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The magnetization M(T) and electrical resistivity p(T) of a Lag/3Cay3MnOg3 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 the M(T) /M(0) value
is larger than that predicted by the conventional molecular field model below the Curie point
T = 267 K, and that the In p(T) dependence is close to linear in the temperature range
80 K < T < 200 K (accordingly, 0 In p /0T is constant in this region). A model of the electri-
cal conductivity and magnetoresistivity of the system describing qualitatively the experimen-
tal results is proposed (the Amt model). The model includes a thermally activated (with cha-
racteristic energy A) 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 sym-

metry, thermal fluctuations of the magnetic order, and phonons.

PACS: 75.30.Vn, 72.80.Ga, 81.05.—t

1. Introduction

Complex oxides containing manganese ions
Mn3* and Mn?* have been attracting much atten-
tion in physics and technology in the last 10 years
due to the «colossal magnetoresistance (CMR) ef-
fect» discovered in them: the electrical resistance of
the compounds decreases substantially (in orders of
magnitude) when an external magnetic field is ap-
plied to a sample in the vicinity of the Curie tem-
perature (see reviews [1—6]). The nature of this
phenomenon is being studied intensively; the main
directions of the research are outlined in the
above-mentioned reviews. We note here also the
following original papers, references to which will
be made below [7—14].

The key point in an understanding of the CMR
mechanisms is elucidating of the nature of changes
of the electrical resistance on passage through the

Curie point, first of all in the absence of the exter-
nal magnetic field. The present work is devoted to
an experimental study of the problem as well as to
a theoretical modeling of the phenomenon.

The dependences of the magnetization and elec-
trical conductivity of a La, 5Ca; ,3sMnOy4 film on
the temperature and magnetic field are studied ex-
perimentally and analyzed. A model of the electri-
cal conductivity and magnetoresistive behavior is
proposed (Amt model). The model includes a ther-
mally activated (with the characteristic energy A)
mechanism of conductivity, dependence of the con-
centration and effective mass (m) of the itinerant
charge carriers on the magnetization, as well as
scattering (with the characteristic time 1) of those
carriers by static breakings of translational symme-
try, thermal fluctuations of the magnetic order, and
phonons.
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2. The Amt model of conductivity

The proposed effective model of conductivity is
based on the concept of thermal excitation of the
charge carriers from localized states to itinerant
states. We do not specify here the type of charge
carriers, but for simplicity, without any loss in ge-
nerality, we call them electrons. In this picture,
above the Curie point the charge carriers are loca-
lized, so that their motion between the crystal sites
can only be of the thermally activated kind. At the
same time they appear to be nearly free in the
ferromagnetically ordered state. Thus their activa-
tion energy has to be dependent on the magnetic or-
der parameter.

2.1. Activation energy

Analysis of the results of our present measure-
ments of the electrical resistivity and magnetization
of the La, sCa; sMnOj; film (see Secs. 5, 6) has
shown that the dependence of the activation energy
A on the ferromagnetic order parameter of the sys-
tem o = M(T, H)/M0 in a vicinity of the Curie
point T is close to linear (here M is the magnetiza-
tion, T is the temperature, H is the magnetic field,
and M, is the magnetization at 7=0). On the other
hand, the conductivity must be of the nonactivated
kind at T = 0 (the experiment gives a finite value of
the corresponding electrical resistivity of the sys-
tem p). Thus we choose the simplest dependence
A(o) satisfying the above mentioned requirements,
in the form

A=Ay(1-0), )

where A, is the activation energy in the para-
magnetic region and will be determined in the
model by fitting to the experimental data.
Expression (1) gives for the concentration of the
electrons in the «conduction band» the value

a9(1-0)
n=ngye T (2)

where ny is the concentration of the conduction
electrons in the completely ordered system (o= 1).

Note that a dependence of the form in Eq. (2)
was established for the concentration of the con-
duction electrons of EuO in Ref. 8.

2.2. Effective mass of charge carriers

The hopping integral of the electrons in the
«conduction band» depends on the mutual orienta-
tion of the local spins of nearest magnetic ions [5],
so that their effective mass m" also depends on o :
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m =m 2 (3)
1+o

Here my is the effective mass of the perfect crystal

(6 = 1) and will be considered further as a fitting

parameter of the model.

The expression (3) has been obtained by the av-
eraging of the hopping integral over the crystal
with a subseqnent transition to the effective mass
representation in a model of magnetization in
which the local quantization axes for the itinerant
electrons (i.e., the directions of the local magnetic
moments considered as classical vectors) are de-
flected from the easy magnetization axis by the
same polar angle at every Mn site, and the azimuth
angles are randomly distributed uniformly in the
interval (0,2n).

2.3. Transport relaxation time

The electrical resistivity of the system is calcu-
lated in the model by the Drude formula

p=—"i—, (4)
627’1'[

where e is the electron charge, m* and n are
determined by Egs. (1)—(3), and the transport
relaxation time 7 is defined by the sum

1 .1 -1 -1
T 1—Tst+tph+rm . (5)

Here ., © and T, are the characteristic times for
the scattering by the static breakings of the trans-
lational symmetry of the system (this is principally
because of the random distribution of the La and
Ca ions in the crystal), phonons, and fluctuations
of the local magnetic moments, respectively.

Taking into account Egs. (1), (2), (4), and (5),
and wusing the theoretical approaches from
Refs. 1517, we write the expression for the electri-
cal resistivity of the system in the form

2 A
p=e3T (pg +pph +Pm) - (6)

Here the resistivity pg, , caused by the static brea-
kings of the crystal-lattice translational symmetry,
is given by

) 2
o)=pgl — | ,
pst( ) p0(1+6) (7
where Eq. (3) and the theory of Ref. 15 have been
taken into account.

The resistivity p ph caused by the electron—pho-
non scattering, is evaluated by the Bloch-Griineisen

formula [16]
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©p
pon =4p (TJS T xodx
meen) (et 1) (1)

where the Debye temperature ® ) is taken equal to
440 K (by our estimate made using the sound
velocity from Ref. 18), which is in accordance with
other estimates [6,19].

The resistivity p,, caused by the electron scatter-
ing on the disordered local spins is evaluated using
the Kasuya expression [17], modified for the pre-
sent case by replacing the constant effective mass
by a function of magnetization [Eq. (3)]:

, (8)

2
Pm :pmoo(2j S(S—SGZ -c+1). 9)
1+o

Note that as one can see from Egs. (6), (7), and
(9), all three scattering times in Eq. (5) have the
same dependence on n (t o« n~1/3), 1 and t, have
the same dependence on m" (r;t1 m) ~ m").

Exponential dependences of the electrical resis-
tivity, compatible with Eq. (6) (i.e., with the ar-
gument of the exponential function being linearly
dependent on magnetization), were observed expe-
rimentally in Refs. 7-9. Other forms of the p(c)
dependence were proposed in Refs. 7, 11—-14. On
our opinion, these last do not have as good agree-
ment with 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 spin S in Eq. (9) was put equal to 2,
and the reduced magnetization =M /M was esti-
mated in the modified molecular field model. This
model differs from the conventional form (see, for
example, [20]) by the additional fitting parameters
a and k. They formally take into account the effect
of spontaneous magnetization on the interatomic
exchange parameter and the effect of the short-
range order on the charge-carrier scattering above
the Curie temperature. The latter is substantial in
the case of a short mean free path of the carriers,
because they are localized in the absence of mag-
netic order, as is evidenced by the change of charac-
ter of the conductivity from metallic to semicon-
ductive when going from the ferromagnetic to the
paramagnetic state of the oxide.

The ferromagnetic order parameter in the model
is defined by the following equation:
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6 =Bg ﬁ+ 33 TC(1+aG2)c

10
T S+1 T (10)

Here Bg(x) is the Brillouin function for spin S = 2,
T is the Curie temperature, £ is a fictive magnetic
field modeling the effect of short-range magnetic
order above T, and @ is a magnetoelastic para-
meter describing the magnetostrictive shift of 7'
[21].

Note that the value S = 2 for the local spin used
in the model corresponds to the spin of the Mn3*
ion but not to the spin S = 3 /2 of the Mn** ion,
which must actually be regarded as the local spin.
This is done just because it gives a better fit (com-
pared to S = 3,/2) of the experimental data in the
low-temperature region, where molecular field the-
ory, used in the model over the whole temperature
range for simplicity, is not valid a priori. Thus,
such a substitution can be made without any funda-
mental significance. In the most important region,
in the vicinity of Te, the value S = 3 /2 gives the
better result in the conventional molecular field
model and therefore requires a weaker correction
for agreement with the experimental data.

4. Nature of the activation energy A

As one can see from Sec. 7, this simple model (it
will be referred to below as the Amt model) gives a
temperature dependence of the electrical resistivity
of the given oxide quite close to the experimental
one. Here, however, a detailed microscopic picture
of the phenomenon (i.e., mainly the nature of the
activation energy A) is not considered. Moreover,
we do not discuss here the values of all the fitting
parameters (they are physically quite reasonable)
and their exact origin. Obviously, behavior of the
conductivity similar to that in the Amt model can
be obtained in a different way, but we suppose that
this model is the simplest which takes into account
the most important factors that can influence the
magnetoresistive effect in doped manganites.

The activation energy A in the model can reflect
an effect of localization of the charge carriers [22]
when the magnitude of the fluctuations of their ex-
change energies exceeds some critical value, at least
for the majority of them at T > T~ . Apparently, a
starting point for constructing a model of conduc-
tivity in manganites can be the concept of double
exchange [23—25]. In reality the picture of the phe-
nomenon appears to be more complex. The role of
the charge carriers be played by magnetic polarons,
which are being formed due to the interactions bet-
ween the quasilocal charge carriers and magnetic
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moments of the surrounding lattice sites, and due
to deformations of the atomic structure over dis-
tances of the order of the first coordination sphere
(see the general discussion in Refs. 22, 26, and 27
and the manganite-specific one in Refs. 2, 6, and
28). Note that the origin of the local lattice defor-
mations can be of an exchange—relativistic nature
[29]. There is no necessity, however, to make more
precise the character of the charge carriers in the
original Amt model.

5. Experimental

The La,  Ca MnOg (x =1,/3) film (about 1500 A
thick) was grown by pulsed laser deposition on a
LaAlOg substrate. A KrF excimer laser operating at
248 nm was used to ablate the target material, with
a nominal composition Laz/SCaVSMnO3 . The tar-
get was prepared by the conventional solid-state re-
action method starting from high-purity powders of
La,05, CaCO4, and MnCO5 . An x-ray study of
the target has shown that it is homogeneous in com-
position and does not contain a residue of the start-
ing chemical components. The film obtained was
tested by the x-ray diffraction method and on an
atomic force microscope. The resistance as a func-
tion of temperature (in the range 5-320 K) and
magnetic field (up to 50 kOe) was measured by a
standard four-point probe technique. The magneto-
resistance Z(T, H) = [p(T, H) — p(T, 0)]/p(T, 0)
was measured in a transverse geometry (with the
field perpendicular to the film plane). The magne-
tization was measured by a SQUID magnetometer
in the field range 10 Oe < H < 400 Oe in a longitu-
dinal geometry (with the field parallel to the film
plane).

6. Results of experiment

Figures 1-7 present the following characteristics
obtained for the La, 5Ca; ,sMnO,4 film studied:
the square of the reduced magnetization
(M(T)/M(0))? in the Curie-point region, the re-
duced magnetization M(T),/M(0) at magnetic fi-
eld H = 10 Oe, the magnetization M(H) at tempe-
ratures of 10, 20, 40, and 60 K, the electrical
resistivity p(T), the electrical resistivity in a loga-
rithmic scale, the logarithmic temperature derivati-
ve of the resistivity ¢ In p/0T, and the magne-
toresistance Z(T,H) in magnetic field H = 50 kOe.

An extrapolation to 6 = 0 of the linear part of
the dependence o2(T) (Fig. 1) gave a value of T
equal to 267 K. The sharp growth of the magnetiza-
tion below T seen in Fig. 2 confirms the high ho-
mogeneity of the film. The magnetic field depen-
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Fig. 1. Square of the reduced magnetization

(M(T) /M(0))? of the Lag/3CaqsMnOg3 film in a mag-
netic field H = 10 Oe in the Curie-point region (O);
the solid line determines the Curie point T ; the
dashed and dotted lines show the expected dependences
in the conventional molecular field model for spins
S =2and S =3/2, respectively.

dence of the magnetization is found to be nonlinear
in the temperature and magnetic field ranges stu-
died (Fig. 3). At T = 10 K the magnetization M is

i La,.Ca,,MnO,

M/M,

o  experiment
—— model
- — — Brillouin, S=2

0 100 200 300
T, K

Fig. 2. Temperature dependence of the reduced magne-
tization M(T)/M(0) of the Lay3CaysMnOs film in a
magnetic field H = 10 Oe applied in the film surface
plane: experiment (O) and calculations (solid line) in
the modified molecular field model; the dashed line
shows the M(T) /M (0) dependence in the conventional
molecular field model (the Brillouin curve) for spin
S=2.
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Fig. 3. Magnetization M(H) vs magnetic field H
applied in the surface plane of the Lay;3Cay3MnO3 film
at temperatures of 10 K (O), 20 K (V), 40 K (A), and
60 K (O).

equal to 86 G at H = 10 Oe, and it obeys the equa-
tion M[G]=85+375-10"2H [Oe] in the range
100—400 Oe. The magnetic moment per Mn atom is
equal to 0.61 py at H = 400 Oe. This shows that
the magnetization is far from saturation in the field
range under study.

As one can see from Fig. 4, the p(T) behavior
has a semiconductive character above T~ . Below
T the resistivity decreases sharply, falling to

4 B La2/3ca’|/3MnOS
e i
é:’ i o experiment //
e i Amt model /
2 2F --- Amt50kOe | /
< i /
» /
O A | 1 I 1 1
0 100 200 300

T, K

Fig. 4. Electrical resistivity of the Lay3Caq;3MnOg3 film
vs temperature (O); the solid and dashed lines represent
calculations in the Amt model for magnetic fields of 0
and 50 kOe, respectively.

778

10°L
E La2/3ca1/3MnOS
i /
3
g 10"
c N
= C
d 5 ~
o  experiment
10° k.. Amt model
- —— Amr, 50 kOe
[ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I L L
0 100 200 300

T, K

Fig. 5. Electrical resistivity of the Lay/3Cay/3MnO3 film
vs temperature in logarithmic scale (O); the solid and
dashed lines represent calculations in the Amt model for
magnetic fields of 0 and 50 kOe, respectively.

p=90.6 uQ-cm at T = 5 K. As is evident from
Fig. 5, the dependence p(T) in a logarithmic scale
(i.e., 1g p(T)) is close to linear in the range
80 K <T <200 K. The nearly constant value of the
logarithmic derivative of p(T) seen in Fig. 6 also
confirms the exponential temperature dependence
of p(T) in this temperature range.

The temperature dependence of the = at
H = 50 kOe presented in Fig. 7 is of the usual type

0.10 |-
i La2lsca‘|/3MnOS
L H=0
) R
N4
0.05 ;
iy o  experiment
2 i Amt model
C =
T
B S
L gziiiiiiiiiﬂ:::::::::ﬁ:‘i‘.
0 b
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1

0 100 200 300
T, K

Fig. 6. The logarithmic temperature derivative of the
electrical resistivity of the Lay3Cay3MnOgz film vs tem-
perature (O); solid line represents the Amt model cal-
culations.
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Fig. 7. Magnetoresistance [p(H) — p(0)]/p(0) of the
Lay/3Caq;3MnOg3 film vs temperature in a magnetic field
of 50 kOe (O); the dotted, solid, and dashed lines
represent the Amt model calculations for magnetic fields
of 5, 50, and 500 kOe, respectively.

for CMR manganites of fairly good crystal quality.
It should be noted here that at the field 5 kOe the
= value was positive practically in the whole tem-
perature range studied.

7. Comparison of the model and experimental
data

The magnetization of the film, as one can see
from Figs. 1 and 2, is substantially higher than that
predicted by the conventional molecular field
model (2 =0, @ =0 in Eq. (10)): the coefficient b
in the formula 6> = b (1 = T /T ), which is valid
in some neigborhood just below the Curie tempera-
ture, turned out to be about three times larger than
the theoretical value (see Fig. 1). Possible reasons
for this are a peculiarity of the double exchange [7]
and an enhancement of the effective interatomic ex-
change interaction by the magnetoelastic coupling.
The last has been taken into account in the modi-
fied molecular field model by the factor (1-ac?)
(in accordance with Ref. 21), which gives practi-
cally complete coincidence with the experimental
data just below T (Fig. 2), in contrast to the re-
sults of Ref. 7, where the model curve increases
faster than the experimental curve on lowering of
the temperature.

Using Eqgs. (1)—(10) and the experimental data
on the magnetization and electrical resistivity, we
obtained the following model parameters giving the
best fit to the experimental data on resistivity pre-
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sented in Fig. 4: Ay = 555 K, p, = 90.6 uQ-cm,
pp =400 uQ-cm, p, =29.7 uQ-cm, i =1 K (this
corresponds to a fictitious «short-range-order field»
of about 3725 Qe), a = 0.26. The model tempe-
rature dependence p_ (T) calculated with these
parameters practically coincides with the experi-
mental data for p(T) (see Fig. 4). The model tem-
perature dependences Ig p (T) and dInp_ /0T
also agree well with the experiment in the main
temperature region (see Figs. 5, 6).

The numerical analysis has shown that the
nearly linear in T region of the 1g p(T) dependence,
which can be seen clearly (Fig. 5) in the range
80 K < T < 200 K, as well as the nearly constant
value of the dlnp,/ 0T derivative in the same tem-
perature interval (see Fig. 6), are caused by the
compensation of the bending «up» of the A/T
curve in the Eq. (6) by the bending «down» of the
curve 1g [py (T) + Pph (T) + p,(T)]. The first can
be seen from the approximation

o(T) =g —pT — qT* =T - ...,
where g, p, g and r are constants, which gives
immediately the bending «up» curve:

A/T=8,11-c(DN/T=

=4, - (g—1)/T+p+qT+rT2+... 1.

The second is caused by the pph(T) contribution
(the contribution from p, (T) is small in the tem-
perature range under consideration, and the p
value changes weakly there).

The character of the temperature dependence of
the model magnetoresistive effect = (T, H) =
- [pmod (h, T, H) ~ pmod(h’ T, 0)]/pmod(h’ T, 0)
also corresponds rather well to the experiment at
high magnetic fields (Fig. 7), though the accuracy
in this case is somewhat lower: the maximal value
at H = 50 kOe is —0.65 at T = 274 K in the experi-
ment, whereas the model gives —0.63 at 273 K.

A somewhat unexpected finding is the experi-
mental observation of a positive magnetoresistive
effect with a maximum near T, at low fields
(H = 5 kOe). In the framework of the Amt model
this can imply an increase of the activation energy
A and an enhancement of the electron scattering.
One of the possible reasons may be the presence of
an antiferromagnetic component in the magnetic
structure of the system at low fields (see Refs. 14,
27, 30). In this case an increase of magnetization
under the influence of the magnetic field should be
accompanied by a reduction of the order parameter
of the antiferromagnetic component and by a corre-
sponding increase in the activation energy and elec-
tron scattering.
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A detailed discussion of this effect is beyond the
scope of this paper. In general, however, the cha-
racter of the behavior of the model magnetoresis-
tive effect £ | ,(H) in the interval 0 < H <75 kOe
at T = 273 K is quite consistent with the experi-
ment.

8. Conclusion

1. The magnetization M(T) and the electrical re-
sistivity p(T) of a 150-nm thick Lay3CaysMnO3
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, respec-
tively. It is found, that the M(T),/M(0) value
is larger than that predicted by the conventio-
nal molecular field model below the Curie point
T, = 267 K, and that the lg p(T) dependence is
close to linear (lg p(T) = A+BT) in the temperature
range 80 K < T < 200 K (accordingly & In p /0T is
constant in this region).

2. A model of the electrical conductivity and
magnetoresistivity of the system describing qualita-
tively the experimental results is proposed (the
Amt model). The model includes a thermally acti-
vated (with characteristic energy A) mechanism of
conductivity, dependence of the concentration and
the effective mass (m) of the itinerant charge carri-
ers on the magnetization, as well as scattering
(with character time 1) of the charge carriers by
static breakings of the translational symmetry,
thermal fluctuations of the magnetic order, and
phonons.
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