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1. INTRODUCTION

Charge ordering often occurs in the oxides of transi-
tion metals, and it is of particular interest due to the
presence of a giant magnetoresistance in manganites
and of a metal–insulator (MI) transition in ANiO

 

3

 

 (A =
Y, Pr, Nd, …) [1]. The charge disproportionation
Me

 

+3

 

 = Me

 

+3 – 

 

δ

 

 + Me

 

+3 + 

 

δ

 

 is common for the perovs-
kites AMeO

 

3

 

 (A = Pr, Nd, …, Me = Mn, Co, Ni) and is
closely related to a sharp increase in the conductivity
below a certain critical temperature. For example, the
change in the resistivity 

 

ρ

 

 is maximum in a temperature
range 

 

T

 

* < 

 

T

 

 < 

 

T

 

JT

 

, where 

 

T

 

* is the orbital disordering
temperature and 

 

T

 

JT

 

 is the ordering temperature for the
Jahn–Teller cooperative distortions of the octahedron
[2]. The AMnO

 

3

 

 (A = La, Pr, Nd, …) family exhibits a
gap in a one-particle electron excitation spectrum, and
the resistivity is described by a polaron-type equation

 

ρ

 

(

 

T

 

) = 

 

AT

 

exp(–

 

E

 

a

 

/

 

T

 

) in a narrow temperature range [2].
Both at 

 

T

 

 > 

 

T

 

JT

 

 and 

 

T

 

 < 

 

T

 

*, the conductivity has a semi-
conductor character with an activation energy 0.3 <

 

E

 

a

 

 < 1.2 eV, and the activation energy for lanthanum is
unchanged in the temperature range 

 

T

 

 > 

 

T

 

JT

 

 and 

 

T

 

 < 

 

T

 

*.
The spectral weight of the optical conductivity changes
toward low energies upon heating above the tempera-
ture 

 

T

 

JT

 

 [3]. Neutron data obtained for a high-resolution
atomic pair distribution function indicate local octahe-
dron distortions that are retained in clusters ~16 Å ~
4MnO

 

6

 

 in diameter [4] without changes in the angle of
octahedron inclination in a cluster. The authors of [2]
explained the resistance anomaly at 

 

T

 

 < 

 

T

 

JT

 

 by the
charge disproportionation of Mn

 

3+

 

 ions on Mn

 

2+

 

 and
Mn

 

4+

 

. However, the total disproportionation reaction

gives a spin 

 

µ

 

eff

 

 = 5.0

 

µ

 

B

 

, which differs from the exper-
imental data for localized Mn

 

3+

 

 at a temperature 

 

T

 

 > 

 

T

 

JT

 

(

 

µ

 

 = 5.22

 

µ

 

B

 

) and at a temperature 

 

T

 

 < 

 

T

 

* (

 

µ

 

 = 4.89

 

µ

 

B

 

)
[5]. The temperature independence of the thermopower
coefficient at 

 

T

 

 > 

 

T

 

JT

 

 and a high Debye–Waller factor
[6] in the vicinity of 

 

T

 

 ~ 

 

T

 

JT

 

 indicate a heavy effective
carrier mass.

The Ni

 

3+

 

 ion has an electronic configuration 

 

e

 

g

 

 that
is analogous to that of Mn

 

3+

 

 with strong 

 

p

 

–

 

d

 

 hybridiza-
tion. The electronic state of the Ni

 

3+

 

 ion in the octahe-
dron is close to Ni

 

2+

 

L

 

 (a hole in the ligand on the oxy-
gen ion of the 2

 

p

 

 orbital) [7], and the charge dispropor-
tionation can be represented as 2Ni

 

2+

 

L

 

  Ni

 

2+

 

 +
Ni

 

2+

 

L

 

2

 

δ

 

, where holes on oxygen play a key role. Struc-
tural and magnetic studies indicate the presence of
large inhomogeneous regions in both the metallic and
dielectric phases. X-ray spectroscopy performed with a
Ni

 

K

 

 line detected different Ni–O bond lengths within

the first coordination shell: 

 

∆

 

 

 

≈

 

 0.0012 Å

 

2

 

 [8]. In
the MI transition range, the ANiO

 

3

 

 family exhibits a
smooth decrease in the spectral density in the energy
range 

 

∆

 

E

 

 = 

 

E

 

 – 

 

E

 

F

 

 ~ 0.6 eV for A = Pr, Nd ions and no
changes in 

 

g

 

(

 

E

 

F

 

) for A = Sm, Eu [9]. The temperature
evolution of the spectral density at the Fermi level and
the temperature behavior of the resistivity differ sub-
stantially. For example, compounds with 

 

T

 

N

 

 = 

 

T

 

MI

 

exhibit a temperature hysteresis in 

 

ρ

 

(

 

T

 

). Correlation
effects with the participation of mixed 

 

d

 

7

 

, 

 

d

 

8

 

L

 

, and 

 

d

 

9

 

L

 

2

 

states decrease the covalent effects with decreasing
temperature and change the electronic structure over a
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wide temperature range. The 

 

ρ

 

(

 

T

 

) is more adequately
described with a charge-ordering model related to the
ordering of the Ni–O bonds, which correlates with a
giant isotopic effect at 

 

T

 

MI

 

. This effect demonstrates
oxygen-atom displacement fluctuations, which, in turn,
modulate the Ni–O bond length [10].

The ATiO

 

3

 

 family with the electron configuration d

 

1

 

does not exhibit an MI transition in compounds with
metallic conduction (LaTiO3). Nevertheless, orbital
ordering with an orthorhombic lattice distortion below
the Néel temperature (TN = 146 K) is also realized here
[11], and the Mott–Hubbard dielectric YTiO3 with a
gap in the electron excitation spectrum (∆ ≈ 0.8 eV) has
a typical semiconductor character [12]. The oxides of
Ti and V have a perovskite-like structure and do not
exhibit charge disproportionation and Ti–O and V–O
bond fluctuations. An analysis of the experimental data
indicates that charge ordering and metal–oxygen bond
length fluctuations are possible in the AMeO3 com-
pounds, where the electron configuration of the metal is
eg. The formation of the covalent bond –pz (hereaf-

ter, the orbital  is designated as ) would

change the M–O bond length between neighboring cat-
ion ions, which are retained above the temperature TJT,
TMI (e.g., in LaMnO3, at T = 840 K, d(Mn–Oshort) =
1.92 Å and d(Mn–Olong) = 2.13 Å remain virtually
unchanged at T > TJT, TMI [13]); that is, bonds are
ordered below the critical temperature. The electron
density on the cation increases due to bond polarity,
and, according to x-ray diffraction data, the weights of
the 3d5L1 and 3d6L2 states are approximately 41 and 9%
[14], which corresponds to one- and two-hole states on
oxygen ions, respectively. A hole on the oxygen ligand
O2 – δ is attracted to a positive rare-earth ion and
changes the M–O–M bond angle, whose value
increases with the ordinal number of the rare-earth ele-
ment in the periodic table. For example, θ = 155° (La),
152° (Pr), 149° (Nd), and 147° (Sm) in RMnO3 [2] and
θ = 165.2° (La), 158.7° (Pr), 152.6° (Sm), and 151.7°
(Ho) in RNiO3 [15]. The local structural distortions
induce hybridization of the px, y oxygen orbitals with

. As a result, an electron can pass between neigh-

boring metal ions through an oxygen ion, which is
accompanied by electron exchange between oxygen
orbitals.

2. MODEL AND CALCULATION PROCEDURE

Charge ordering is assumed to be represented by a
certain order of the covalent bonds  – 2pα and

 – 2pβ, γ (α, β, γ = x, y, z); that is, the metal cation

Mn3+ or Ni3+ can contain two strong bonds with an over-
lap integral  ≈ 2 eV [16], two weak bonds with

d
3z

2

d
3z

2
r

2–
d

3z
2

d
3z

2

3d
3α2

3d
3α2

V
pz 3z

2,

 � 2 eV, or one M+3 – δ–O–M+3 ⇒ M+3–O–M+3 – δ

bond. In the latter case, the center of symmetry for the
metal–oxygen–metal hopping integral is absent, which
is characteristic of manganites. The strong 

bonds favor the contraction of the octahedron along a
bond direction, and the weak  bonds rotate the

octahedron, which can be related to the corresponding
vibration modes ωstretching ~ 550 cm–1 (La) and 607 cm–1

(Nd) and ωbending ~ 350 (La) [17] and 450 cm–1 (Nd)
[18] in RMnO3. These compounds have p-type conduc-
tion, and the transfer of an electron density between the
pα oxygen orbitals depends on the splitting of the
energy levels of these orbitals induced by the crystal
field created by rare-earth ions.

Thus, in our model, charge transfer occurs via one-
electron hopping along oxygen sites, and the electronic
states on the  metal ions are localized on the

assumption that the Fermi level lies between binding
and antibinding orbitals. The thermoelectric power and
thermal conductivity are contributed by both one-parti-
cle and two-particle (electron + hole) electron excita-
tions, which simulate the transfer of the covalent bond.
In turn, this bond can be described by two-electron
excitations in a crystal lattice and be represented in the
form M+3 – δ–O–M+3 ⇒ M+3–O–M+3 – δ. The effective
charge transfer Hamiltonian is

(1)

Here, �d, o are the electronic levels in 3d-metal atoms
and oxygen ions, respectively; t1 is the electron hopping
integral for the px and py orbitals; the third term

V
px y, 3z

2,

V
pα 3α2,

V
pβ γ, 3α2,

3d
z

2

H H0 H1 H2,+ +=

H0 �d µ–( )ci
+ci µ �o–( )aα i,

+ aα i,

α i,
∑+

i

∑=

– t1 ij, a1 i,
+ a2 j, a1 i, a2 j,

++( )
i j,
∑

– t2 i k, , ci
+aα i, aβ k,

+ ck ciaα i,
+ aβ k, ck

++( )
i k α β, , ,
∑

+ ∆i a1 i,
+ a1 i, a2 i,

+ a2 i,–( )
i α β, ,
∑

+ Una1 i, na2 j, ,
α i j, ,
∑

H1 g1 iq, a1 i, ci
+ a1 i,

+ ci+( ) b q–
+ bq+( )

i k q, ,
∑=

+ g2 kq, a2 k, ck
+ a2 k,

+ ck+( ) p q–
+ pq+( ),

H2 ω1qbq
+bq ω2q pq

+ pq+( ).
q

∑=
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describes the transfer of the covalent bond  (α, β =

x, y, z) in the simple cubic lattice; summation is taken
over M–O bonds; c+ and a are the operators of electron
creation and annihilation by metal and oxygen ions,
respectively; ∆ is the parameter of the crystal splitting
of the orbital triplet by an oxygen ion, which is deter-
mined by the multipole interaction of oxygen ions with
rare-earth ions; and g1 and g2 are the interaction param-
eters of the electron density on the M–O bond with the
bending (ω1) and stretching (ω2) modes of the octahe-
dron, respectively.

We set up a set of equations for electrons and holes
by making allowance for retained second-order opera-
tors. In the random-phase approximation, these equa-
tions have the form

(2)

V
pβ 3α2,

i
d
dt
-----a1 i, �o µ– ∆– Una2–( )a1 i,–=

– t1i i h+, a2 i h+,

h

∑ g1 iq, ci bq
+ b q–+( ),

q

∑+

i
d
dt
-----a2 i, �o µ– ∆ Una1–+( )a2 i,–=

+ t1i i h+, a1 i h+,

h

∑ g2 iq, ci pq
+ p q–+( ),

q

∑+

i
d
dt
-----ci �d µ+( )ci– g1 iq, a1 i, bq

+ b q–+( )
q

∑–=

– g2 iq, a2 i, pq
+ p q–+( ),

q

∑

i
d
dt
----- a1 i, b q–( ) �o µ– ∆– Una2– ω1 q–, n q––( )–=

× a1 i, b q–( ) g1 iq, 1 n q– na1–+( )ci,–

i
d
dt
----- a1 i, bq

+( ) �o µ– ∆– Una2– ω1 q, nq+( )–=

× a1 i, bq
+( ) g1 iq, nq na1+( )ci,+

i
d
dt
----- a2 i, p q–( ) �o µ– ∆ Una1– ω2 q–, n p––+( )–=

× a2 i, p q–( ) g2 iq, 1 n q– na2–+( )ci,–

i
d
dt
----- a2 i, pq

+( ) �o µ– ∆ Una1– ω2 q, np+ +( )–=

× a2 i, pq
+( ) g2 iq, np na2+( )ci,+

i
d
dt
----- cib q–( ) �d µ– n q– ω1 q–,+( ) cib q–( )=

– g1 iq, 1 n q– nc–+( )a1 i, ,

where n–q, nq, n–p, and np are the mean phonon occupa-
tion numbers due to the symmetry of optical phonon
modes with respect to the center of the band, n–q = nq

and n–p = np. These numbers are defined as nq, p =
(exp(hω1, 2/kT) – 1)–1. The band occupation parameters
nc and na1, 2 specify the position of the chemical poten-
tial.

Green’s functions for holes (  = ) and

polarons (  =  and  =

) have the form

(3)

i
d
dt
----- cibq

+( ) �d µ– nqω1 q,+( )=

× cibq
+( ) g1 iq, nq nc+( )a1 i, ,–

i
d
dt
----- ci pq

+( ) �d µ– npω2q–( )=

× ci pq
+( ) g2 iq, np nc+( )a2 i, ,–

i
d
dt
----- ci p q–( ) �d µ– n p– ω2 q,+( )=

× ci p q–( ) g2 iq, 1 n p– nc–+( )a2 i, ,–

Gk
αα aα k, aα k,

+〈 | 〉〈 〉

Gk q+
cb

+α ckbk q+
+ aα k,

+〈 | 〉〈 〉 Gk q–
cpα

ck pk q– aα k,
+〈 | 〉〈 〉

ω aαα+( )Gk
αβ ε1 k( )Gk

ββ+

– gαkq Gk q+
cb

+α Gk q–
cbα+( ) 0,=

ε1 k( )Gk
αβ– ω aββ+( )Gk

ββ+

– gβkq Gk q+
cb

+β Gk q–
cbβ+( ) 1,=

gαkq nq nc+( )Gk
αβ

+ Gk q+
cb

+β ω �d µ nqωα q,+ + +( ) 0,=

gαkq 1 nq nc–+( )Gk
αβ

+ Gk q–
cbβ ω �d µ nqωα q,–+ +( ) 0,=

gβkq np nc+( )Gk
ββ

+ Gk q+
c p

+β ω �d µ npωβ q,+ + +( ) 0,=

gβkq 1 np nc–+( )Gk
ββ

+ Gk q–
cpβ ω �d µ npωβ q,–+ +( ) 0,=

ε1 k( ) 2t1

kx

2
----⎝ ⎠

⎛ ⎞ ky

2
----⎝ ⎠

⎛ ⎞coscos⎝
⎛–=

+ λ
kz

2
----⎝ ⎠

⎛ ⎞ kx

2
----⎝ ⎠

⎛ ⎞coscos⎝
⎛ kz

2
----⎝ ⎠

⎛ ⎞ ky

2
----⎝ ⎠

⎛ ⎞
⎠
⎞

⎠
⎞ ,coscos+
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where the parameter λ describes the anisotropy of the
hopping integrals in a plane and between planes. Here-
after, we use λ = 0.25. Green’s functions for electrons

(  = ) and polarons (  =

 and  = ) make
up the set of equations

(4)

The M–O bond fluctuations are described by the fol-
lowing two operators of hole creation by oxygen and
electron annihilation by a metal ion:

(5)

Gk
cc ck ck

+〈 | 〉〈 〉 Gk q+
ab

+

aα k, bk q+
+ ck

+〈 | 〉〈 〉 Gk q–
αp aα k, pk q– ck

+〈 | 〉〈 〉

ω �d µ+ +( )Gk
cc g1kq Gk q+

1b
+

Gk q–
1b+( )+

+ g2kq Gk q+
2 p

+

Gk q–
2 p+( ) 1,=

g1kq nq na1+( )Gk
cc– ω �o µ– ∆–+(+

– Una2 nqω1q )Gk q+
1b

+

+ 0,=

g1kq 1 nq na1–+( )Gk
cc ω �o µ– ∆–+(+

– Una2 nqω1q )Gk q–
1b– 0,=

g2kq np na2+( )Gk
cc– ω �o µ– ∆+ +(+

– Una1 npω2q )Gk q–
2 p

+

+ 0,=

g2kq 1 np na2–+( )Gk
cc ω �o µ– ∆+ +(+

– Una1 npω2q )Gk q–
2 p– 0.=

i
d
dt
----- ciai 1,

+( ) ciai 1,
+( ) na1 �o �d– ∆–( )(=

– µ nc na1+( ) na2 U �d+( ) )–

– na2 t2 i h1, , ci h1+ ai h1+ 1,
+( )

h1

∑

– na2 t2 i h1, , ai h1 2,+
+ ci h1+( )

h1

∑

+ na2 g1iq bq
+ b q–+( ),

q

∑

i
d
dt
----- ak 2,

+ ck( ) ak 2,
+ ck( ) na2 �o �d– ∆+( )(=

– µ nc na2+( ) na1 U �d+( ) )–

+ na1 t2 k h1, , ak h1 2,+
+ ck h1+( )

h1

∑

– na1 t2 k h2, , ck h1+ ak h1 1,+
+,( )

h1

∑

+ na1 g2kq pq
+ p q–+( ),

q

∑

To derive these equations, we used the law of conserva-
tion of charge M+3 – δ–O–2 + δ, which is related to the
transfer of an electron density from oxygen to the metal
cation, and neglected correlation effects between dif-
ferent orbitals. The parameter δ determines the covalent
contribution on the ion. We write the operator of two
fermions in the form

and introduce Green’s functions  = ,

 = ,  = , and  = 
for one type of bond. The corresponding set of equa-
tions is

(6)

The set of equations for Green’s functions for another
type of bond,

,

has the form

(7)

i
d
dt
----- pq ω2 pq g2l al 2, cl

+ al 2,
+ cl+( ),

l

∑+=

i
d
dt
-----bq ω1bq g1i ai 1, ci

+ ai 1,
+ ci+( ).

i

∑+=

τk ck q+ aq 1,
+ , dk

q

∑ aq 2,
+ ck q+ ,

q

∑= =

Gk
ττ τk τk

+〈 | 〉〈 〉

Gk
dτ dk τk

+〈 | 〉〈 〉 Gk
bτ bk τk

+〈 | 〉〈 〉 Gk
pτ pk τk

+〈 | 〉〈 〉

ω a1 τ,–( )Gk
ττ na2ε2 k( )Gk

dτ+

+ g1kna2Gk
bτ G1,=

na1ε2 k( )Gk
ττ ω a1 d,–( )Gk

dτ g2kna1Gk
pτ+ + 0,=

g1kGk
ττ ω ω1–( )Gk

bτ+ 0,=

g2kGk
dτ ω ω2–( )Gk

pτ+– 0,=

a1τ na1 �0 �d– ∆–( ) µ nc na1+( )–=

– na2 U �d+( ) na2ε2 k( ),–

a1d na2 �o �d– ∆+( ) µ nc na2+( )–=

– na1 U �d+( ) na1ε2 k( ),+

ε2 k( ) 2t2 kxcos kycos kzcos+ +( ).–=

Gk
dd dk dk

+〈 | 〉〈 〉 , Gk
τd τk dk

+〈 | 〉〈 〉 ,= =

Gk
bd bk dk

+〈 | 〉〈 〉 , Gk
pd pk dk

+〈 | 〉〈 〉= =

ω a1 d,–( )Gk
dd na1ε2 k( )Gk

τd g2kna1Gk
pq+ + G2,=

na2ε2 k( )Gk
dd ω a1 τ,–( )Gk

τd g1kna2Gk
bτ+ + 0,=

ω– ω2+( )Gk
pq g2kGk

dd+ 0,=

ω– ω1+( )Gk
bτ g1kGk

τd– 0.=



770

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS      Vol. 104      No. 5      2007

APLESNIN

The chemical potential is computed by a self-con-
sistent procedure via the numerical solution of the set of
the three equations

(8)

where f(ω) = (exp(ω/T) + 1)–1. From summation over
momenta, we can pass to integration by making allow-
ance for the initial density of states or can directly cal-
culate the sum over the electron and phonon momenta
in the first Brillouin zone at a step ∆k = 0.2 for
109 points, which is impossible for modern computers.
To bypass this problem, we assume that the optical
modes and the exciton (electron + hole)–phonon cou-
pling function are independent of the momentum q.
This formulation is equivalent to the consideration of
interaction with long-wavelength optical vibration
modes.

The dynamic conductivity σ is computed by the
Kubo–Greenwood formula [19]

(9)

where the summation over α is taken for both the one-
particle Green’s functions of electrons and holes and
the two-particle electron + hole Green’s functions
determined from Eqs. (6) and (7).

nc
1
N
---- ωf ω( )1

π
---ImGk q,

cc ,d∫
k q,
∑=

na1
1
N
---- ωf ω( )1

π
---ImGk q,

11 ,d∫
k q,
∑=

na2
1
N
---- ωf ω( )1

π
---ImGk q,

22 ,d∫
k q,
∑=

σ ω ∂f ω( )
∂ω

---------------–⎝ ⎠
⎛ ⎞ 1

π
---⎝ ⎠

⎛ ⎞
2

d∫
k

∑=

× ImGk
cc ImGk

11 ImGk
22+ +( )2

,

L12 Te ω ∂f ω( )
∂ω

---------------–⎝ ⎠
⎛ ⎞ ω k( ) 1

π
---⎝ ⎠

⎛ ⎞
2

d∫
k

∑–=

× ImGk
αα

α
∑⎝ ⎠

⎜ ⎟
⎛ ⎞

2

,

L22 T ω ∂f ω( )
∂ω

---------------–⎝ ⎠
⎛ ⎞ ω2 k( ) 1

π
---⎝ ⎠

⎛ ⎞
2

d∫
k

∑=

× ImGk
αα

α
∑⎝ ⎠

⎜ ⎟
⎛ ⎞

2

,

S
L12

Tσ
-------, k

L12
2–

L11
---------- L22+⎝ ⎠

⎛ ⎞ 1
T
---,= =

3. DISCUSSION OF RESULTS

Actually, the orthorhombic anisotropy in Eqs. (1)
reflects the interaction of the oxygen pseudospin orbital

moments τz = a1 – a2 with the field created by
rare-earth ions and splits the band into two subbands,
which begin to diverge as the orthorhombic anisotropy
parameter increases. Two narrow polaron minisub-
bands form near the gap, and their positions change as
a function of the electron–phonon interaction constant.
One of them is located under the valence band top and
results from the interaction of electrons with the bend-
ing vibration mode. The other level lies near the con-
duction band bottom and is caused by the interaction of
electrons with the stretching modes of the octahedron.
The electron states localized on the 3d metal ions have
high energies and are represented by a number of lines
in the energy range ω/t = 10–15 in Figs. 1a and 1b. The
typical behavior of the density of states for various
electron–phonon interaction parameters is illustrated in
Fig. 1. For small parameters (g1 � 1, g2 � 1), the
polaron minisubbands contract and form narrow lines,
similar to impurity states in semiconductors. Their rel-
ative position with respect to the chemical potential
specifies the temperature behavior of resistivity.

For the phonon frequencies characteristic of a per-
ovskite structure (ω1/t = 0.25–0.3, ω2/t = 0.45–0.5) and
the orthorhombic distortion parameter corresponding
to the Jahn–Teller lattice distortions (∆/t = 1–2), we can
obtain various dependences for the temperature behav-
ior of resistivity, which are determined by the electron–
phonon interaction parameters and the orthorhombic
distortion of the crystal field. The decrease in the gap
width with increasing temperature shifts the valence
band top with respect to the chemical potential, and, at
a certain critical temperature, the chemical potential
moves into the band, which causes a sharp decrease in
the resistivity. Figure 2a shows two ρ(T) dependences
for two orthorhombic anisotropy parameters (∆/t = 1.5,
1.25) at an oxygen band occupation number na1 + na2 =
0.2. For ∆/t = 1, the chemical potential is in the lower
band. At low temperatures, a minimum is observed in
the temperature behavior of resistivity at a certain tem-
perature T1; this minimum is related to reaching the
maximum amplitude of the transition between polaron
states, since the transition intensity is proportional to
g1g2 (Fig. 2a).

An increase in the interaction of the bending vibra-
tion mode with electrons causes a deviation from the
linear dependence of ln(ρ/T) on 1/T at a temperature
T1 < T2, which was detected in the RMnO3 family (T1 =
350–500 K, T2 = 750–900 K) and in the RNiO3 family
(T1 = 100–140 K, T2 = 400–500 K) [10]. According to
our calculations, the chemical potential of the RMnO3
(R = La, Pr, Nd) manganites is inside the energy gap
between the oxygen subbands. Upon heating, the gap
narrows and the chemical potential falls in the lower
oxygen band. As a result, the resistivity drops at a tem-
perature T2, which increases with the orthorhombic

a1
+ a2

+
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anisotropy field. This behavior correlates qualitatively
with the experimental dependence of TJT on the Mn–O–
Mn bond angle shown in Fig. 2 [2]. The dependence of
the amplitude of oxygen-atom thermal vibrations
directed normal to the Mn–O bond (u(T) – u(T2)) is
qualitatively similar to the ρ(T) dependence. At T < T1,
the oxygen-atom vibrations directed normal to this
bond weaken sharply, whereas the vibration amplitude
along this bond remains virtually unchanged as the
temperature decreases to T = 300 K [4].

When comparing the calculated ρ(T)/ρ(TJT) temper-
ature dependence with the experimental data for
LaMnO3, we estimate the hopping integral at t =
0.18 eV and obtain good agreement between the fre-
quencies used for our calculations (ω1 = 0.045 eV, ω2 =
0.076 eV) and the experimental data in [17] (ωbending ≈
0.044 eV, ωstretching ≈ 0.074 eV). The electron–phonon
interaction parameters (g1 = 0.02, g2 = 0.3) fall in the

range whose lower boundary (  ~ 0.04 eV) was deter-
mined when calculating orbital excitations (orbitrons)
[20], and upper boundary (  ~ 0.2 eV) was found in
the model of interaction of electrons with phonons and
localized spins [21]. The static Jahn–Teller energy
(EJT = 0.25 eV [21]) agrees well with the orthorhombic
distortion parameter (∆ ≈ 0.27 eV) used in our calcula-
tions. During the transition through the orbital ordering
temperature, the magnetic moment in LaMnO3 changes
(δµeff = 0.11µB), which is related to the formation of the
charge disproportionation Mn+3, Mn+3 – δ [5], which is
consistent with our parameters used in the calculations
(δ = na1 + na2 = 0.2).

The thermoelectric power shown in Fig. 3 also
decreases near the critical temperature, although this
change differs by several times from the experimental
value. This is likely to be caused by the neglected inter-
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Fig. 1. Density of states for one-particle electron excitations at the following parameters: (a) ∆ = 1.5, U = 3, ω1 = 0.25, ω2 = 0.4,
g1 = 0.02, g2 = 0.3, nc = 0.2, �o – �d = 15, and T = 0.02; (b) the same and T = 0.6; and (c) ∆ = 1.0, g1 = 0.6, g2 = 0.05, nc = 0.32,
�o − �d = 5, and T = 0.02. The density of states for two-particle (electron + hole) excitations at (d) ∆ = 1.5, U = 3, ω1 = 0.25, ω2 =
0.4, g1 = 0.02, g2 = 0.3, nc = 0.2, �o – �d = 15, and T = 0.02.
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action of the electron and orbital subsystems with
acoustic vibration modes. In manganites in the temper-
ature range 150–200 K, the thermoelectric-power

mechanism can change from a one-polaron to a two-
particle exciton mechanism. An increase in the elec-
tron–phonon interaction constant causes anomalies in
the thermal conductivity (Fig. 4) and the thermoelectric
power in the temperature range corresponding to the
minimum resistivity. The polaron mechanism domi-
nates over the exciton one. The density of two-particle
excitations is maximal in the range of bending and
stretching modes of the octahedron (Fig. 1d).

According to photoemission spectra, the chemical
potential in nickelates is located in the upper part of the
band. In our model, the chemical potential falls in the
lower oxygen band, which is split by an orthorhombic
anisotropy ∆/t = 1. At certain temperatures, electron
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0.5, and ∆ = 1.5. (b): (�) The resistivity normalized by the
Jahn–Teller temperature in LaMnO3 ρ(T)/ρ0(TJT) [2] and
(�) our calculations at parameters g1 = 0.03, g2 = 0.3, and
∆ = 1.5. The inset shows (�) the structural transition tem-
perature TJT vs. the Mn–O–Mn bond angle 1 – cos2φ [2] and
the temperature T2 at which a resistivity jump occurs vs. the
orthorhombic anisotropy ∆. (c): (�) The resistivity normal-
ized by the metal–insulator transition temperature in
PrNiO3 ρ(T)/ρ0(TMI) [10] and (�) our calculations at
parameters �o – �d = 5, U = 3, ω1 = 0.25, ω2 = 0.4, nc = 0.32,
g1 = 0.6, g2 = 0.03, and ∆ = 1.0.
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transitions from the lower subband to the polaron levels
inside the gap (Fig. 1c) cause a sharp decrease in the
resistivity (Fig. 2c) and two maxima in the thermal con-
ductivity (Fig. 4c). The temperatures of the correspond-
ing anomalies in the behavior of the transport proper-
ties depend on the electron–phonon interaction and the
vibration-mode frequency of the octahedron. The two-
particle (exciton) contribution to the thermal conductiv-
ity and thermoelectric power is several orders of mag-
nitude smaller than the contribution of the polaron
mechanism of the transport properties in nickelates.

The temperature T1 corresponding to the maximum
in the temperature behavior of the thermal conductivity
(Fig. 4c; for PrNiO3, T1 ≈ 30 K) and the MI transition
temperature (T2 = 130 K [10]) are used to estimate the

hopping integrals (t ~ 0.1 eV) and the orthorhombic dis-
tortion parameter (∆ ~ 0.1 eV) at g1 = 0.6 and g2 = 0.03.
The change in the resistivity by two orders of magni-
tude in the range of the MI transition in RNiO3 (R = Pr,
Nd) is well described in terms of our model. This
change in the resistivity is caused by the predominant
interaction of electrons with the bending modes of the
octahedron. The optical conductivity in the infrared
region in nickelates is explained by a strong electron–
phonon interaction with the following three vibration
modes: ω1 ≈ 0.024 eV, ω2 ≈ 0.049 eV, and ω3 ≈
0.062 eV [22], where ω2 and ω3 are the antisymmetric
and symmetric stretching modes of the octahedron,
respectively. The vibration frequencies used in our cal-
culations (ω1 = 0.025 eV, ω2 = 0.05 eV) virtually coin-
cide with the experimental frequencies.

The fact that the electron–phonon coupling is strong
is supported by a colossal isotopic effect at TMI [10] and
the maximum of the Ni–O bond length dispersion near
the transition temperature TMI. For example, octahedron
distortions become maximal near the transition temper-
ature TMI and decrease with decreasing temperature.
The distortion parameter in SmNiO3 (∆d =

1/6 (dn – 〈d〉)/〈d〉2]2 ~ 1.6 × 10–5 [23]) is two
orders of magnitude smaller than that in LaMnO3 (∆d ~
3.3 × 10–3 [23]). In nickelates, the Me+3 – δ–O–2 + δ cova-
lent bond is stronger than in manganites. For example,
according to various estimates found from the reso-
nance x-ray scattering spectra recorded with a nickel K
line, δ = 0.42 ± 0.04e in NdNiO3 [24] and increases
with decreasing ionic radius of the rare-earth element;
for Ho and Y, it is δ ≈ 0.6e [25]. The weight of the 3d8L
electronic states found from photoemission spectra
ranges from 0.3 to 0.56 [26]. The conductivity calcula-
tions of nickelates were performed at the parameters
that are consistent with the experimental data (e.g.,
δ = na1 + na2 = 0.32).

4. CONCLUSIONS

We calculated the transport properties of the oxides
of 3d metals by making allowance for the transport of
one electron and two electrons at metal and oxygen
ions, respectively, for a perovskite-like structure with
an orthorhombic anisotropy, which results in a gap in
the spectrum of electron excitations.

The formation of polaron levels, which are related to
the bending and stretching modes of the octahedron,
inside the gap causes sharp changes in the resistivity
and maxima in the temperature dependences of the
thermal conductivity and thermoelectric power. For
manganites, this formation corresponds to the tempera-
ture range 300–400 K, and, at temperatures below 150 K,
the thermoelectric power and thermal conductivity are
caused by the two-particle excitation of a neutral quasi-
particle consisting of an electron and a hole. In nicke-
lates, the metal–insulator transition is induced by
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polaron pinning by the stretching mode of the octahe-
dron, and the low-temperature maximum of the thermal
conductivity is related to electron scattering by the
bending mode of the octahedron.
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