 K and
gets enhanced by the magnetic field. These properties
been reviewed by Salamon and Jaime,1 Dagottoet al.,2 and
Imadaet al.3 in great detail. In the parent compound of hig
temperature superconductors, the magnetic ions lie in a p
whereas in colossal magnetoresistive materials they are
ranged in three-dimensional~3D! perovskite structure. As the
Mott insulators are transition-metal oxides, the magnetic i
have orbital degrees of freedom. The orbital degener
plays an important role in these materials. Therefore,
only the spin fluctuations but also the orbital fluctuations
important. In the present calculation the orbital degener
of d electron and the multiplet structure of transition-me
ion are treated in a crystal-field theory.

In the magnetically ordered phase, there is an inter
magnetic field which is added to the applied external fi
and gives rise to an effective field. In the mean-field appro
mation, the exchange interaction is the source of this inte
magnetic field. As in the presence of magnetic field there
magnetoresistance effect in the magnetically disorde
phase, so it is in the magnetically ordered phase. In the
of an antiferromagnetic material it happens within a sub
tice. Hence, without an external magnetic field, there i
possibility of magnetoresistance effect in the magnetic in
lator as long as the material is magnetically ordered and
appears in the magnetically disordered phase. The met
character present in the magnetically ordered phase migh
0163-1829/2004/69~9!/094406~6!/$22.50 69 0944
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due to ferro-orbital ordering. This is inherent in the com
pound, and a metal-insulator transition takes place near
magnetic transition temperature due to correlation effect.
discussed by Searle and Wang,4 the magnetoresistance is ca
culated in the ordered phase by using the double excha
interaction and the mean-field theory. Here we use the s
double exchange interaction in correlated effective-fi
theory to study the magnetotransport properties. Due to s
orbit interaction, spin ordering gets affected by the orbi
ordering. In the present theory, both the orbital ordering a
spin ordering are considered in the ground state. Usually,
transition temperature gets shifted by doping, and with
critical doping the localization completely vanishes. There
a metal-insulator transition near the magnetic transiti
Here correlation or fluctuation is the driving force and t
transport is caused not only by the charge carriers but by
spin part as well. Hence the magnetic polaron is the ri
choice to explain the transport properties of magnetoresis
materials. The small polaron theory5 in the double exchange
model6 can explain qualitatively the transport properties
colossal magnetoresistive materials but the satisfactory
planations are still lacking, particularly a sudden drop in t
resistivity below the critical temperature. This suggests th
strong Jahn-Teller distortion should be responsible for
transport properties.7 In the present calculation, the effect o
strong Jahn-Teller distortion has been presented in the s
of magnetotransport properties in the localized model, wh
is true for magnetic insulators.

The compound LaMnO3 is a ferromagnetic insulator an
CaMnO3 is an antiferromagnetic insulator. Both the low do
ing and high doping regions of LaMnO3 are antiferromag-
netic insulators, and the magnetic transition from ferrom
netic insulator to paramagnetic insulator or antiferromagn
insulator to paramagnetic insulator takes place. It is show
the phase diagram8 where a gradual change of critical tem
perature with concentration of Ca21 leads to a maximum a
around 250 K with a critical concentration;(0.3–0.4). In
the localized model one can study the ferromagnetic to p
magnetic transition and the transport properties using dou
exchange model for low doped;(0.1–0.3) LaMnO3
compounds.4 Due to doping there is a disorder due to i
equivalent sites occupied by Mn41 ions in the sample and
©2004 The American Physical Society06-1
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the coexistence of insulating and conducting regions occ
As the doping concentration increases the antiferromagn
coupling between Mn41 ions sets in. In the perovskite struc
ture, Mn41 has t2g

3 electronic configuration and the groun
multiplet is 4A2g . This ground state is orbitally nondegene
ate and there is no orbital ordering. The magnetic coup
between two Mn41 ions is antiferromagnetic. Hence as
result of doping a competition between ferromagnetic a
antiferromagnetic coupling starts, and for a critical conc
tration ;(0.3–0.5) the metallic regime survives and it d
appears beyond it.

II. THEORY

The theory known as the correlated effective-field~CEF!
theory initiated by Lines9,10 has been extended11,12 to study
the magnetic properties in the ordered phase as well
LaMnO3, Mn31 has the electronic configuration (3d)4 and
the ground configuration is (t2g)3eg as the fivefoldd level
splits into a triplett2g and a doubleteg in presence of octa
hedral crystal field. Due to strong Hund’s coupling (t2g)3eg
gives rise to a high spin ground state5Eg . This is a doubly
degenerate state with spinS52. As the spin-orbit interaction
is small compared to Hund’s coupling, this multiplet is pe
turbed by the spin-orbit interaction and it is treated on eq
footing with the exchange interaction. In the transition-me
compound LaMnO3 having perovskite structure shown
Fig. 1, there is no direct exchange interaction between
Mn31 ions, but there is a superexchange interaction via
intermediate O22 ion.

Due to this superexchange interaction and the covale
effect, electron is not strictly localized on the magnetic i
but can spend sometime on the nearest magnetic ion. Th
partial delocalization can take place. This virtual hoppi
gives rise to conductivity at low temperatures and becom
insignificant at higher temperatures. Due to spin-orbit int
action and Jahn-Teller effect, this hopping is not negligi
and shows metallic character at higher temperatu
;300 K. These metallic properties appear as a resul
spin-spin correlation in magnetic materials and sh
transport-magnetism correlations observed in ferromagn
oxides. The ground state of Mn ion in LaMnO3 corresponds
to a real spinS52 and pseudospin 1/2 having twofold o
bital degeneracy and fivefold spin degeneracy. In our ca
lations we consider these ten states. There is no first-o
spin-orbit splitting of the ground state but there is seco

FIG. 1. ~Color online! Perovskite structure of LaMnO3.
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order splitting of this state which gets enhanced by an a
distortion.13,14. The ground state is Jahn-Teller sensitive, a
the orbital degeneracy cannot be lifted by the first-ord
static Jahn-Teller distortion but can be lifted in the seco
order by dynamic Jahn-Teller effect. This effect introduc
an axial distortion of the cluster. It is introduced in th
Hamiltonian as a single-ion anisotropy and causes a z
field splitting of the ground state5Eg . This splitting is small
in cubic field and becomes large in presence of an a
distortion.

The many-body Hamiltonian for LaMnO3 is given by

H5(
i

D~Si
z!222(

i j . i
Ji j SW i•SW j . ~1!

In this many-body Hamiltonian, there is a two-body intera
tion which can be reduced to a one-body Hamiltonian by
mean-field~MF! approximation. In the MF theorySW j is re-
placed by^SW j&. Here we will consider a theory which goe
beyond the MF theory and is known as the CEF theory.10 In
this theory fluctuation has been incorporated semiempiric
by introducing a phenomenological parameter to be de
mined self-consistently via the fluctuation-dissipation the
rem. As a result,SW j is replaced bŷ SW j&1Ai j (SW i2^SW i&) and
the anisotropic Heisenberg Hamiltonian is written as

H52(
i j g

Ji j
g Si

gSj
g . ~2!

The correlated effective-field Hamiltonian at the ith site
given by

Hi
CEF522 (

j . ig
Ji j

g Si
g@^Sj

g&1Ai j
g ~Si

g2^Si
g&!#, ~3!

whereAi j
g is the temperature-dependent static correlation

rameter. If all the lattice sites are equivalent, we can writ

(
j

Ai j
g Ji j

g 5ag(
j

Ji j
g , ~4!

where a is the correlation parameter andg5x,y,z direc-
tions.

In absence of magnetic ordering, i.e., in the paramagn
phase, the effective Hamiltonian is

Hi
(0)5Hi2(

j g
Ji j

g ag~Si
g!2, ~5!

whereHi is the free-ion Hamiltonian. In the ordered pha
CEF Hamiltonian is

H5D(
i

~Si
z!22(

i j g
Ji j

g @ag~Si
g!222Si

g~^Sj
g&2ag^Si

g&!#.

~6!
In the magnetic structure of perovskite LaMnO3 shown in

Fig. 2, there are six nearest neighbors out of which four
aligned in the same direction in a plane and two are in
posite directions perpendicular to the plane. Therefore, th
6-2
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is ferromagnetic coupling for four nearest neighbors and
tiferromagnetic coupling for two nearest neighbors. Assu
ing J to be of same magnitude for all nearest neighbors,
one-body Hamiltonian is

Hi5D~Si
z!226J~a i2a'!~Si

z!2212J~12a i!^Si
z&Si

z .
~7!

Herez is the direction in which the spins are aligned andD is
the single-ion anisotropy parameter. Using this Hamilton
and the ten wave functions of the formuM tMS& for the
ground state5Eg , the static magnetic susceptibility and th
magnetic order parameter are calculated.t is the pseudospin
for Eg orbital. The correlation parametersa are determined
self-consistently using fluctuation-dissipation theorem.10 Us-
ing this Hamiltonian, the static magnetic susceptibility
given by11

xg~qW !5
1

kTF ^^m i
g :m i

g&&

2
@J~qW !2agJ~0!#^^m i

g :Si
g&&2

kT2@J~qW !2agJ~0!#^^Si
g :Si

g&&
G , ~8!

where J(qW )5(nnJeiqW dW and mW i5tW12SW i , t51/2 in the
present calculation.d is the nearest-neighbor spacing. T
correlation parameters are determined self-consisten11

from the equation

ag5(
qW

Jg~qW !kT

kT22@Jg~qW !2agJg~0!#!Si
g :Si

g@
/(

qW
Jg~0!.

~9!

For any operatorsAW ,BW the following meanings hold good:

^^AW :BW &&5^AW :BW &2^AW &^BW &, ~10!

^AW :BW &5(
n

rnFAnnBnn1kT(
mÞn

~AmnBnm

1AnmBmn!/~Em2En!G , ~11!

^AW &5(
n

rnAnn , ~12!

FIG. 2. ~Color online! Spin alignment of LaMnO3.
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wherern denotes the probability of occupation of the eige
stateun& of the Hamiltonian.

The magnetic order parameter is defined as the ratio
^si

z&T and^si
z&0 and the magnetoresistivityRM is defined as4

RM5
12@Ms~T!/Ms~0!#2

11@Ms~T!/Ms~0!#2
, ~13!

where Ms is the spontaneous magnetization which is t
saturation magnetization in presence of internal field in
magnetically ordered phase. In the magnetically disorde
phase there is no temperature dependence of magneto
tivity, it remains constant in the localized CEF or the M
theory.4 The temperature dependence of the observed re
tivity in the vicinity of transition temperature (Tc;250 K)
can be explained by the small polaron and the double
change model.5 In the transition-metal compounds there is
transport-magnetism correlation, and near the transition t
perature the magnetoresistivity can be explained by ther
activation model rather than the adiabatic polaron mode
variable range hopping model. Using this model, the mag
toresistivity in the double exchange model in Eq.~13! is
modified as

RM~obs!5RMexp~Tc /T!. ~14!

This formula has been applied at all temperatures and
magnetoresistivity is calculated below and above the tra
tion temperature using the same formula. In order to stu
the effect of external magnetic field on magnetoresistiv
the Hamiltonian in Eq.~1! is modified as

H5(
i

D~Si
z!222(

i j . i
Ji j SW i•SW j2B(

i
m i

z , ~15!

where m i
z is the z component of the magnetic moment

Mn31 ion and B is a measure of external magnetic fie
applied in z direction. All the parameters (D,J,B) in this
Hamiltonian are in units of temperature.

III. RESULTS AND DISCUSSION

In the perovskite structure of LaMnO3 the atoms are ar-
ranged as shown in Fig. 1 and according to the magn
structure the spin alignment of Mn ions is as evident fro
Fig. 2. A neutron-scattering study of LaMnO3 compound in-
dicates an antiferromagnetic phase transition15 at temperature
TN5139.5 K. Using our theoretical model and without th
single-ion anisotropy the transition temperature has b
found16 to be TN5140 K with J55.59 K. The temperature
dependence of sublattice magnetization in the ordered p
has been calculated and shown in Fig. 3 where the exp
mental results15 are also shown for comparison. The critic
exponentb of the order parameter has been calculated fr
the slope of the straight-line curve obtained by plotting t
squared order parameter vs (TN2T)/TN in log scale as
shown in Fig. 4.b has been estimated to be 0.308 which
very close to the experimental value15 and the 3D Ising
exponent.17 The mean-field exponent is, however, 0.5, a
the present calculation shows a major improvement of
6-3
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exponent as fluctuation is included in the calculation. If t
single-ion anisotropy due to spin-orbit interaction is tak
into consideration, the same transition temperature can
found with the parametersJ55.39 K andD522 K.

The susceptibility behavior in Fig. 5 shows a spike in t
susceptibility in thez direction which is also observe
experimentally.18 The susceptibilities in other directions a
shown in this figure gradually diminish as the distortion
the cluster increases and disappears when the distortio
large (2100 K). From our calculations, it is evident that th
orbital degeneracy plays an important role in the microsco
level, and due to this degeneracy the many-body effect o
ion is important. This effect is treated in the crystal-fie
theory by taking into account the crystal field generated
the ligands which are O22 ions in the compound under in
vestigation. Very close to the transition temperature, fluct

FIG. 3. Magnetic order parameter as a function of temperat

FIG. 4. Magnetic order parameter near the critical tempera
in log scale.
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tions are equally important and they have been considere
the present calculation.

The ground state5 Eg is Jahn-Teller sensitive and it unde
goes a Jahn-Teller splitting due to distortion in the octahed
crystal field. There is no first-order splitting of the groun
multiplet due to either spin-orbit interaction or the axial d
tortion but it suffers a splitting in higher order as a result
both these effects.13,14 This gives rise to a single-ion aniso
ropy in the Hamiltonian as shown in Eq.~6!. If the ligand
field is purely octahedral, the single-ion anisotropy arises
to spin-orbit interaction only and it is very small18 (;2 K)
as in the case of LaMnO3. Doping with a low concentration
causes a shift in the transition temperature and the ma
toresistivity of the ferromagnetic insulator appears below t
temperature as shown in Fig. 6. This resistivity is caused
the internal magnetic field originated from the exchange

e.

re

FIG. 5. ~Color online! Susceptibility as a function of tempera
ture.

FIG. 6. ~Color online! Magnetoresistivity as a function of tem
perature.
6-4
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teraction between magnetic ions. This behavior has been
served earlier4 in case of ionic ferromagnet. The magnetor
sistivity is related to the susceptibility as mentioned
Shenget al.,7 and from the susceptibility behavior shown
Fig. 5 one can conclude that sharp change in resistivity n
the magnetic transition might appear due to fluctuation an
strong Jahn-Teller distortion may be responsible for
observed transport properties in colossal magnetoresis
materials. Using the formula given in Eq.~14!, the magne-
toresistivities are calculated at various magnetic fields
the results are shown in Fig. 7. The corresponding redu
magnetizations are shown in Fig. 8. The behavior of mag
toresistivity shown in Fig. 7 explains the experimen
results19,20qualitatively, and the variation of reduced magn
tizations shown in Fig. 8 is very similar to the results o
tained earlier5 using mean-field theory in the small polaro
picture.

FIG. 7. ~Color online! Magnetoresistivity as a function of tem
perature.
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IV. CONCLUSION

The magnetotransport properties of LaMnO3 in presence
of Jahn-Teller distortion and external magnetic field ha
been studied using a theory which goes beyond the me
field theory. This theory takes into account the spin fluctu
tions which are important near the magnetic transition a
explains the critical behavior of this compound better th
the mean-field theory. The calculation clearly indicates
transport-magnetism correlation and this may lead to a d
tic change in transport properties near the magnetic ph
transition. The present model and the calculations prese
here might help in understanding the colossal magnetore
tance phenomena and recent experiments on do
manganites.21–25
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FIG. 8. ~Color online! Reduced magnetization as a function
reduced temperature.
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