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1. INTRODUCTION

The oxides of transition metals of the 

 

R

 

1 – 

 

x

 

A

 

x

 

MnO

 

3

 

type (

 

R

 

 = La, Pr, Nd, Sm, etc.; 

 

A

 

 = Ca, Sr, Ba, Pb) are
in the last years an object of extensive experimental and
theoretical investigations. The properties of these man-
ganites change substantially depending on the concen-
tration of the divalent ion; a number of phase transitions
are observed with various types of structural, magnetic,
charge, and orbital ordering. The most attractive prop-
erties of these compounds are electrical conductivity
and effect of giant magnetic resistance (GMR). The
main physical and theoretical properties of manganites
have been considered in a number of reviews (see, e.g.,
[1–3]). The main attention in various investigations has
been paid to the range of concentrations of 

 

x

 

 < 0.5 in
view of the existence of the effect of colossal magne-
toresistance in this range at high temperatures, which
makes these compounds attractive for the application in
spintronics.

The magnetic-field effect on transport properties is
also observed at large concentrations (

 

x

 

 

 

≈

 

 0.9

 

), but at
lower temperatures (

 

T

 

 < 120 K) [4]. At these concentra-
tions, the type of order changes from the 

 

G

 

 to 

 

C

 

 type
and charge ordering is developed, which is accompa-
nied by distortions of crystal structure. The main prob-
lem is to establish the mechanism of the effect of giant
magnetic resistance. One of factors responsible for this
effect can be changes in the magnetic structure caused
by charge ordering.

A spatially nonuniform distribution of charge carri-
ers will lead to a modification of exchange interactions
and the appearance of complex magnetic structures.
Many results of magnetic measurements indicate the
existence of an antiferromagnetic (AFM) phase of a

 

G

 

 type in 

 

R

 

x

 

Ca

 

1 – 

 

x

 

MnO

 

3

 

 crystals with 

 

x

 

 < 0.05 [5] and

the existence of another 

 

G

 

 phase with a canted struc-
ture, as well as of phases of the 

 

C

 

 type in the range of
intermediate concentrations 0.05 < 

 

x

 

 < 0.2 in com-
pounds doped with Pr, Nd, and Sm. The coexistence of
phases was revealed in 

 

La

 

x

 

Ca

 

1 – 

 

x

 

MnO

 

3

 

 [6] with 

 

x

 

 = 0.1
and 0.12 by neutron diffraction. The nonstoichiometry
with respect to oxygen substantially widens the region
of coexistence. Thus, the range of coexistence of phases
such as AFM insulator of the 

 

C

 

 type and an AFM insu-
lator of the 

 

G

 

 type with a canted structure becomes
expanded to 0.05 < 

 

x

 

 < 0.12 due to a deficit in oxygen,
which is a source of charge carriers (electrons) [7].
Vacancies in oxygen lead to stronger Mn–O distortions,
unlike the case of substitution of La for Ca. In

 

CaMnO

 

3 – 

 

δ

 

, ordering of oxygen vacancies has been
revealed [8].

This paper is aimed at the determination of condi-
tions under which phase separation is developed and a
canted magnetic structure arises. In the region of large
concentrations, the perovskite-like structure in manga-
nites exists only in Ca-containing compounds; in the
case where 

 

A

 

 = Sr, Ba, and Pb, there arises a hexagonal
structure [9]. The replacement of calcium ions by rare-
earth elements in 

 

CaMnO

 

3

 

 leads to common regulari-
ties: there arises a sequence of magnetic structures of
the 

 

G

 

 type (an antiferromagnetic structure of the Néel
type) and 

 

C

 

 type (spins have a ferromagnetic ordering
in one direction of the cubic structure and an antiferro-
magnetic ordering in the plane orthogonal to this direc-
tion).

2. MODEL

A nonstoichiometric substitution of rare-earth ions
for calcium leads to local changes in the potential of the
electric field and produces excess electrons, which are
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located at 

 

e

 

g

 

 levels of manganese ions. These electrons
are hybridized with electrons located at the 

 

p

 

 orbitals of
oxygen. The energy of hybridization of electrons calcu-
lated using two-center integrals (

 

pd

 

σ

 

) and (

 

pd

 

π

 

) at 

 

p

 

z

 

and  orbitals exceeds the energy of hybridization

at 

 

p

 

x

 

 and  orbitals by almost 20% and is equal to

 

/  = 2/

 

 [10]. The local distortions of

the structure caused by rare-earth elements induce
additional virtual transitions and hybridization of 

 

p

 

x

 

, 

 

y

 

and  orbitals. As a result, there becomes possible
a transition of electrons between neighboring manga-
nese ions through an oxygen ion with an exchange of an
electron between oxygen 

 

p

 

z

 

 and 

 

p

 

x

 

, 

 

y

 

 orbitals.

Strong Hund exchange between 

 

p

 

 electrons retains
spin polarization upon the virtual Mn–Mn transition.
The matrix element of hopping 

 

t

 

(Mn

 

i

 

Mn

 

i

 

 + 1

 

) =
( )/(

 

e

 

p

 

 – 

 

e

 

d

 

 + 

 

U

 

d

 

 – 

 

U

 

p

 

)

 

, where 

 

e

 

p

 

 – 

 

e

 

d

 

is the energy of the gap for the transfer of charge from
Mn to O, is equal to 3 eV [11]; 

 

U

 

d

 

 and 

 

U

 

p

 

 are the corre-
sponding parameters of the Coulomb interaction (

 

U

 

d

 

 –

 

U

 

p

 

 = 2–4 eV) [11]; and  and  are the

integrals of overlap between the electron orbitals. The
parameter  is well known for manganites (

 

≈

 

2

 

 eV);

the magnitude of  can only be estimated

qualitatively. Thus, with decreasing Mn–O–Mn valence
angle 

 

θ

 

 (for an ideal cubic structure, this angle is 

 

θ

 

 = 

 

π

 

),
this parameter will increase as 

 

 ~ 

 

〈

 

sin

 

θ〉

 

. The

magnitude of this angle was determined for a number of
elements; thus, 

 

|

 

cos

 

θ|

 

 = 0.91 for La, 0.88 for Pr, 0.86 for
Nd, and 0.84 for Sm [12]; correspondingly, the magni-
tude of the ferromagnetic exchange interaction
increases.

This model explains an increase in the Néel temper-
ature of an antiferromagnet with increasing ferromag-
netic ordering of spins in a chain; thus, 

 

T

 

N

 

 = 120 K for
C

 

a

 

1 – 

 

x

 

La

 

x

 

MnO

 

3

 

 [13], 235 K for 

 

Ca

 

1 – 

 

x

 

Pr

 

x

 

MnO

 

3

 

, and 250 K
for Ca1 – xSmxMnO3 [5] at x = 0.3.
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3. MAGNETIC ORDERING

In our model, formation of a ferromagnetic interac-
tion induced by virtual exchange of electrons at various
orbitals of oxygen is possible in the vicinity of a rare-
earth element (Fig. 1). The splitting of p orbitals of an
apical oxygen is also caused by the change in the local
symmetry of crystal structure. Thus, beginning already
with a concentration x = 0.06, there is observed a nucle-
ation of a monoclinic crystal structure. In the mono-
clinic C-type AFM phase, orbital ordering is realized
[14], which can be represented in the form of equivalent
spin operators of creation and annihilation of the orbital
moment. Orbital ordering can substantially change the
magnitude and even the sign of exchange interaction.
The effective Hamiltonian obtained from the many-
electron Hamiltonian [15] can be represented through
spin operators as

(1)

where Jij is the exchange interaction, A is the parameter
of the orbital interaction, and Kijlm is the parameter of
the interrelation between the orbital and spin sub-
systems. In reality, the Hamiltonian is strongly aniso-
tropic in pseudospins τ, and the effective exchange

 = Jij + 4Kijlm〈 〉 between the pair of spins of
manganese ions along the OZ axis also will be anisotro-
pic.

The magnetic structure of calcium manganite doped
with rare-earth elements can be calculated using a
Hamiltonian with random anisotropic bonds. The sub-
stitution of ions of a rare-earth element for calcium ions
leads to a change of the sign of exchange interaction
and induces anisotropy of exchange between two near-
est Mn–Mn bonds. The Hamiltonian has the form

(2)

where the parameters of exchange are randomly distrib-
uted over the lattice in the direction [001]:

(3)

where J < 0, A > 0, and K > 0 are the antiferromagnetic,
ferromagnetic, and exchange interactions between
nearest neighbors; A and K are randomly distributed
along the OZ axis; and S is the classical spin with com-
ponents S (cosθ, sinθcosϕ, sinθsinϕ). To calculate mag-
netic characteristics, the Monte Carlo method is used
with periodic boundary conditions on a lattice with
dimensions N = 18 × 18 × 18 and the number of steps of
5000–10000 MC/spin. The magnetic structure was
determined from the spin–spin correlation function cal-
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Fig. 1. Model of virtual exchange of electrons at various
oxygen orbitals.
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culated along the longitudinal and transverse components
of spin along the three edges of the computational cube.

Apart from a random distribution of bonds, a certain
order in the disposition of ferromagnetic bonds was
specified, which imitated phase separation. The physi-
cal factor that leads to phase separation is a substantial
loss in exchange energy as compared to the energy of
electrostatic interaction. Thus, the substitution of FM
bonds for the AFM ones occurs first on one of the sub-
lattices, whose sites are located along the diagonals of
the squares, as is shown in Fig. 2b. The length of a chain
with substituted FM bonds increases with increasing
concentration; after the complete substitution, the next
sublattice starts to be filled.

Figure 3 displays dependences of spin–spin correla-
tion functions between the longitudinal and transverse
spin components at a random and ordered arrangement
of bonds. In the intermediate region of concentrations
x1 < x < x2, there exists a long-range magnetic order
between the longitudinal and transverse spin compo-
nents. Such a state is characteristic of a canted antifer-
romagnet. In the case of an ordered arrangement of
bonds, the region of existence of a canted AFM
becomes strongly narrowed (x1 ≈ 0.1, x2 ≈ 0.16) as com-
pared to the random distribution of bonds, in which
case the region of coexistence of G-type and C-type
phases depends on the exchange parameters and varies
from 0.1 <x < 0.15 to 0.1 < x < 0.25. The magnetic
structure of a canted AFM can be represented as a G-
type structure with respect to longitudinal spin compo-
nents and a C-type structure for transverse components.
A decrease in the exchange energy by the absolute
value at a random substitution of bonds in a concentra-
tion range of x1 < x < x2 is ∆E = (Erandom – Eordering) ~ KS2

and virtually vanishes above the Néel temperature
(Fig. 4a). The concentration dependences of the energy
of a stochastic AFM with two types of bond distribution
are given in Fig. 4b.

The Néel temperatures were determined from spin–
spin correlation functions calculated along various
directions in the cube. Figure 5 displays typical temper-
ature dependences of spin–spin correlation functions at
a distance r/a = 5 for longitudinal (Fig. 5a) and trans-
verse spin components (Figs. 5b, 5c) at various rela-
tionships between the exchange parameters at an
ordered arrangement of bonds. The critical concentra-

tion at which the correlator 〈 〉[001] > 0 along the

OZ axis has a negative value in the plane 〈 〉(001) < 0

Si
xSi 5+

x

Si
xSi 5+

x

(a) (b)

Fig. 2. Model with (a) a random and (b) ordered arrangement of bonds over the lattice.
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Fig. 3. Spin–spin correlation functions 〈 〉 of longi-

tudinal (α = x) and transverse (α = z) components depend-
ing on concentration for (1, 4) an ordered arrangement of
bonds at K/J = 4 and A/J = 0.03, (2, 5) random arrangement
at K/J = 4, A/J = 0.03, and (3, 6) random arrangement at
K/J = 2 and A/J = 0.06.
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is associated with a changeover from the G-type to
C-type magnetic order.

Figure 6 displays normalized dependences of the
Néel temperature on concentration. The isotropic FM
bond does not lead to the formation of a C-type phase,
and the antiferromagnetic state is destroyed at the criti-
cal concentration xc with the formation of a spin glass
(the AFM-phase field is shown by a dashed line in
Fig. 6a). A comparison with experimental data permits
us to select a proper model of distribution of bonds over
the lattice. Thus, for Ca1 – xLaxMnO3 the best agreement
with experimental data [13] is achieved at a random dis-
tribution of bonds with the parameters A/J = 0.5 and
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Fig. 4. (a) The concentration dependence of the energy E/J
of an AFM with (1) a random and (2) an ordered arrange-
ment of bonds on the lattice with exchange parameters
K/J = 4 and A/J = 0.03 on concentration; and (b) the temper-
ature dependence of the energy difference ∆E = (Erandom –
Eordering) of AFMs with a random and ordered arrangement
of bonds on the lattice with exchange parameters K/J = 2
and A/J  = 0.5 at concentrations (1) x = 0.05 and (2) 0.2.

Fig. 5. Temperature dependences of spin–spin correlation

functions 〈 〉 of (a) longitudinal (α = zz) and

(b, c) transverse (α = x, y) spin components in AFMs with
an ordered arrangement of bonds at a distance r/a = 5 along
(a, b) [001] direction and (c) in the plane (001) for K/J = 2
and A/J  = 0.06 at concentrations (a) x = 0.03, (b) 0.165, and
(c) 0.48.
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K/J = 2; for Ca1 – xPrxMnO3, the experimental data on
the temperature dependence TN(x)/TN(x = 0) is satisfac-
torily described by a model with an ordered arrange-
ment of bonds with A/J = 0.03 and K/J = 4.

4. CONCLUSIONS

Virtual exchange by electrons between the 
orbitals through various pz, x, y orbitals of oxygen can
induce anisotropic ferromagnetic exchange. The model

d
3z

2
r

2–

in which a substituting lanthanum ion randomly
induces an anisotropic ferromagnetic bond explains the
changeover from the G-type to C-type magnetic order
with the formation of a canted antiferromagnet in the
region of the concentration transition. The substitution
of Pr and Sm ions for Ca ions leads to ordering of aniso-
tropic ferromagnetic bonds and, possibly, is one of the
mechanisms of the observed phase separation in these
compounds. Parameters of exchange interactions at
which the calculated concentration dependences of the
Néel temperature satisfactorily agree between them-
selves have been found.
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