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Influence of oxygen octahedron distortion on theeg states in manganites: Isotope effect
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A model of the spontaneous ferromagnetic ordering in the La12xCaxMnO3 (x'0.2–0.33) crystals is de-
scribed. The partition function of the ferromagnetic to paramagnetic phase transition is determined, and the
Curie temperatureTC is expressed in terms of the two parameters. The parameters describe the binding energy
of the eg electrons between two neighboring Mn ions and the Jahn-Teller energy ofeg electron. Since at a
temperature close toTC the partition function undergoes an abrupt drop, the crystal exhibits unusual changes
in its properties at this temperature. The change of the specific-heat capacity,CV , is calculated. The isotope
shift of the critical temperature upon substitution of16O by 18O is also calculated. The influence of the
magnetic field on the resistivity is discussed.

DOI: 10.1103/PhysRevB.66.094405 PACS number~s!: 75.40.Cx, 64.60.Cn, 75.10.Hk, 75.50.Dd
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I. INTRODUCTION

The perovskites, such as La12xCaxMnO3, exhibit unusual
magnetic properties. The system with a nominal doping
0.2<x<0.5 undergoes a ferromagnetic to paramagnetic~FP!
phase transition at the Curie temperature,TC . Since the FP
transition is accompanied by a large increase in resistanc
is also referred to as a metal-to-insulator transition. The b
for a theoretical understanding of the La12xCaxMnO3 per-
ovskites is usually the double-exchange mechanism in
duced by Zener.1 Recently, the double-exchange mechanis
which is the basis for a description of the physics of colos
magnetoresistance~CMR! in manganites, was reviewed b
Izymov and Skryabin.2 In particular, they discussed the a
plication of the dynamical mean-field method to doub
exchange systems.3 On the other hand, Zhao4 suggested tha
the double exchange mechanism is not the primary sourc
the ferromagnetism in doped manganites. The dou
exchange itself ignores the effect of lattice motion on m
netic properties. The recent observation5–8 of the isotope
shift of the critical temperatureTC in the lanthanum manga
nites demonstrates the importance of the electron-lattice
teraction. The electron-phonon interaction has been propo
to explain a giant oxygen-isotope shift, an anomalous v
ume change nearTC ~Refs. 9 and 10!, and the strong pres
sure dependence of some physical properties.11,12 Specific-
heat measurements13–16 have revealed that th
La12xCaxMnO3 crystals with dopingx'0.2–0.33 exhibit a
sharp specific heat peak associated with the FP transi
The large entropy change at the critical temperatureTC was
also reported in Refs. 13 and 16.

These observations point to the importance of the Ja
Teller ~JT! distortion on the phase transition. Here we d
scribe a phenomenological statistical model which accou
not only for the purely electronic degrees of freedom but a
takes into account the electron-phonon coupling. The mo
contains two adjustable parameters; it reproduces the ab
drop of the spin ordering atTC and, consequently, the sha
peak of the specific-heat capacity. The large isotope shif
the phase transition temperature is calculated without
ploying additional parameters. The CMR is also discusse
0163-1829/2002/66~9!/094405~7!/$20.00 66 0944
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II. MODEL OF PHASE TRANSITION

A. General remarks

The CMR phenomenon occurs at a transition from itin
ant to localizedd-electron behavior. Therefore, two startin
point can be used for the description of the electron
structural properties at this crossover. One can begin wi
description of the local properties of an isolated Mn ion in
crystalline surrounding and moves to a description of
system by introducing interaction between Mn ions. T
other possibility is to ignore, at first, the individuality of th
Mn ions and to treat the entire system as a medium cha
terized a common energy spectrum. The parent compo
LaMnO3 is an insulating antiferromagnet. As the dopin
level x is gradually increased from 0 to 0.05, the system d
not exhibit a significant ferromagnetic ordering and meta
conductivity below the critical temperature. This means t
holes introduced by doping and spatially extended over
sample are not able to mediate magnetic ordering. Theref
a band theory of electronic states is not suitable starting p
to describe itinerant to localized electronic behavior. A s
nificant ferromagnetic ordering and sharp drop of resistiv
occur at a higher doping level 0.2<x<0.4. At this doping
level the long-range periodicity in the crystal is destroy
and the conductivity has a rather pecolative nature. The
fore, there is reason to believe that a ‘‘localized’’ descripti
of the electronic/structural properties at the crossover poin
the appropriate starting place.

In the following, we describe a model of the ferroma
netic ordering among the Mn ions with the electron-phon
interaction explicitly included. Let us consider a sing
Mn31 ~or Mn41) ion in an octahedral oxygen environmen
The 3d orbitals on the Mn site placed in such an octahed
coordination are subject to a partial lifting of the degenera
into lower-lying t2g states and higher-lyingeg states. The
Mn31 and Mn41 ions have electronic configurations oft2g

3 eg
1

and t2g
3 , respectively. The localtg electrons form the spin

background for theeg electrons. Theeg electrons play the
role of conduction electrons, when electron vacancies
created in theeg orbital states. In the following, we only
consider theeg states denoted byd3z22r 2 and dx22y2. Our
starting point is the magnetic cell with two Mn ions shown
©2002 The American Physical Society05-1
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Fig. 1. Thed orbitals of the neighboring Mn ions admix
bridged by the oxygenp orbitals.

The d-p transfer integral determines the width of th
hybridized d bands. The group overlap integra
^d3z22r 2up3z22r 2& and ^dx22y2upx22y2& betweend functions
and the respective oxygen molecular orbitals are equa
each other. Therefore, theeg states are doubly degenerat
The Ca atom doping causes the transition of some Mn i
into the charge state Mn41. If we take into account the in
teraction between the second neighbors (Mn31- Mn41) then
~at enough large doping level! the cubic symmetry around
the Mn31 ion is lowered and the degeneracy ofeg states is
lifted. Consider the single Mn31-O22-Mn41 chain shown in
Fig. 1 along thez axis. The ionic radius of Mn31 (Mn41) is
0.66 ~0.60! Å whereas the ionic radius of O22 is 1.32 Å.
Therefore, theeg states on the Mn31 and Mn41 ions interact
by means of the oxygen bridging them. Thed3z22r 2 orbital
has a nonvanishing overlap with the oxygenpz orbital
whereas the overlap of thedx22y2 orbital with thep orbitals
is zero. Therefore, thed3z22r 2 orbitals on the Mn neighbor
ing sites form the bonding and antibonding states denote
the ub& and ua&, respectively. Similarly, as in Ref. 17, w
introduce a transfer matrix elementt between thed states;
thus the statesub& andua& are separated by the energy 2t, as
shown in Fig. 2. Thedx22y2 states on both Mn sites intera
significantly less thand3z22r 2 states, and they form nonbond
ing states. We stress that the transfer integralt is between the
second neighbors and it is remarkably smaller than thed-p
transfer integral which mainly determines the width of t
hybridizedd bands. In our approximation, the width of a
bands is taken as zero and it does not influence the mag
properties. In the present model the energy gap betw
partly occupied ub& ‘‘band’’ and the nonbondingdx22y2

states is important. For the single Mn31-O22-Mn41 chain
the ub& state is occupied by oned electron. This electron
hops spontaneously between the Mn sites, thus participa
in the binding between two Mn ions. Since there is an
hanced density of the wave function on the bridging oxyg
site, theeg electron also partly resides on the oxygen. Due
the strong Coulomb correlation on Mn sites such hops
possible when the total spins of thet2g electrons on both Mn

FIG. 1. Schematic structure of perovskites of manganite. T
distortion of oxygen octahedrons of symmetryQ3z22r 2 is shown.
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sites are parallel. Thus the hopping of theeg electrons along
the Mn31-O22-Mn41 chain causes a nonzero spontaneo
magnetization. This hopping take place even at the zero t
perature because in the bonding state the electron is eq
shared between two sites. If the doping level is enough la
theeg electrons can migrate among many Mn sites, ensur
the ferromagnetic ordering in the crystal. The excitation
the nonbondingdx22y2 states destroys the magnetizatio
Here we disregard the possible angles between neighbo
Mn total spins, assuming a complete lining up of the spi
However, the effective magnetization can be lower than w
is expected, not only due to the various angles between
ions, but also due to the formation of local domains with t
opposite magnetization. In our description, we conside
the bonding along thez axis. The equivalent description ca
be, say, along thex axis, taking thed3x22r 2 anddy22z2 basis
states. The basis states along they axis ared3y22r 2 and
dz22x2.

It is well known that the octahedrally coordinatedd4 ions
manifest the electron-phonon coupling which originates
the JT effect. Being a JT active ion, Mn31 produces a static
distortion of the surrounding oxygen atoms. This is due
the coupling of doubly degenerate electroniceg states with
tetragonal distortion~the E2e problem18!. The covalent
binding of theeg electron between Mn ions competes wi
the tetragonal distortion. In the upper part of Fig. 1 we sh
theQ3z22r 2 component of the tetragonal distortion. This di
tortion has nonzero diagonal matrix elements within t
space ofd3z22r 2 anddx22y2 bases.18 The displacement of the
bridging oxygen in the Mn31-O22-Mn41 chain has the op-
posite direction with respect to both Mn ions. The statesub&
and ua& are the linear combination ofd3z22r 2 functions on
both Mn ions, i.e.,ub&5@d3z22r 2(1)1d3z22r 2(2)#/A2 and
ua&5@d3z22r 2(1)2d3z22r 2(2)#/A2. If we denote the dis-
placement of bridging oxygen from the equilibrium byQ,

e

FIG. 2. The energy diagram ofeg states as a function of oxyge
atom distortion from equilibrium positions. The statesub&
5@d3z22r 2(1)1d3z22r 2(2)#/A2 anduc&5dx22y2, where 1 and 2 de-
note the position of Mn atoms in Fig. 1. The statesua&
5@d3z22r 2(1)2d3z22r 2(2)#/A2.
5-2
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INFLUENCE OF OXYGEN OCTAHEDRON DISTORTION . . . PHYSICAL REVIEW B66, 094405 ~2002!
then, in the first approximation ^bu]Vcryst /]Qub&
5^au]Vcryst /]Qua&50. For this reason the ‘‘adiabatic su
face’’ of statesub& and ua& shown in Fig. 2 depends onQ2

because it contains only the elastic energy. We assume
the interactiont is larger than the JT energy«. We note that
even if the Mn41 ion is not JT active, the surrounding
oxygen octahedron is deformed due to the deformation in
vicinity of JT active Mn31 neighbors. Contrary to the
d3z22r 2 functions, thedx22y2 function on the neighboring
Mn ions are the nonbonding states~in the approximation of
the second neighbor interaction! and their diagonal matrix
element depends linearly on the displacementQ.18 For this
reason the nonbonding states have the energy minima a
displacement coordinates6Q0 as it is shown in Fig. 2.

In this paper, we start from the consideration of the in
vidual Mn31-O22-Mn41 chain. We assume that these cha
are distributed randomly in the crystal volume. The succ
sive electron tunneling between various Mn31→Mn41 pairs
causes that crystal to exhibit a cooperative behavior: a fe
magnetic ordering at low temperatures. The thermal agita
of eg electrons into the excited statesuc& breaks the mutua
ordering of individual pairs and transforms the crystal in
the paramagnetic state.

B. Mathematical formulation

In the following description, we account only for th
ground bonding stateub& and two excited nonbonding state
uc&. For simplicity, we consider only theuc& state with the
minimum at positive displacementQ0. The seconduc& state
is taken into account by the inclusion of the degeneracy
tor g52. The one-electron free energiesf for the ground and
exited states can be written as

f ub&5
1

2
kQ22mH,

f uc&5tR2VQ1
1

2
kQ22kBT ln g1mH, ~1!

whereV is the electron-lattice coupling constant andk is the
elastic force constant. The hopping integralt is multiplied by
the Huang-Rhys factorR, m is the magnetic moment,H is
the external magnetic field, andkB is the Boltzman constant
The displacement coordinate isQ54/A3d, whered is the
change of the equilibrium Mn-O bond length. The Zeem
energy in the excited state is taken with the opposite s
with respect to the ground state because the electron in
state is bound only to one Mn ion~nonbonding state!. When
the electron occupies one of theuc& state, there is no corre
lation between the background spins on neighboring
ions. They can be parallel or antiparallel, and this situat
corresponds to the paramagnetic phase. Since the net s
taneous magnetic moment of the crystal in the paramagn
phase is equal to zero, we assume that the background
have opposite direction in the Mn31-O22-Mn41 chain.

Now we shall define theeg electron distribution function
which depends on the model parameters and the tempera
At T50 K, the electron occupies the ground stateub& and
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the average bridging oxygen displacement is zero due to
fast tunneling between two Mn sites. The electron is equa
distributed between two Mn ions. For the optimal concent
tion of holes the resistivity of the crystal is metal-like. Wit
the increase of temperature the ground state admixes the
cited statesuc&. At some high enough temperature the adm
ture is so large that theeg electron spends time mainl
around one of the Mn ions, i.e., it is mainly on thedx22y2

orbital and the oxygen displacement shifts towardsQ5Q0.
For intermediate temperatures the displacement is 0,Q
,Q0. We define the distribution functionn asn5Q/Q0 and
nP@0,1#. At the deformationQ0 the energy gain is«[EJT

5V2/2k5kQ0
2/2. Using our notation the free energies can

expressed as

f ub&5«n22mH,
~2!

f uc&5tR22«n1«n22kBT ln g1mH.

The free energyF of the system for the temperatureT is
written as

F5 f ub&2kBT lnF11expS 2~ f uc&2 f ub&!

kBT D G
5«n22mH2kBT lnF11g expS 2

tR22«n12mH

kBT D G .
~3!

In the thermal equilibrium, the distributionn is determined
by a minimization of the free energyF with respect ton,
which gives

n5

g expS 2
tR22«n12mH

kBT D
11g expS 2

tR22«n12mH

kBT D . ~4!

The distributionn is the probability of the paramagneti
phase. The distribution

12n5
1

11g expS 2
tR22«n12mH

kBT D ~5!

is the probability of the ferromagnetic phase. At the critic
temperatureTC the ferromagnetic and paramagnetic fractio
are at equilibrium, i.e.,n512n51/2. Using this condition it
follows from Eqs.~4! and ~5! that

TC5
tR2«12mH

kB ln g
. ~6!

The ferromagnetic phase excessDn is determined asDn
5(12n)2n5122n. Using Eqs.~4! and ~5! one obtains

tR2«12mH1«Dn

kBT
2 ln g5 lnS 11Dn

12DnD . ~7!
5-3
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At the critical temperature~whenDn→0) the last equation
gives

«

kBTC
5 lim

Dn→0

1

Dn
lnS 11Dn

12DnD→2. ~8!

By inserting«52kTC into the expression forTC , one finds

tR5kBTC~21 ln g!22mH. ~9!

Thus the model parameters« and tR can be approximately
determined from the experimental knowledge of the criti
temperatureTC . Assuming H50, one finds the ratio
tR/kBTC521 ln g'2.7. The value of similar ratio for super
conductors is in the range 2–7.19

It is interesting to know the functional dependence ofDn
on T near the phase transition point. To this purpose,
insert the series expansion

lnS 11Dn

12DnD52S Dn1
Dn3

3
1••• D , uDnu,1 ~10!

into Eq. ~7!. After some rearrangements one obtains the
pressions

S TC

T
21D ~ ln g12Dn!5

2

3
Dn3,

Dn'F3

2
ln gS TC

T
21D G1/3

, ~11!

where 2Dn was neglected in the sum lng12Dn. Equation
~11! describes the temperature dependence of the magne
tion M5(122n)m5Dnm just belowTC . This result is in
good agreement with the observations of the spontane
magnetization. In the context of Landau’s theory of t
second-order phase transition20 the Dn plays the role of the
order parameter. Usingn5(12Dn)/2 in Eq. ~3! and then
taking the series expansion overDn one finds that, in the
vicinity of the critical temperature, the free energy depen
on the even powers ofDn.

The free energy@Eq. ~3!# can be rewritten in the conven
tional form F5U2TS that is more convenient for applica
tions. Using Eq.~3! one finds the entropyS

S52S ]F

]TD
V

52kB@2n ln g1n ln n1~12n!ln~12n!#.

~12!

Using Eq.~3! again and the expression for the entropy, o
finds the internal energy of systemU:

U52«n21ntR2m~122n!H. ~13!

Taking into account the explicit expression for the intern
energyU one can calculate the electronic contribution to t
heat capacityCV ,

CV5
]U

]T
5~22«n1tR12mH !

dn

dT
, ~14!

where
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dT
5

n~12n!kB ln2@n/g~12n!#

2«n~12n!ln@n/g~12n!#1~ tR22«n12mH !
.

~15!

The free energyF as given by Eq.~3! can be transformed
to the form that is typical for the simple Ising model o
ferromagnetism.20 The transformed free energyFI is of the
form

FI52«n22MH1~ tR2kBT ln g!n

1kBT@n ln n1~12n!ln~12n!#, ~16!

where the first term containing«[ZJ(S1S2) (Z56 is the
coordination number for the cubic lattice,J is the exchange
integral, andS is the spin! describes the exchange interactio
between neighboring spins, the second is the Zeeman en
the third corresponds to the free energy of excited state,
the last gives the contribution from the mixing entropy.F
andFI are equivalent in that they have the identical extrem
points, i.e., they lead to the distribution functionn, as it is
given by Eqs.~4! and ~5!.

C. Isotope effect

A series of observations5–8 reported on a large mass de
pendent shift of the critical phase transition temperatu
Zhaoet al.5 found a giant oxygen-isotope shift of the trans
tion temperature of La0.80Ca0.20MnO3. By replacing16O with
18O a decrease inTC;20 K was observed, an unambiguou
evidence of electron-lattice coupling. The oxygen isotope
efficient is defined as

a52d ln TC /d ln MO52
M

TC

dTC

dMO
, ~17!

whereMO is the oxygen isotope mass. The critical tempe
ture @Eq. ~6!# depends on the oxygen mass by means of
Huang-Rhys factorR5exp(2«/2\v). This factor is the
overlap of the ground-state oscillator functions centered
the average position of oxygen and in the distorted positi
Taking the derivative ofTC over MO , one obtains

a5
1

2 lng S t

kBTC
D S «

2\v DexpS 2«

2\v D
5

1

2

tR

tR2«12mH S «

2\v D . ~18!

In an estimation of the isotope coefficient we use the ri
hand of the last equation because we treat the productt
and R as one adjustable parameter. TakingH50 and using
Eqs.~8! and ~9! one obtains, from Eq.~18!,

a5S 1

ln 2
1

1

2D S «

2\v D . ~19!

The last equation shows thata depends only on the JT en
ergy and the vibration frequency of oxygen in the Mn-
bond. In Ref. 5 the relationTC}W exp(2g«/\v) was pos-
tulated, whereW is the bare conduction bandwidth and th
5-4
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INFLUENCE OF OXYGEN OCTAHEDRON DISTORTION . . . PHYSICAL REVIEW B66, 094405 ~2002!
dimensionless parameter 0,g<1. Then the isotope coeffi
cient isa5g«/2\v. Equation~19! obtained on the basis o
the present model is indeed of the same form as that in
5. However, in contradiction to Ref. 5, our coefficientg
5 ln21210.551.94 exceeds the range given in Ref. 5. T
isotope coefficient vanish when the JT energy«→0. The
small value ofa was observed in some superconductors.19

III. RESULTS AND DISCUSSION

The important result obtained in Sec. II is the distributi
functionn of theeg electrons. This function enters into var
ous formulas for the calculation of physical properties. If t
saturated magnetization atT50 K is M0, then the sponta-
neous magnetization at the temperatureT is given as
M /M05122n. The magnetization is equal to zero for th
n51/2, which corresponds, by definition, to the critical tem
perature. In Fig. 3 we plot the 122n function. The param-
eters«5289 cm21 andtR5392 cm21 were adjusted so a
to reproduce the critical temperature'210 K for the
La0.8Ca0.2MnO3 crystal.5 At the critical temperature the slop
of 122n is a sensitive function of« and tR. To determine
these parameters we take into account relations~8! and~9!. It
is seen that the 122n curve reproduces well the steep jum
of the magnetization when the critical temperatureTC is ap-
proached.

Measurements of the specific heat13–16 is widely used for
the investigation of the phase transitions. The specific h
capacity, as given by Eq.~14!, depends not only on the dis
tribution n but also on its temperature derivative]n/]T as
given by Eq.~15!. This is the reason why the peak of th
specific heat shown in Fig. 4 does not coincide with theTC
~in the present case it is shifted to lower temperatures
about 1.5 K!. The calculation of the electronic contributio
to the specific heat is a very strong test of the distribut
function. Experimentally, the contribution given by Eq.~14!
is observed together with the lattice vibration contribution13

which is usually well accounted by the Debye theory.

FIG. 3. The normalized magnetizationM /M05122n calcu-
lated for the model parameters«5289 cm21 and tR5392 cm21.
The shift ofTC due to isotope substitution16O→18O is shown.
09440
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established by x-ray diffraction,10 the change of electronic
configuration is associated with the small change of the
tice volume. However, this volume change makes a ne
gible contribution to the lattice vibrations because the vib
tional specific heat can be well approximated by only o
value of the Debye temperature. In the opposite case,
lattice contribution before and above the critical point wou
be two different curves because of the volume-depend
frequency change. The experimental specific heat of
La0.8Ca0.2MnO3 crystal shown in Fig. 1 of Ref. 1 does no
exhibit any significant volume change atTC . The peak of the
specific heat atTC calculated in the present work reproduc
well the experimental one.13,16

The estimation of the isotope coefficienta requires the
knowledge of the oxygen vibration frequency in the Mn-
bond. We estimate the vibrational frequency using the H
rison semiempirical theory21 for the bond energy. The equi
librium distanced0 at zero temperature is determined fro
the minimum of the Helmholtz free energyFbond, for the
Mn-O bond,

Fbond5«b1\v/2, ~20!

where«b is the bond energy and\v/2 is vibration energy at
the temperature 0 K. Thet2g orbital of thed electrons and
the px , py , pz orbitals of oxygen~denoted asx, y, z) con-
tribute significantly to the Mn-O bonds in such crystals
CaMnO3 and LaMnO3. In the nearest-neighbor approxima
tion they form p-type bonds, i.e.,dxy-y and dxz-z bonds
alongX axes,dxy-x anddyz-z bonds alongY axes, anddyz-y
and dxz-x bonds alongZ axes. For thep bond, the bond
energy«b is given by22

«b5
~«d1«p!

2
2qAV2

21S «d2«p

2 D 2

1
2qV2

2

ku«d1«pu
,

~21!

whereV2517.72/d0
7/2 is the Coulomb interaction matrix ele

ment betweend-p electronic functions,q52 is the number
of electrons per bond, and«d and «p are the free atomic
electron eigenvalues for thed electrons of Mn andp elec-

FIG. 4. The peak of the electronic specific heat capacityCV

~divided by temperature! at the critical temperature.
5-5
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trons of oxygen. Taking into account thatv
5A(]2«b /]d2)/m, the condition of minimum for theFbond
is

]«b

]d
1

\

4Am r

]3«b

]d3

A]2«b

]d2

50, ~22!

wherem r is the reduced mass for the bond. The first term
Eq. ~22! determines the equilibrium distance from the min
mum of the Coulomb interaction energy only. It does n
depend on the isotope substitution. The second term in
~22! depends on the isotope mass. The third derivative o«b
in the second term accounts for the anharmonicity of
interatomic Coulomb interaction. It is seen from Eq.~22! that
the interatomic distance depends on the isotope mass. It
follows that the harmonic force constant, which is calcula
at the equilibrium distance, depends indirectly on the isot
mass. Equation~21! contains one adjustable parameter,k,
which is determined from the condition that the calcula
bond length of the Mn-16O is equal to the experimental valu
1.97 Å. Thus we obtainedk50.24, and with this value the
Mn- 18O bond length can be estimated.

We found that when16O is replaced by18O the Mn-O
bond length is decreased by 0.0005 Å, i.e., by'0.025%.
Such a replacement increases the harmonic stretching f
constantkh5]2«b /]d2 from 8.355 to 8.387 eV/Å2 ~i.e., by
'0.38%) The stretching frequencyvstrech of the Mn-O pair
decreases from 426 to 408 cm21 ~i.e. by '24.2%) mainly
due to the increase of the isotope mass. Recently Irwinet al.7

observed the Raman spectra of a La0.65Ca0.35MnO3 crystal.
They observed the high-energy mode at 435 cm21 which
was shift to 415 cm21 ~i.e., decreased by -4.6%! upon sub-
stitution of 16O by 18O. The agreement of the calculate
oxygen frequency shift with the experimental one indica
that parameters used in the calculation are reliable. Tak
the stretching frequency of the16O \v5426 cm21 and us-
ing the valuetR5392 cm21, «5289 cm21 we obtaina
50.65. The value determined directly from measuremen
magnetization isa;0.85.5

The other test of the model is the effect of the CMR. T
calculation of the resistivity requires accounts for the el
tron scattering and percolation processes, and is beyond
scope of these calculations. However, the resistivity is
versely proportional to the distribution function. Below th
critical point the number of carries is approximately prop
tional to 1/~12n), whereas above the critical point to 1/n.
Figure 5 shows the resistivity calculated in this way for ma
netic fields equal to zero and to 1 T. In reality, the prop
tionality between resistance and 1/n @1/(12n)# includes a
mobility factor. Drawing the resistivity in Fig. 5, we assume
that the mobility weakly changes with temperature near
phase transition point. It is seen from Eq.~6! that Zeeman
energy changes the balance betweentR and « and, thus,
affects the critical temperature. When the external magn
field is switched off, the critical temperature depends on
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energy differencetR2«. Because in the statesub& and uc&
the spin ofeg electrons has a different orientation, the ma
netic field increases the energy gap between statesub& and
uc& and, thus, according to Eq.~6! this leads to the increas
of the critical temperature. The critical temperature is
creased by 6 K because the external field that is added to
Weiss ‘‘molecular’’ field enhances ferromagnetic orderi
against the destructive action of temperature. This action
the magnetic field explains the CMR effect. Due to the pr
ence of an energy gap between the ground and excited s
and due to the spin ordering on Mn sites, the conductivity
large below the critical temperature. These two facts prev
the scattering of theeg electrons into the excited stateuc&,
and the electrons freely hop among the Mn sites, being in
ground stateub&. The crystal will exhibit the metal-like con
ductivity in an electric field. The electrons hopping along t
Mn-O-Mn bonds lead not only to spontaneous fluctuations
the charge states but also to intrinsic distortions associ
with the charge state—the polaron.

Near and above the critical point the vibrations affe
more effectively the scattering and this results in the la
resistivity. The abrupt change of the partition function is n
only responsible for the CMR. It also influences the lar
entropy change of the phase transition, the lattice volu
change~not associated with the breathing mode distortio!,
the sharp thermal expansion coefficient increase atTC , and
the Debye-Waller factor change. We reserve the consi
ation of these effect to the other paper.

In conclusion, we described the two-parameter mode
the FP phase transition. The parameters characterize
electron-phonon coupling and the effect of covalent bindi
The partition functionn can describe, as a function ofT, the
gradual or abrupt transition between the ferromagnetic
paramagnetic phases depending on the model parame
The essential condition for the abrupt transition is that
ground and excited electronic states have the minima at
ferent displacement coordinatesQ. If the minima are at the
same displacement coordinate («50), the partition function

FIG. 5. The resistivityr}1/12n below the critical point and
r}1/n above the critical point. The shift of the critical point is du
to the external magnetic field of 1 T.
5-6



e
o
t
ll

in
e

A.

INFLUENCE OF OXYGEN OCTAHEDRON DISTORTION . . . PHYSICAL REVIEW B66, 094405 ~2002!
n of Eq. ~4! for the FP phase transition is the Boltzman lik
and the transition is gradual. Not only is the abrupt nature
the phase transition reproduced, but the sharp peak in
electronic specific heat capacity is also reproduced. Fina
we note the close analogy between free energy follow
from the present model and that one used in the simple v
a
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sion of the Ising model@Eq. ~16!#, provided we substitute«
by ZJ(S1S2); also see Ref. 22.
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