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Exchange interaction and magnetoresistance in La 2Õ3Ca1Õ3MnO3 : experiment
and models
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The magnetizationM (T) and electrical resistivityr(T) of a La2/3Ca1/3MnO3 film have been
studied in the temperature range 5 K<T<320 K in the magnetic field intervals 10 Oe<H
<400 Oe and 0<H<50 kOe, respectively. It is found that theM (T)/M (0) value is larger
than that predicted by the conventional molecular field model below the Curie pointT5267 K, and
that the lnr(T) dependence is close to linear in the temperature range 80 K,T,200 K
~accordingly,] ln r/]T is constant in this region!. A model of the electrical conductivity and
magnetoresistivity of the system describing qualitatively the experimental results is proposed~the
Dmt model!. The model includes a thermally activated~with characteristic energyD!
mechanism of conductivity, dependence of the concentration and the effective mass~m! of the
itinerant charge carriers on the magnetization, as well as scattering~with characteristic
time t! of the charge carriers by static breakings of the translational symmetry, thermal fluctuations
of the magnetic order, and phonons. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1496667#
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1. INTRODUCTION

Complex oxides containing manganese ions Mn31 and
Mn41 have been attracting much attention in physics a
technology in the last 10 years due to the ‘‘colossal mag
toresistance~CMR! effect’’ discovered in them: the electrica
resistance of the compounds decreases substantially~in or-
ders of magnitude! when an external magnetic field is a
plied to a sample in the vicinity of the Curie temperature~see
reviews!.1–6 The nature of this phenomenon is being stud
intensively; the main directions of the research are outlin
in the above-mentioned reviews. We note here also the
lowing original papers, references to which will be ma
below.7–14

The key point in an understanding of the CMR mech
nisms is elucidating of the nature of changes of the electr
resistance on passage through the Curie point, first of a
the absence of the external magnetic field. The present w
is devoted to an experimental study of the problem as we
to a theoretical modeling of the phenomenon.

The dependences of the magnetization and electr
conductivity of a La2/3Ca1/3MnO3 film on the temperature
and magnetic field are studied experimentally and analyz
A model of the electrical conductivity and magnetoresist
behavior is proposed~Dmt model!. The model includes a
thermally activated~with the characteristic energyD! mecha-
nism of conductivity, dependence of the concentration a
effective mass~m! of the itinerant charge carriers on th
magnetization, as well as scattering~with the characteristic
time t! of those carriers by static breakings of translatio
symmetry, thermal fluctuations of the magnetic order, a
phonons.
5561063-777X/2002/28(7)/6/$22.00
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2. THE Dm t MODEL OF CONDUCTIVITY

The proposed effective model of conductivity is bas
on the concept of thermal excitation of the charge carri
from localized states to itinerant states. We do not spe
here the type of charge carriers, but for simplicity, witho
any loss in generality, we call them electrons. In this pictu
above the Curie point the charge carriers are localized
that their motion between the crystal sites can only be of
thermally activated kind. At the same time they appear to
nearly free in the ferromagnetically ordered state. Thus th
activation energy has to be dependent on the magnetic o
parameter.

2.1. Activation energy

Analysis of the results of our present measurements
the electrical resistivity and magnetization of th
La2/3Ca1/3MnO3 film ~see Secs. 5 and 6! has shown that the
dependence of the activation energyD on the ferromagnetic
order parameter of the systems5M (T,H)/M0 in a vicinity
of the Curie pointTC is close to linear~hereM is the mag-
netization,T is the temperature,H is the magnetic field, and
M0 is the magnetization atT50!. On the other hand, the
conductivity must be of the nonactivated kind atT50 ~the
experiment gives a finite value of the corresponding elec
cal resistivity of the systemr!. Thus we choose the simples
dependenceD~s! satisfying the above-mentioned requir
ments, in the form

D5D0~12s!, ~1!
© 2002 American Institute of Physics
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whereD0 is the activation energy in the paramagnetic reg
and will be determined in the model by fitting to the expe
mental data.

Expression~1! gives for the concentration of the ele
trons in the ‘‘conduction band’’ the value

n5n0e2D0~12s!/T, ~2!

wheren0 is the concentration of the conduction electrons
the completely ordered system (s51).

Note that a dependence of the form in Eq.~2! was es-
tablished for the concentration of the conduction electron
EuO in Ref. 8.

2.2. Effective mass of charge carriers

The hopping integral of the electrons in the ‘‘conducti
band’’ depends on the mutual orientation of the local spins
nearest magnetic ions5, so that their effective massm* also
depends ons :

m* 5m0*
2

11s
. ~3!

Herem0* is the effective mass of the perfect crystal (s51)
and will be considered further as a fitting parameter of
model.

The expression~3! has been obtained by the averagi
of the hopping integral over the crystal with a subsequ
transition to the effective mass representation in a mode
magnetization in which the local quantization axes for
itinerant electrons~i.e., the directions of the local magnet
moments considered as classical vectors! are deflected from
the easy magnetization axis by the same polar angle at e
Mn site, and the azimuth angles are randomly distribu
uniformly in the interval~0, 2p!.

2.3. Transport relaxation time

The electrical resistivity of the system is calculated
the model by the Drude formula

r5
m*

e2nt
, ~4!

wheree is the electron charge,m* andn are determined by
Eqs.~1!–~3!, and the transport relaxation timet is defined by
the sum

t215tst
211tph

211tm
21. ~5!

Heretst, tph andtm are the characteristic times for the sca
tering by the static breakings of the translational symme
of the system~this is principally because of the random di
tribution of the La and Ca ions in the crystal!, phonons, and
fluctuations of the local magnetic moments, respectively.

Taking into account Eqs.~1!, ~2!, ~4!, and~5!, and using
the theoretical approaches from Refs. 15–17, we write
expression for the electrical resistivity of the system in
form

r5e~2/3!/~D/T!~rst1rph1rm!. ~6!

Here the resistivityrst, caused by the static breakings of th
crystal-lattice translational symmetry, is given by
n

f

f

e

t
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e
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y

e
e

rst~s!5r0S 2

11s D 2

, ~7!

where Eq.~3! and the theory of Ref. 15 have been taken in
account.

The resistivityrph, caused by the electron-phonon sca
tering, is evaluated by the Bloch–Gru¨neisen formula:16

rph54rDS T

QD
D 5E

0

QD /T x5dx

~ex21!~12e2x!
, ~8!

where the Debye temperatureQD is taken equal to 440 K~by
our estimate made using the sound velocity from Ref. 1!,
which is in accordance with other estimates.6,19

The resistivityrm caused by the electron scattering o
the disordered local spins is evaluated using the Kas
expression,17 modified for the present case by replacing t
constant effective mass by a function of magnetization@Eq.
~3!#:

rm5rm`S 2

11s D 2

S~S2Ss22s11!. ~9!

Note that as one can see from Eqs.~6!, ~7!, and~9!, all
three scattering times in Eq.~5! have the same dependen
on n (t}n21/3), tst and tm have the same dependence
m* (tst(m)

21 }m* ).
Exponential dependences of the electrical resistiv

compatible with Eq.~6! ~i.e., with the argument of the expo
nential function being linearly dependent on magnetizatio!,
were observed experimentally in Refs. 7–9. Other forms
ther~s! dependence were proposed in Refs. 7 and 11–14
our opinion, these last do not have as good agreement
the known experimental data~see Refs. 1–6! and with those
obtained in this work.

3. THE MODIFIED MOLECULAR FIELD MODEL FOR
MAGNETIZATION

The local spinS in Eq. ~9! was put equal to 2, and th
reduced magnetizations5M /M0 was estimated in the
modified molecular field model. This model differs from th
conventional form~see, for example, Ref. 20! by the addi-
tional fitting parametersa and h. They formally take into
account the effect of spontaneous magnetization on the in
atomic exchange parameter and the effect of the short-ra
order on the charge-carrier scattering above the Curie t
perature. The latter is substantial in the case of a short m
free path of the carriers, because they are localized in
absence of magnetic order, as is evidenced by the chang
character of the conductivity from metallic to semicondu
tive when going from the ferromagnetic to the paramagne
state of the oxide.

The ferromagnetic order parameter in the model is
fined by the following equation:

s5BSS h

T
1

3S

S11

TC~11as2!

T
s D . ~10!

HereBS(x) is the Brillouin function for spinS52, TC is the
Curie temperature,h is a fictive magnetic field modeling th
effect of short-range magnetic order aboveTC , and a is a
magnetoelastic parameter describing the magnetostric
shift of TC .21
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Note that the valueS52 for the local spin used in the
model corresponds to the spin of the Mn31 ion but not to the
spin S53/2 of the Mn41 ion, which must actually be re
garded as the local spin. This is done just because it giv
better fit ~compared toS53/2! of the experimental data in
the low-temperature region, where molecular field theo
used in the model over the whole temperature range for s
plicity, is not valida priori. Thus, such a substitution can b
made without any fundamental significance. In the most
portant region, in the vicinity ofTC , the valueS53/2 gives
the better result in the conventional molecular field mo
and therefore requires a weaker correction for agreem
with the experimental data.

4. NATURE OF THE ACTIVATION ENERGY D

As one can see from Sec. 7, this simple model~it will be
referred to below as theDmt model! gives a temperature
dependence of the electrical resistivity of the given ox
quite close to the experimental one. Here, however, a
tailed microscopic picture of the phenomenon~i.e., mainly
the nature of the activation energyD! is not considered.
Moreover, we do not discuss here the values of all the fitt
parameters~they are physically quite reasonable! and their
exact origin. Obviously, behavior of the conductivity simil
to that in theDmt model can be obtained in a different wa
but we suppose that this model is the simplest which ta
into account the most important factors that can influence
magnetoresistive effect in doped manganites.

The activation energyD in the model can reflect an ef
fect of localization of the charge carriers22 when the magni-
tude of the fluctuations of their exchange energies exce
some critical value, at least for the majority of them atT
>TC . Apparently, a starting point for constructing a mod
of conductivity in manganites can be the concept of dou
exchange.23–25 In reality the picture of the phenomenon a
pears to be more complex. The role of the charge carrie
played by magnetic polarons, which are being formed du
the interactions between the quasilocal charge carriers
magnetic moments of the surrounding lattice sites, and
to deformations of the atomic structure over distances of
order of the first coordination sphere~see the general discus
sion in Refs. 22, 26, and 27 and the manganite-specific
in Refs. 2, 6, and 28!. Note that the origin of the local lattice
deformations can be of an exchange-relativistic natur29

There is no necessity, however, to make more precise
character of the charge carriers in the originalDmt model.

5. EXPERIMENTAL

The La12xCaxMnO3 (x'1/3) film ~about 1500 Å thick!
was grown by pulsed laser deposition on a LaAlO3 substrate.
A KrF excimer laser operating at 248 nm was used to ab
the target material, with a nominal compositio
La2/3Ca1/3MnO3. The target was prepared by the conve
tional solid-state reaction method starting from high-pur
powders of La2O3, CaCO3, and MnCO3. An x-ray study of
the target has shown that it is homogeneous in compos
and does not contain a residue of the starting chemical c
ponents. The film obtained was tested by the x-ray diffr
tion method and on an atomic force microscope. The re
a
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tance as a function of temperature~in the range 5–320 K!
and magnetic field~up to 50 kOe! was measured by a stan
dard four-point probe technique. The magnetoresista
J(T,H)5@r(T,H)2r(T,0)#/r(T,0) was measured in a
transverse geometry~with the field perpendicular to the film
plane!. The magnetization was measured by a SQUID m
netometer in the field range 10 Oe<H<400 Oe in a longi-
tudinal geometry~with the field parallel to the film plane!.

6. RESULTS OF EXPERIMENT

Figures 1–7 present the following characteristics o
tained for the La2/3Ca1/3MnO3 film studied: the square of the
reduced magnetization (M (T)/M (0))2 in the Curie-point re-
gion, the reduced magnetizationM (T)/M (0) at magnetic
field H510 Oe, the magnetizationM (H) at temperatures o
10, 20, 40, and 60 K, the electrical resistivityr(T), the elec-
trical resistivity in a logarithmic scale, the logarithmic tem
perature derivative of the resistivity] ln r/]T, and the mag-
netoresistanceJ(T,H) in magnetic fieldH550 kOe.

An extrapolation tos50 of the linear part of the depen
dences2(T) ~Fig. 1! gave a value ofTC equal to 267 K. The
sharp growth of the magnetization belowTC seen in Fig. 2
confirms the high homogeneity of the film. The magne
field dependence of the magnetization is found to be non
ear in the temperature and magnetic field ranges studied~Fig.
3!. At T510 K the magnetizationM is equal to 86 G atH
510 Oe, and it obeys the equationM @G#58513.75
31022H @Oe# in the range 100–400 Oe. The magnetic m
ment per Mn atom is equal to 0.61mB at H5400 Oe. This
shows that the magnetization is far from saturation in
field range under study.

As one can see from Fig. 4, ther(T) behavior has a
semiconductive character aboveTC . Below TC the resistiv-
ity decreases sharply, falling tor590.6mV•cm at T
55 K. As is evident from Fig. 5, the dependencer(T) in a
logarithmic scale@i.e., log r(T)# is close to linear in the
range 80 K<T<200 K. The nearly constant value of th

FIG. 1. Square of the reduced magnetization (M (T)/M (0))2 of the
La2/3Ca1/3MnO3 film in a magnetic fieldH510 Oe in the Curie-point region
~s!; the solid line determines the Curie pointTC ; the dashed and dotted
lines show the expected dependences in the conventional molecular
model for spinsS52 andS53/2, respectively.
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logarithmic derivative ofr(T) seen in Fig. 6 also confirm
the exponential temperature dependence ofr(T) in this tem-
perature range.

The temperature dependence of theJ at H550 kOe pre-
sented in Fig. 7 is of the usual type for CMR manganites
fairly good crystal quality. It should be noted here that at
field 5 kOe theJ value was positive practically in the whol
temperature range studied.

7. COMPARISON OF THE MODEL AND EXPERIMENTAL
DATA

The magnetization of the film, as one can see from F
1 and 2, is substantially higher than that predicted by
conventional molecular field model@h50, a50 in Eq.~10!#:
the coefficientb in the formulas25b (12T/TC), which is

FIG. 2. Temperature dependence of the reduced magnetizationM (T)/M (0)
of the La2/3Ca1/3MnO3 film in a magnetic fieldH510 Oe applied in the film
surface plane: experiment~s! and calculations~solid line! in the modified
molecular field model; the dashed line shows theM (T)/M (0) dependence
in the conventional molecular field model~the Brillouin curve! for spin
S52.

FIG. 3. MagnetizationM (H) vs magnetic fieldH applied in the surface
plane of the La2/3Ca1/3MnO3 film at temperatures of 10 K~s!, 20 K ~,!, 40
K ~n!, and 60 K~h!.
f
e

s.
e

valid in some neigborhood just below the Curie temperatu
turned out to be about three times larger than the theore
value ~see Fig. 1!. Possible reasons for this are a peculiar
of the double exchange7 and an enhancement of the effectiv
interatomic exchange interaction by the magnetoelastic c
pling. The last has been taken into account in the modifi
molecular field model by the factor (12as2) ~in accordance
with Ref. 21!, which gives practically complete coincidenc
with the experimental data just belowTC ~Fig. 2!, in contrast
to the results of Ref. 7, where the model curve increa
faster than the experimental curve on lowering of the te
perature.

Using Eqs.~1!–~10! and the experimental data on th
magnetization and electrical resistivity, we obtained the f
lowing model parameters giving the best fit to the expe
mental data on resistivity presented in Fig. 4:D05555 K,
r0590.6mV•cm, rD5400mV•cm, rm`529.7mV•cm,
h51 K ~this corresponds to a fictitious ‘‘short-range-ord

FIG. 4. Electrical resistivity of the La2/3Ca1/3MnO3 film vs temperature~s!;
the solid and dashed lines represent calculations in theDmt model for
magnetic fields of 0 and 50 kOe, respectively.

FIG. 5. Electrical resistivity of the La2/3Ca1/3MnO3 film vs temperature in
logarithmic scale~s!; the solid and dashed lines represent calculations
the Dmt model for magnetic fields of 0 and 50 kOe, respectively.
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field’’ of about 3725 Oe!, a50.26. The model temperatur
dependencermod(T) calculated with these parameters pra
tically coincides with the experimental data forr(T) ~see
Fig. 4!. The model temperature dependences logrmod(T) and
] ln rmod/]T also agree well with the experiment in the ma
temperature region~see Figs. 5 and 6!.

The numerical analysis has shown that the nearly lin
in T region of the logr(T) dependence, which can be se
clearly ~Fig. 5! in the range 80 K,T,200 K, as well as the
nearly constant value of the] ln r/]T derivative in the same
temperature interval~see Fig. 6!, are caused by the compen
sation of the bending ‘‘up’’ of theD/T curve in the Eq.~6! by
the bending ‘‘down’’ of the curve log@rst(T)1rph(T)
1rm(T)#. The first can be seen from the approximation

s~T!5g2pT2qT22rT32...,

FIG. 6. The logarithmic temperature derivative of the electrical resistivity
the La2/3Ca1/3MnO3 film vs temperature~s!; solid line represents theDmt
model calculations.

FIG. 7. Magnetoresistance@r(H)2r(0)#/r(0) of the La2/3Ca1/3MnO3 film
vs temperature in a magnetic field of 50 kOe~s!; the dotted, solid, and
dashed lines represent theDmt model calculations for magnetic fields of 5
50, and 500 kOe, respectively.
-

r

whereg, p, q and r are constants, which gives immediate
the bending ‘‘up’’ curve:

D/T5D0@12s~T!#/T5D0@2~g21!/

T1p1qT1rT21...#.

The second is caused by therph(T) contribution ~the
contribution fromrm(T) is small in the temperature rang
under consideration, and therst value changes weakly there!.

The character of the temperature dependence of
model magnetoresistive effectJmod(T,H)5@rmod(h,T,H)
2rmod(h,T,0)#/rmod(h,T,0) also corresponds rather well t
the experiment at high magnetic fields~Fig. 7!, though the
accuracy in this case is somewhat lower: the maximal va
at H550 kOe is 20.65 at T5274 K in the experiment,
whereas the model gives20.63 at 273 K.

A somewhat unexpected finding is the experimental
servation of a positive magnetoresistive effect with a ma
mum nearTC at low fields (H55 kOe). In the framework of
the Dmt model this can imply an increase of the activati
energyD and an enhancement of the electron scattering. O
of the possible reasons may be the presence of an antife
magnetic component in the magnetic structure of the sys
at low fields~see Refs. 14, 27, and 30!. In this case an in-
crease of magnetization under the influence of the magn
field should be accompanied by a reduction of the order
rameter of the antiferromagnetic component and by a co
sponding increase in the activation energy and electron s
tering.

A detailed discussion of this effect is beyond the sco
of this paper. In general, however, the character of the
havior of the model magnetoresistive effectJmod(H) in the
interval 0,H,75 kOe atT5273 K is quite consistent with
the experiment.

8. CONCLUSION

1. The magnetizationM (T) and the electrical resistivity
r(T) of a 150-nm thick La2/3Ca1/3MnO3 film have been stud-
ied in the temperature range 5 K<T<320 K in the magnetic
field intervals 10 Oe<H<400 Oe and 0<H<50 kOe, re-
spectively. It is found, that theM (T)/M (0) value is larger
than that predicted by the conventional molecular fie
model below the Curie pointTC5267 K, and that the
logr(T) dependence is close to linear (logr(T)5A1BT)
in the temperature range 80 K,T,200 K ~accordingly
] ln r/]T is constant in this region!.

2. A model of the electrical conductivity and magnetor
sistivity of the system describing qualitatively the expe
mental results is proposed~the Dmt model!. The model in-
cludes a thermally activated~with characteristic energyD!
mechanism of conductivity, dependence of the concentra
and the effective mass~m! of the itinerant charge carriers o
the magnetization, as well as scattering~with character time
t! of the charge carriers by static breakings of the trans
tional symmetry, thermal fluctuations of the magnetic ord
and phonons.

The authors are pleased to dedicate the paper to Ac
mician V. V. Eremenko, whose multifaceted scientific intere
and achievements in the physics of magnetic phenomen
the compounds ofd and f elements are widely appreciated
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