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The phase diagram of La1−xCaxMnO3 is studied using a mean-field slave-boson formulation for eg electrons
in two orbitals and classical t2g spins S oriented in the magnetic configurations of the A, B, C, and G phases as
a function of x. The manganese ions are in a mixed valent state of two magnetic configurations Mn4+ and
Mn3+, with all 3d electrons coupled ferromagnetically via Hund’s rule. The multiple occupancy of the eg levels
is excluded at each site by a large Coulomb energy. The eg electrons hop between Mn sites with amplitude t
giving rise to the ferromagnetic double exchange, which competes with the antiferromagnetic superexchange J
between the t2g spins of the ions. The eg electrons couple to the lattice degrees of freedom via the Jahn-Teller
effect. The model has only two parameters, namely, J / t and the Jahn-Teller energy. We obtain that only the A
and C phases can exhibit a Jahn-Teller distortion.
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I. INTRODUCTION

The rich phase diagram of La1−xCaxMnO3 �LCMO� �Refs.
1–8� is the consequence of the interplay of charge, spin,
orbital, and lattice degrees of freedom. The end compounds
LaMnO3 and CaMnO3 are antiferromagnetic insulators,
while for intermediate x the system is either a ferromagnetic
metal or a charge-ordered antiferromagnet and may display
phase separation.9 The Jahn-Teller coupling to the lattice10–12

manifests itself in changes of the Mn-O-Mn bond lengths
and angles,13 as well as orbital order.14 There are several
other manganite systems8 but LCMO appears to be the only
alloy forming over the entire concentration range, 0�x�1.

The Mn ions form a nearly simple cubic lattice with one
oxygen ion located approximately on the center of each side
and the trivalent La or divalent Ca atoms at the body center
of the cube. The O2− ions mediate the binding between the
Mn ions, while the role of La and Ca doping is to provide
conduction electrons.15 The Mn ions are in a mixed trivalent
�3d4� and tetravalent �3d3� state. In cubic or nearly cubic
symmetry the five 3d levels are split into a t2g triplet and an
eg doublet. With octahedral coordination the t2g states have
lower energy than the eg orbitals, so that the three t2g orbitals
are all singly occupied with their spins coupled to form a
total spin S=3/2. The eg orbitals, on the other hand, are
empty for Mn4+ and occupied by one 3d electron in Mn3+,
ferromagnetically correlated with the t2g electrons due to
Hund’s rule to form a total spin S*=2. The intermediate va-
lence character of the Mn ions arises then from the hopping
of the eg electrons.

In a previous publication16 we studied a cubic lattice of
mixed-valent Mn ions with the t2g spins �treated classically�
oriented in the spin arrangements of the A, B, C, and G
phases of the manganites.2 The multiple occupancy of the eg
levels at each site is prevented by a large Coulomb interac-
tion, which is taken into account with auxiliary bosons in the
mean-field approximation. The eg electrons are allowed to
hop between nearest neighbor sites with amplitude t, which
gives rise to the ferromagnetic double exchange.17,18 We ob-
tained the band structure for the eg electrons and the ground-
state energy for each of the phases. For a given doping x the

phase diagram then only depends on one parameter, namely,
J / t. Our calculation yields the correct sequence of phases as
a function of x for J / t of the order of a few percent.

The Mn-O-Mn bond-length depends on the relative spin
orientation of the two t2g spins. Experimentally ferromag-
netic bonds are found to be larger than antiferromagnetic
bonds. We introduced this dependence on the bond-length as
a second, fine-tuning, parameter.16 Adjusting the hopping
matrix element t and the superexchange integral J accord-
ingly, we obtain an improved agreement with the rich phase
diagram of La1−xCaxMnO3.

In this paper we extend our calculation to include the
Jahn-Teller coupling to the lattice. A Jahn-Teller distortion
lifts the degeneracy of the eg levels and changes the band
structure. This leads to corrections to the ground state ener-
gies of the different phases and hence to a modified phase
diagram. Only the A and C phases have a significant energy
gain due to lattice distortions and the region of stability of
these phases grows at the expense of the B and G phases.

The rest of this paper is organized as follows. In Sec. II
the model for electronic, spin, and Jahn-Teller interactions is
introduced, as well as the corresponding mean-field slave-
boson version for the different phases. The mean-field equa-
tions are then solved numerically and the energy is mini-
mized. In Sec. III the different phases and the phase diagram
with Jahn-Teller distortion are discussed. Conclusions follow
in Sec. IV.

II. MODEL

The Hamiltonian is written as H=Ht+Hm+HJT, where Ht
represents the hopping of the eg electrons between the Mn
sites on a simple cubic lattice, Hm is the magnetic energy
arising from the superexchange between the t2g spins, and
HJT is the Jahn-Teller coupling to the lattice.

A. Electronic and magnetic interactions

The nearest neighbor hopping Hamiltonian for the eg elec-
trons is given by16,19
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Here the bra and ket denote the states of the Mn4+ configu-
ration represented by a spin S�=3/2� and z projection M, and
the states of the Mn3+ configuration of spin S*=S+ 1

2 and spin
projection M*. The localized 3d electrons are then all ferro-
magnetically correlated �first Hund’s rule�. The Clebsch-
Gordan coefficients select the spin components and are
needed to preserve the spin rotational invariance. j labels the
sites on a simple cubic lattice. The index m=x2−y2, z2 labels
the eg orbitals and � is the spin component of the eg electron.
The Mn3+ states have in addition a label m to indicate which
of the eg states is occupied. The completeness condition for
the states requires that at every site

�
M*m

�jS*M*m��jS*M*m� + �
M

�jSM��jSM� = 1, �2�

which excludes the multiple occupancy of the eg levels, i.e.,
they can only be empty or occupied by one electron. This
corresponds to an implicit infinite on-site Coulomb repul-
sion.

The first term in Eq. �1� determines the Fermi energy or
chemical potential � for the itinerant electrons, while the
second term corresponds to the nearest neighbor intersite
hopping. The sum is over all the nearest neighbor pairs �jl�
and R jl is the vector joining the sites j and l. The hopping

matrix M̂mjml
�R jl� depends on R jl, i.e., M̂x= �2Î+ �̂z

+	3�̂x� /4, M̂y = �2Î+ �̂z−	3�̂x� /4, and M̂z= �Î− �̂z� /2. Here Î
and �̂i are the identity and Pauli matrices for the orbital pseu-
dospin of components �x2−y2 ,z2�. These hopping matrices
are determined by the overlap of the asymptotes of the eg
wave functions. The fact that x2−y2 and z2 orbitals on neigh-
boring sites have in general nonzero overlap implies that m is
not a good quantum number.

The magnetic energy Hm arises from the superexchange of
the t2g spins mediated by the oxygen atoms and depends on
the spin configuration of each phase. As in Ref. 16 we con-
sider the spin arrangements of the phases A, B, C, and G of
La1−xCaxMnO3.2 In the mean field the Heisenberg superex-
change reduces to Hm=−�JS2N, where �A=−1, �B=−3, �C
= +1, and �G= +3. Here N is the number of Mn sites. The
coupling strength J can be estimated from the transition tem-
perature of the end compounds and should be of the order of
100 times smaller than the hopping t.

B. Jahn-Teller coupling

HJT consists of two terms, namely, the elastic deformation
energy of the lattice and the coupling of the eg electrons to
the phonons. This coupling then locally lifts the degeneracy
of the eg levels by distorting the lattice. Three normal modes

of vibration of the MnO6 octahedra have to be considered,
which correspond to the irreducible representations �1g �A1g�
and �3g �Eg�.20 The former is the breathing mode Q1 of the
MnO6 octahedron, in which the symmetry is not reduced but
the volume is changed. This mode requires a large elastic
energy and does not lift the degeneracy of the eg levels, so
that we keep Q1=0. More important are the �3g modes,
which have been defined and parametrized by Kanamori20

Q2 = �X1 − X4 − Y2 + Y5�/	2,

Q3 = �2Z3 − 2Z6 − X1 + X4 − Y2 + Y5�/	6, �3�

where X1−X4 is the elongation of the octahedron in the x
direction, etc., and Q1= �X1−X4+Y2−Y5+Z3−Z6� /	3. The
Jahn-Teller Hamiltonian for site j is

HJT
j = �CJT/2��Qj2

2 + Qj3
2 � + 2g�Qj2�̂ jx + Qj3�̂ jz� , �4�

where CJT is proportional to the elastic constant c11−c12, g
is the coupling constant, and �̂x and �̂z are Pauli matrices
acting on the two eg orbitals. We parametrize Qj2
= �g /CJT�qjsin�	 j� and Qj3= �g /CJT�qjcos�	 j� and obtain

HJT =
EJT

2 �
j

qj
2 + 2EJT �

jMj
*mj�mj

qj�jS*Mj
*mj��

� 
�̂xsin�	 j� + �̂zcos�	 j��mj�mj
�jS*Mj

*mj� , �5�

where EJT=g2 /CJT. As 	 j varies from 0 to 2
 all possible
volume-conserving distortions of the octahedron are gener-
ated. Equation �5� is to be minimized with respect to qj and
	 j.

C. Slave-boson mean-field approximation

Following Ref. 16 we introduce slave-boson creation and
annihilation operators21 bjM

† and bjM, which act as projectors
onto the states of the Mn4+ configuration with spin compo-
nent M at site j, and fermion operators for the Mn3+ states at
the site j, djM*m

† , and djM*m. The completeness relation
equivalent to the condition �2� is now

�
M

bjM
† bjM + �

M*m

djM*m
† djM*m = 1. �6�

Transitions between configurations are described by the op-
erators �jSM��jS*M*m � =bjM

† djM*m. The total Hamiltonian in
the auxiliary space is now given by

H = − �JS2N +
EJT

2 �
j

qj
2 + �

jMj
*mj�mj

djMj
*mj�

†

� �2EJTqj
�̂xsin�	 j� + �̂zcos�	 j�� − �Î�mj�mj
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*mj
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�SMj,
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1
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+ H . c . � , �7�
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subject to the constraint �6�, which restricts the model to the
physical subspace. The above slave-boson formulation is ex-
act, i.e., it does not contain approximations with respect to
the original Hamiltonian.

The spin-projections Mj = ±S of the t2g moments are then
determined by the magnetic phase. The spin projection of the
Mn3+ ion is Mj

*= ±S+� and hence the spin component � of
the eg electron is a good quantum number. � is either parallel
or antiparallel to Mj yielding a Clebsch-Gordan coefficient

equal to 1 or 1/	2S+1, respectively. We denote these coef-
ficients aj� and the index Mj

* of the fermion operators can be
replaced by �, i.e., dj�m.

Following Ref. 16 we study Hamiltonian �7� subject to the
constraint �6� in the mean-field approximation. We assume a
uniform occupancy of all the sites, hence eliminating the
possibility of phase separation,9 an effect that has been ob-
served in several experiments. In the mean-field �saddle-
point� approximation22 boson operators are replaced by their
expectation values. Since all Mn sites have the same valence
we have �bjMj

�= �bjMj

† �=b for Mj =S or Mj =−S, depending
on the magnetic configuration, and all others are zero. The
constraint �6� is incorporated via Lagrange multipliers � j. In
this case � j =� and qj =q are independent of the site. The
mean-field Hamiltonian is now

HMF = − �JS2N + NEJTq2/2 − N��1 − b2�

+ �
j�mj�mj

dj�mj�
† �2EJTq
�̂xsin�	 j� + �̂zcos�	 j��

+ �� − ��Î�mj�mj
dj�mj

− tb2 �
�jl��mjml

aj�al�

� 
dj�mj

† M̂mjml
�R jl�dl�ml

+ H.c.� . �8�

All four phases have different magnetic unit cells. While
the unit cell of the B phase has only one ion, the ones of the
A, C, and G phases have two Mn ions.2 The Brillouin zones
of the A, C, and G phases are then contained in the simple
cubic one of the B phase. To facilitate a direct comparison
between the phases we adopt the simple cubic Brillouin zone
for all phases. The redundant information contained for the
A, C, and G phases is then taken care of by a factor 1 /2
whenever we sum over the k states.

The band structure for the eg electrons is obtained by
Fourier transforming and diagonalizing Eq. �8�. For each
phase there are four bands arising from the two eg levels and
the two sites per unit cell. In the case of the B phase they
arise from the two eg levels and the spin. Without Jahn-Teller
coupling these dispersions are discussed in Ref. 16. We de-

note the diagonal states with a tilde, i.e., d̃k��
† , where �

=1, . . . ,4, and the corresponding energies with E�
t �k�. The

occupation numbers �d̃k��
† d̃k��� are given by Fermi func-

tions. The ground state energy is then

EGS = − �JS2N + NEJTq2/2 − N��1 − b2�

+ �
k�


� − � + E�
t �k��f
� − � + E�

t �k�� , �9�

which is minimized with respect to b and �. This yields two

transcendental equations, which are solved self-consistently.
In addition the energy has to be minimized with respect to q
and 	. For most situations we assumed that 	 is the same at
each site. Note that in Eq. �9� the sum over � �phases A, C,
and G� cancels the factor 1 /2 that arises for using the cubic
Brillouin zone instead of the reduced one.

III. RESULTS

In this section we study the Jahn-Teller distortion induced
cooperatively by the anisotropy of the eg-electron dynamics.
For the numerical study we considered EJT=0.1t. The Jahn-
Teller distortions monotonically grow with EJT, but there is
no qualitative change of properties unless EJT is very large.
In the latter limit only one orbital effectively contributes.

A. A phase

In the A phase of La1−xCaxMnO3 the spins are ferromag-
netically oriented in x-y planes and these planes are antifer-
romagnetically correlated along the z direction. The mag-
netic unit cell consists of two sites having opposite t2g-spin
orientation. Both spin projections of the eg electron give rise
to the same band dispersion.

Due to the layered magnetic structure, the hopping is an-
isotropic. This gives rise to a lattice distortion. The equilib-
rium value of q and the energy reduction �E per Mn site
caused by the distortion is displayed in Fig. 1. The number of
eg electrons is N�1−x�, so that for x→1, both q and �E have
to vanish. In the limit x→0 the constraint �6� inhibits the eg
electrons from hopping and consequently the effect of the
electron dynamics is again small. This situation is discussed
in more detail below. A large distortion is only to be expected
for intermediate x. The irregular dependence of both, q and
�E, with x arises from the band structure. As discussed
above and in Ref. 16 there are four bands and numerous van
Hove singularities. The energy and q are determined by in-
tegrating over the occupied states.

The lowest energy corresponds to 	=
 for all x. This is
seen in Fig. 2 which shows the energy �Ht+HJT� as a func-
tion of 	 for x=0.4 and 0.8. The effect is much larger and the

FIG. 1. Amplitude q of the Jahn-Teller distortion and energy
gain �E due to the Jahn-Teller coupling as a function of x for the A
phase for EJT=0.1t. The parameter 	 equals 
 for all x.
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minimum is more pronounced for x=0.4. 	=
 corresponds
to distortions of the octahedron such that X1−X4=Y2−Y5
=qg /CJT

	6 and Z3−Z6=−2qg /CJT
	6, i.e., while expanding

in the x-y plane it contracts in the z direction by keeping its
volume constant. We have also allowed different 	 values for
the two sublattices, but the energy minimum corresponds to
equal 	 for all sites. For the A phase, if a larger value of q is
chosen �an out-of-equilibrium value� it is possible to move
the minimum as a function of 	 away from 
.

The above explains the contraction of the c axis. The A
phase has in addition staggered long-range orbital order with
alternating components of the orbitals 3x2−r2 and 3y2−r2.
Such antiferro-orbital order requires a unit cell with four Mn
ions, two in each adjacent ferromagnetically ordered x-y
planes. The two orbital sublattices arise if 	=
±	o, where if
	o is small the amplitude of the staggered long-range order is
small and if 	o=
 /3 the orbitals are fully ordered. The order
is only stabilized with an intersite interaction. Each O ion is
shared by two adjacent MnO6 octahedra. If the common O
ion moves toward a Mn site it compresses that octahedron
but stretches the other one. The restoring force induces the
intersite coupling.

B. B phase

In the B phase all the t2g spins are ferromagnetically cor-
related and the unit cell contains only one Mn ion. The bands
for eg electrons with spin parallel to t2g spins are much more
dispersive than the minority spin electrons. The spin configu-
ration does not inhibit the hopping in any direction �the
Clebsch-Gordan coefficients are all the same for a given
spin-component� and the dispersion for each spin-component
is cubic. A Jahn-Teller distortion is then not expected for this
phase. Indeed the minimum of energy is found for q=0. The
ground state energy is then the same as in Ref. 16.

Fixing q at a finite value and varying 	 from 0 to 2

yields no change in the energy �within error bars�. This cal-
culation was carried out for x=0.2, 0.5, and 0.8. Hence, there
is no preferred direction for 	 and all linear combinations of
eg orbitals have the same energy. This isotropy is a separate
test for the absence of a Jahn-Teller distortion.

Remarkable is that in the range 0.4�x�0.65 the energy
curve E�q� is not only isotropic in 	 but also rather flat for
small q. In other words, the quadratic dependence in q of the

elastic energy is almost completely compensated by the gain
in energy due to the electron hopping. This scenario is favor-
able for a dynamical Jahn-Teller effect �in contrast to a static
deformation�.

C. C phase

In the C phase we consider antiferromagnetically oriented
t2g spins in the x-y plane and these planes are then ferromag-
netically correlated. As for the A phase the magnetic unit cell
contains two Mn ions with opposite t2g spin orientation. Both
spin components of the eg electrons have the same disper-
sion. As for the A phase the hopping is anisotropic and will
drive a lattice distortion. The equilibrium value of q and the
energy reduction �E are presented in Fig. 3. As argued for
the A phase q and �E have to vanish in the limits x→0 and
x→1, and are maximum at intermediate x. The dependence
of q and �E on x is determined by the dispersion of the four
bands and their occupation. Note the strong decrease of q
around x=0.75. The small maximum of q for x�0.8 is as-
sociated with a very small energy gain.

Figure 4 shows the dependence of the energy �Ht+HJT�
on 	 for x=0.35 and x=0.60. The energy is minimal at

FIG. 2. Energy E corresponding to Ht+HJT as a function of 	 for
x=0.40 and x=0.80 in the A phase for CJT=0.1t. The minimum of
the energy is at 	=
.

FIG. 3. Amplitude q of the Jahn-Teller distortion and energy
gain �E due to the Jahn-Teller coupling as a function of x for the C
phase for EJT=0.1t and 	=0 for all x.

FIG. 4. Energy E corresponding to Ht+HJT as a function of 	 for
x=0.35 and x=0.60 in the C phase for EJT=0.1t. The minimum of
the energy is at 	=0.
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	=0 for all x. 	=0 corresponds to an expansion of the octa-
hedron in the z direction while it contracts in the x-y plane by
keeping its volume constant. The strong decrease of q around
x=0.75 �see Fig. 3� is accompanied by a rather flat region of
E�	� for �	 � �
 /2. Such flat dependence indicates that the
system is susceptible to a dynamical Jahn-Teller distortion.
As for the A phase, we have also allowed different 	 values
for the two sublattices, but the energy minimum corresponds
to equal 	 for all sites.

The above results explain the expansion of the c axis for
the C phase. To study possible orbital order for this phase
again larger unit cells with four Mn ions have to be consid-
ered, in analogy to the A phase. Staggered long-range orbital
order is only stable if additional intersite correlations are
taken into account.

D. G phase

In the G phase the spins are antiferromagnetically corre-
lated, i.e., each up spin is surrounded by neighbors with
down spins and vice versa. Hence, the electron hopping is
always between sites of opposite spin and the aj� coefficients
are all equal to 1/	2S+1. The hopping is then the same
along the three axis. As for the B phase, this isotropy does
not favor a Jahn-Teller distortion. Indeed, the energy mini-
mum is at q=0 and hence the ground state energy is the same
as in Ref. 16.

E. Phase diagram

The phase diagram is obtained by comparing the ground
state energies of the four phases studied for a given x. The
energy is determined in units of t, so that in the absence of
Jahn-Teller effect there is only one dimensionless model pa-
rameter, namely, J / t. The corresponding phase diagram �cal-
culated in Ref. 16� is shown in Fig. 5 with the set of dashed
lines. The solid curves correspond to the phase diagram with
a Jahn-Teller distortion for EJT=0.1t.

Several energy crossovers are obtained for fixed x and as
a function of the superexchange coupling J. For sufficiently

large J the G phase is always the groundstate; since all bonds
are antiferromagnetic it has the lowest magnetic energy. The
ferromagnetic B phase is favored at most values of x for
small J. With increasing J, the ferromagnetism is rapidly
quenched by the antiferromagnetic superexchange. The A
and C phases are intermediate phases to the ferromagnetic B
phase and the totally antiferromagnetic G phase. The Jahn-
Teller distortion reduces the energy of the A and C phases
and hence enhances the stability region for these two phases.
Increasing EJT of course further enhances the range of stabil-
ity of the A and C phases. Since for x�0 and x�1 we have
q�0, there is no change of the phase diagram close to the
compositional end points.

For x�0 the A phase should be stable over a wider range
of J / t than shown in Fig. 5. So far the complicated nature of
the Mn3+O2− bonds has been simplified by assuming cubic
symmetry. Experimentally it is found that the length of fer-
romagnetic nearest neighbor bonds is considerably larger
than the antiferromagnetic bonds. This is particularly evident
in LaMnO3 �A phase�, which is orthorhombic, but almost
tetragonal,2 with lattice parameters a�b�0.399 nm and c
�0.385 nm. Hence, the c length is considerably smaller than
a�b, i.e., c /a1. On the other hand, the B and G phases
are cubic corresponding to c /a=1, while for the C phase
c /a�1.2 The actual lattice parameters strongly depend on
the sample preparation.23 In Ref. 16 we studied the phase
diagram for anisotropic hopping and superexchange coupling
to account for different lattice parameters. This approach
slightly favors the A phase over the B phase, lowering the
phase boundary to smaller values of J / t. The correct se-
quence for the phases as a function of x, namely, A-B-C-G,
has been obtained in the range 0.020J / t0.027. The
Jahn-Teller effect in the limit x→0 is briefly addressed in the
next subsection.

The CE phase is the stable phase for a range of x between
0.5 and approximately 0.85. This phase has a complicated
structure that in addition to an antiferromagnetic spin ar-
rangement involves also charge order and antiferro-orbital
order. The cell of the phase to be considered is quite large,
which makes a calculation cumbersome. The slave-bosons
project onto the Mn4+ configuration, i.e., they represent the
charge, so that in order to study charge order the expectation
value of the boson has to be different at different sites. The
CE phase has not been included in Ref. 16 nor in the present
paper.

Experimentally phase separation is often found at the
boundary of the stability of phases.9 Here regions of one
phase are embedded in another phase giving rise to a coex-
istence of phases rather than a new mixed phase. For phase
separation to occur the system has to gain energy through
boundary conditions due to the finite size of the different
regions. A system with separated phases is intrinsically inho-
mogeneous. For instance, inhomogeneities in the spatial dis-
tribution of Ca and La ions could locally induce phase sepa-
ration. In our calculation we considered a homogeneous
translationally invariant system and hence phase separation
is excluded.

F. The x\0 limit

Since x=b2, in the x→0 limit the bandwidth due to hop-
ping of the eg electrons tends to zero as a consequence of the

FIG. 5. Phase diagram obtained by comparing the ground state
energies of the four phases as a function of J / t and x for the Mn-
ions on a cubic lattice. The dashed lines correspond to no Jahn-
Teller coupling �Ref. 16� and the solid curves to EJT=0.1t. The
Jahn-Teller distortion only affects the A and C phases.
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correlations. This corresponds to a gradual localization of the
eg electrons due to a lack of holes to propagate. The system
is an insulator due to the excluded multiple occupation of the
sites. This is analogous to the physics of the t-J model,
where the kinetic energy is also renormalized as the band is
filled. Hence, nominally all phases are metallic for x other
than 0 and 1, and insulating for x=0 and x=1. Note that for
very small x, due to disorder scattering, the x holes are ex-
pected to be localized, so that the system is actually an insu-
lator even if x�0.

In this limit HJT acts as a single-site crystal field and its
contribution is purely static. From Eqs. �8� and �9� we see
that under these circumstances it is energetically favorable to
lift degeneracies. The eightfold degeneracy for the A phase
�two sites per unit cell with two spin directions and two eg
orbitals each� can be lifted with a Jahn-Teller distortion and
canting of the spins.24 The latter induces a ferromagnetic
component lifting the spin degeneracy. There is then a left-
over twofold degeneracy per unit cell, which is able to ac-
commodate the two eg electrons per unit cell. Also if four
Mn-sites per unit cell are considered with antiferro-orbital
order, the degeneracy is lifted and only empty or full bands
are obtained. Antiferro-orbital order must be driven by addi-
tional intersite interactions, which have not been included
here. This scenario is roughly in agreement with the experi-
mental findings.

Canting of the t2g spins can be incorporated by introduc-
ing one canting angle in the hopping matrix element t within
the xy plane and another canting angle for hopping along the
z axis. The canting angles also affect the superexchange
�magnetic energy� and the free energy has to be minimized
with respect to the canting angles.

IV. CONCLUDING REMARKS

We considered a simple cubic lattice of intermediate va-
lence Mn ions, with three localized 3d electrons in the t2g
orbitals and correlated itinerant eg electrons coupled to the
lattice via the Jahn-Teller effect. The first of Hund’s rules
locally couples all the 3d electrons ferromagnetically, maxi-
mizing the total spin at each site. The t2g spins of the Mn
ions interact with each other via a nearest neighbor superex-
change, which competes with the double exchange caused by
the hopping of the eg electrons �formation of bonding and
antibonding states between nearest neighbor sites�. We con-
sidered the spin arrangements of the A, B, C, and G magnetic
phases of La1−xCaxMnO3. The hopping of the eg electrons
depends on the orbital �x2−y2 or z2� and on the magnetic
phase. The excluded multiple occupation of the eg levels at
each site �due to large Coulomb interactions� is taken into
account via slave bosons in the saddle point approximation.
The Jahn-Teller modes Q2 and Q3 ��3 vibrational modes�20

were taken into account as classical displacements �mean
field�.

The phase diagram is obtained by comparing the energies
of the A, B, C, and G phases for each x and J / t. The hopping
for the ferromagnetic B and antiferromagnetic G phases is
isotropic and no Jahn-Teller distortions are obtained for these
phases. The t2g spin configuration in the A and C phases

gives rise to anisotropic hopping of the eg electrons. It is
unfavorable for an eg electron with spin � to hop to a site
which has the t2g spin pointing in the opposite direction. This
is a consequence of the Clebsch-Gordan coefficients �Hund’s
rule�, which strongly reduce the hopping amplitude. The
Jahn-Teller distortion then reduces the ground state energy of
the A and C phases and enhances the range of stability of
these phases at the expense of the B and G phases. On the
other hand, an external magnetic field stabilizes the ferro-
magnetic B phase. The Jahn-Teller distortions considered in
this paper arise exclusively from the anisotropic hopping due
to the spin configuration of t2g spins. They explain the con-
traction of the c axis in the A phase and the expansion of the
c axis in the C phase. It is also possible to induce different
distortions of the octahedra by including noncubic crystalline
field splittings and interactions between eg electrons at neigh-
boring sites. The latter is needed to induce staggered orbital
long-range order.

Orbital order can as well be incorporated through local
Coulomb and exchange interactions.25,26 These interactions
locally establish a preference for a given eg orbital. The cor-
relation between the sites is induced via Hund’s rule cou-
pling between the eg and t2g electrons and superexchange
between t2g spins. Depending on the implementation of the
mean field, the phase diagram can be similar to the one pre-
sented here.26

The limit x→0 is subtle because the correlations among
the eg electrons suppress the possibility of hopping and an
insulator is obtained. In this limit the Jahn-Teller coupling is
equivalent to a local crystalline field splitting and the system
is prone to a canting of the spins24 which reduces the ground
state energy of the A phase. In Ref. 16 we considered
changes in the hopping matrix element and the superex-
change due to the different bond lengths for links with par-
allel or antiparallel t2g spins. This again favors the A phase
over the B phase as x→0. This way for J / t�0.025 we quali-
tatively reproduce the experimental sequence of phases as a
function of x.

Some limitations of the present approach are as follows.
�i� The complicated chemistry of the Mn-O bonds is only
included through the intersite Mn-Mn hopping and the super-
exchange. �ii� The CE phase and the possibility of charge and
orbital order are not considered. The CE phase has a larger
unit cell and hence a more complicated band structure.
Charge order, on the other hand, requires more than one ex-
pectation value for the slave bosons. �iii� Since we consid-
ered a translationally invariant lattice, a possible phase sepa-
ration is suppressed.9 A real space calculation, rather than a
band approach in reciprocal space, is more adequate to dis-
cuss phase separation. �iv� It is assumed that the substitution
of La by Ca does not introduce scattering of the eg electrons.

The latter issue is related to the ionic radii of La3+ and
Ca2+, rLa3+ =1.03 Å and rCa2+ =1.00 Å, respectively. These
radii are very similar, so that no considerable volume change
is expected solely as the consequence of the substitution.
Moreover, the O2− ions are going to be pulled slightly more
toward a La3+ ion than toward Ca2+ because of the charge
difference, reducing the effect further. The picture is very
different for La1−xSrxMnO3, which nominally should behave
similarly to the LCMO compound, but does not because the
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ionic radius of Sr2+ is rSr2+ =1.18 Å, i.e., much larger than
rLa3+. For small x the phase diagram is still similar, but for
large x the system is no longer single phase. The Sr2+ sub-
stitution intrinsically leads to larger mismatch. The situation
can be improved by replacing La by Pr or Nd, which are also
trivalent, but lead to smaller bandwidth �the hopping t
through the O-p orbital is reduced� so that the ferromagnetic
phase is often not stable �J / t is larger now�. The hopping t
does not only depend on the cation radii, but also on the
tolerance factor 
ratio of the distance between the cation and
O ions and the MnO bond length divided by 	2, i.e.,

dC-O/ �	2dMn-O��, which for perfect spheres would be one. In
addition, these ions have 4f electrons with their own mag-
netic properties interfering with the magnetism of the man-
ganese ions.
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