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Abstract

Magnetic properties of cubic La
1~x

Ca
x
MnO

3
(0)x)0.4) are investigated between ¹"5 and 310K in the external

"eld of 2G. The dependence of the ferromagnetic transition temperature on x is analyzed with the model of spin polarons
associated with electronic localization and electron}electron interaction. The bandwidth of the localized electrons is
found to be ="1.90$0.05 eV. In the samples with x(0.2 and the Mn4` concentration c(0.26, a transition to
a canted antiferromagnetic spin state is observed. The dependence of the transition temperature, ¹

1
, on c can be well

described by a model including the Mn3`}Mn3` superexchange and the Mn3`}Mn4` double-exchange interactions. In
the samples with x)0.2 and c)0.22 the value of the critical exponent, c"1.21$0.05, is obtained for the temperature
dependence of the zero-"eld-cooled susceptibility function s~1 (¹)&(¹!¹

C
)c, for ¹'¹

C
. ( 2000 Elsevier Science

B.V. All rights reserved.

PACS: 75.20.C; 75.30.C; 75.30.E
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1. Introduction

The undoped manganite LaMnO
3

is known as
an insulator with antiferromagnetic (AFM) order-
ing of the Mn3` ions. However, both magnetic and
transport properties of this and related manganite
and cobaltite perovskites can be substantially var-
ied by hole doping [1]. Namely, if a part of Mn3`

ions is changed for Mn4` the compound becomes
a mixed valence material, and a new type of interac-
tion (the double exchange) between the Mn ions

appears. This may be achieved in two di!erent
ways. The "rst is substitution of Ca2` (or another
divalent alkaline element, e.g. Ba, Sr, etc.) for La3`
to form alloys like La

1~x
Ca

x
MnO

3
(brie#y

LCMO) [1]. The other way is formation of cation
vacancies in the lattice [2,3] or deviations from the
ideal oxygen stoichiometry [4]. At high temper-
atures LCMO is a paramagnet (PM). Its low-tem-
perature magnetic and transport properties are
di!erent in di!erent intervals of the Mn4` ion
concentration, c. Namely, for 0)c(0.18 and
temperatures¹(¹

N
, LCMO is an AFM insulator

while for 0.18}0.20)c(0.5 and ¹(¹
C

it is a fer-
romagnetic (FM) metal, where ¹

N
and ¹

C
are the

NeH el and the Curie temperature, respectively [1,5].
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Fig. 1. Dependence of the lattice parameter of La
1~x

Ca
x
MnO

3
on the composition. The open symbols represent our data (the
solid line is a linear "t for 0.15)x)1) and the closed symbols
are the data taken from Ref. [2].

Near c+0.5 ordering of Mn3` and Mn4` ions is
observed [6,7]. Additionally, for c+0.33 (where
¹

C
attains its maximum) application of an external

magnetic "eld at temperatures near ¹
C

results in
a very large decrease of the resistivity. This ef-
fect, known as the &colossal magnetoresistance',
has attracted much attention since its very
discovery [8].

The magnetic and transport properties of
LCMO are believed to be determined by competi-
tion between the Mn3`}Mn3` superexchange (SE)
interaction, leading to the AFM ordering, and the
double-exchange (DE) mechanism aligning the
Mn3`}Mn4` spins ferromagnetically by electron
transfer via O2~ ions [9,10]. Additionally, an inter-
play of the SE and DE interactions can form below
¹

1
(¹

N
, ¹

C
a canted AFM orientation of Mn

spins [10]. However, the DE mechanism has been
criticized for omission of the electron}lattice inter-
action and association of the Jahn}Teller (JT) e!ect
was suggested [11]. Several theoretical attempts
have been made [12,13] to incorporate formation
of lattice polarons in perovskite manganites, as
a consequence of the JT e!ect. Di!erent types of
magnetic polarons have been introduced, including
small polarons (one carrier) [14], large polarons
(large amount of carriers) [15] or spin polarons
associated to electronic localization [16]. There
is evidence, obtained by neutron-scattering experi-
ments, that droplets with magnetic coupling di!er-
ent from the matrix may exist in the FM phase of
LCMO [17]. There are also results suggesting
that small FM clusters/polarons are present with-
in the PM phase of La

0.67
Sr

0.33
MnO

3
[18] and

in La
0.75

Ca
0.2

Mn(Co)O
3

[19]. As reported for
La

0.8
Ca

0.2
Mn(Co)O

3
[20], upon approaching

¹
C

from the low-temperature side the FM phase
breaks down to small superparamagnetic clusters
with size of &5}10 nm.

As found in many cases, the properties of manga-
nite perovskites depend strongly on the applied
magnetic "eld, B. The external "eld can (i) expand
the FM phase by shifting of ¹

C
towards higher

values [5], (ii) in#uence strongly on the onset of the
magnetic irreversibility [21], (iii) cause a coales-
cence of small spin clusters into larger ones [20]
and (iv) destroy the spin canting when B is in-
creased [22]. In this work we investigate the mag-

netization of LCMO in a "eld as low as 2 G provid-
ing a minimal perturbation of the Mn spin system.
The results give important information about mag-
netic properties of the compound, obtained so far
mostly by measurements in much higher "elds.

2. Experimental results

Samples of LCMO with 0)x)1 were syn-
thesized with a standard ceramic technique (see e.g.
Ref. [5]) by mixing stoichiometric proportions of
La

2
O

3
, CaCO

3
and MnO

2
and heating in air at

13203C at "rst for 15h, then for 5 and 15 h, and at
13753C for 22 h with intermediate grindings. The
X-ray powder di!raction measurements at room
temperature showed that all the samples were of
single phase, having cubic structure. The depend-
ence of the lattice parameter, a, on composition
is shown in Fig. 1 (open symbols). At 0.15)x)1
the function a(x) is linear, a(x)"a

0
}a

1
x with

a
0
"7.846$0.005 and a

1
"0.399$0.009As .

Additionally, the values of a at corresponding x are
close to those found for the cubic LCMO (at
0)x)0.5) in Ref. [2] (see Fig. 1, closed symbols).
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Table 1
Parameters of the investigated samples (the symbols are
explained in the text)

Sample nos. x c

d1 0.00 0.21
d2 0.05 0.18
d3 0.15 0.22
d4 0.20 0.26
d5 0.30 0.34
d6 0.40 0.43

Fig. 2. Temperature dependence of s
ZFC

(open symbols) and s
FC

(closed symbols) for samples d2 and d5 (a) and of s
ZFC

for
samples d1}d3 (b) and d4}d6 (c).

DC magnetic measurements were made with
a SQUID magnetometer using LCMO samples
with x"0, 0.05, 0.15, 0.2, 0.3 and 0.4 (denoted in
Table 1 by d1, d2, . . , d6, respectively). The
temperature dependence of the magnetization,
M(¹), was measured after cooling the samples from
310 to 5K in zero (B (0.1G) "eld (ZFC) or in the
"eld of 2G (FC). The dependencies of s

ZFC
(¹) and

s
FC

(¹) (s"M/B) are shown in Fig. 2.
As evident from Fig. 2(a), both s

ZFC
(¹) (open

symbols) and s
FC

(¹) (closed symbols) exhibit
a sharp FM transition in samples d2 and d5.
Additionally, the plots of s

ZFC
(¹) and s

FC
(¹) di-

verge clearly below the magnetic irreversibility
temperature¹

*
+¹

C
. The other specimens demon-

strate similar magnetic irreversibility. With respect
to the dependence of s

ZFC
on ¹ the samples can be

divided into two groups, displayed separately in
Figs. 2(b) and (c). Besides the FM transition at ¹

C
,

the samples of the "rst group with 0)x)0.15
(d1}3) exhibit an additional in#ection of s

ZFC
(¹)

at a temperature ¹
1

between 70 and 100 K. This
anomaly is not observed in the samples belonging
to the second group with 0.20)x)0.40 (d4}6).
Behavior of M(¹), similar to s

ZFC
(¹) for our sam-

ples of the "rst group was recently observed in
La

0.83
Sr

0.17
MnO

3
at ¹

1
+128 K in the "eld of

B"100G and interpreted as a second magnetic
transition (predicted in Ref. [10]) where the Mn
moments cant antiferromagnetically [22]. In low
"elds the corresponding transition has been ob-
served in LCMO with x"0.20 (B"100G, ¹

1
+

75K) [23] and in La
1~x

Sr
x
CoO

3
with x"0.20

(B"20 G, ¹
1
+80K) [24]. As shown in Fig. 3, in

our LCMO samples these transitions are clearly
visible, either as a downward (at ¹

C
) or an upward

(at ¹
1
) peak in the plots of ds

ZFC
(¹)/d¹ versus ¹.

These plots allow accurate determination of the
values of ¹

C
and ¹

1
except for d3 where the peak

at ¹
1

is smeared out.

3. Discussion

To analyze the dependence of ¹
C

on x we apply
the model of Varma [16] which treats the PM to
FM transition in La manganites by considering the
electron localization due to magnetic disorder and
the electron}electron interactions. In this model the
electrons are localized below the mobility thre-
shold, inside a band with rectangular shape of the
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Fig. 3. Dependence of ds
ZFC

/d¹ on temperature for samples
d1}d6.

Fig. 4. Experimental dependence of ¹
C

on x (closed symbols)
and the "t with Eq. (1) (solid line) (a) dependence of c on
x evaluated with Eq. (3) (solid line), the data from Ref. [2] (open
symbols) and the concentration of Ca2`, x (dashed line) (b)
¹

1
versus c obtained in this work (solid symbols) and the data

from Refs. [22] (O), [23] (K) and [24] (£) (c).

density of states and the bandwidth=. ¹
C

satis"es
the equation

¹
C
+0.1EF

#0)
(c), (1)

where EF
#0)

(c) is the electronic cohesive energy in
the FM phase,

EF
#0)

(c)"
=

2
c(1!c). (2)

To determine the relation between c and x, we take
into account a possibility that cation vacancies
(with concentration d) are generated during prep-
aration of the samples, and that these vacancies can
be occupied by Ca2` ions. Each vacancy of the
cation sublattice of LCMO yields three Mn4` ions.
Therefore, c is increased by one if one Ca2` is
substituted for La3`, while c is decreased by two
for occupation of a vacancy by Ca2`. The con-
centration of Mn4` at a given x can be written as
c(x)"c(0)#x

1
#x

2
, where c(0)"3d, x

1
"

xP
1
(x) is the concentration of Ca2` ions sub-

stituted for La3` and x
2
"xP

2
(x) is the concentra-

tion of Ca2` ions which occupy the cation
vacancies. Taking into account that the respective
probabilities can be written as P

1
(x)"x/(x#d)

and P
2
(x)"d/(x#d), we obtain the concentration

of the Mn4` ions as

c(x)"
x2#dx#3d2

x#d
. (3)

The experimental dependence of ¹
C

on x is
shown in Fig. 4(a) together with the "t (solid line)
calculated with Eqs. (1)}(3), using = and d as
adjustable parameters. A reasonable agreement
with the experimental data is obtained for
="1.90$0.05 eV and d"0.071$0.006. Note
that d should be sensitive to details of the prepara-
tion method and can vary randomly from sample
to sample. However, as seen from Fig. 4(b) the
dependence of c on x evaluated with Eq. (3) (solid
line) is in the interval of 0.1)x)0.3 very close to
that obtained independently in Ref. [2] (open sym-
bols). At low x the calculated dependence deviates

274 R. Laiho et al. / Journal of Magnetism and Magnetic Materials 213 (2000) 271}277



Fig. 5. Dependence of ln(1/s
ZFC

) on ln(¹/¹
C
!1) for samples

d1}d6 together with linear "ts (solid lines) (a). The angular
coe$cient c versus c (b).

distinctly from the concentration of Ca2` (dashed
line), agreeing well with the behavior in Ref. [2].
The bandwidth = in LCMO is similar to that
(=+2.5 eV) in La

1~x
Sr

x
MnO

3
[16]. Finally, the

values of c calculated for our samples with Eq. (3)
are listed in Table 1. All samples satisfy the
conditions of the FM region of the magnetic phase
diagram (see Section 1). The dependence of ¹

1
on c is shown in Fig. 4(c) (closed symbols).
In this "gure displayed also are the corresponding
data from Refs. [22}24] (open symbols). We com-
pare them with the function ¹

1
(c) derived by

de Gennes [10],

¹
1
"¹

C
!

2

3 K
1

m
!

2

5 KA4bc#
35

4
¹

CB, (4)

where m"bc/(DJD S2), J is the AFM exchange inte-
gral of the SE interaction, S"3

2
and b is the elec-

tron transfer integral which determines the DE
coupling. The value of b,b/(DJDS2)+16 [10] has
been obtained using results of neutron di!raction
experiments [1] in LCMO with x)0.2. From the
width of the spin-wave spectrum determined in
LaMnO

3
by neutron scattering [26], the value of

DJD"7.2K was found, and for b"16 the value of
b"270K was obtained [25]. For CaMnO

3
a smaller value of DJD+6.4K (due to the di!erence
between the ionic radii of La and Ca) was estimated
using ¹

N
"90 K [25].

The values of ¹
1

shown in Fig. 4(c) were deter-
mined for x)0.2. Using the values of DJD for
LaMnO

3
and CaMnO

3
in Ref. [25], we conclude

that the variation of DJD for these values of x is about
2% and can be neglected. The dependence of ¹

1
on

c evaluated with Eq. (4) by taking a slightly higher
value of DJD"7.7 and b"270K is shown in Fig.
4(c) (the solid line). This line reproduces well both
the experimental dependence of ¹

1
on c (the uncer-

tainty of c is shown by the horizontal error bars)
and the value of c where the transition to the canted
AFM state disappears (shown by the point at
¹

1
"0 and c"0.26 for d4, see also Fig. 3).
It has been suggested, however, that in doped

LaMnO
3

b can depend strongly on the average
distance between Mn ions, Sr

A
T [27]. Because the

parameters c and Sr
A
T are interrelated, this may

lead to a corresponding dependence of the transfer

integral on c what has not been taken into account
above. To estimate possible variation of b with c,
we evaluate the function ¹

1
(c) by assuming a linear

dependence, b"b
0
#b

1
c with b

0
"270K, b

1
"

!40K (Fig. 4(c), dotted line) and b@
1
"100 K (Fig.

4(c), dashed line). The area between these two lines
covers all the data points taking into account their
errors. Then, the upper limit of the relative vari-
ation of b satis"es the condition *b/b(D*b

1
D*c/b

0
where D*b

1
D"b@

1
!b

1
"140K and *c+0.09 are

the variations of b
1

and c, respectively. These
values give *b/b(5%, i.e. also variation of b in the
investigated interval of c is negligible. We conclude
that the function ¹

1
(c) can be described satisfactor-

ily by the model of de Gennes [10].
Finally, we attempt to determine the critical in-

dex, c, of the temperature dependence of the inverse
susceptibility near the FM to PM transition
(¹'¹

C
),

s~1(¹)JA
¹

¹
C

!1B
c
. (5)

The plots of ln(1/s
ZFC

) versus ln(¹/¹
C
!1) shown

in Fig. 5(a) for samples d1}d6, can be "tted
well with a linear function, using the values of the
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Fig. 6. Temperature dependence of the resistivity for sample d5
with x"0.3 in di!erent magnetic "elds.

angular coe$cients, c, presented in Fig. 5(b). The
results are quite di!erent for the two groups of the
specimens mentioned above: c"1.21$0.05 for
samples d1}3 (x"0}0.15 and c+0.18}0.22) and
c*"1.67$0.05 for samples d4}6 (x"0.2}0.4
and c+0.26}0.43).

The values of c lie between those predicted by
the 3D-Heisenberg model (c"1.4) and by the
mean-"eld theory (c"1) [28]. Similar values of c
between these two limits have been found in
La

0.67
(Ba

y
Ca

1~y
)
0.33

MnO
3

(c"1.29, 1.11 and
1.12 for y"1, 0.5 and 0.25, respectively) from the
analysis of modi"ed Arrot plots [29]. A lower
value, c"1.08, was obtained in La

0.8
Sr

0.2
MnO

3
[30], while the values close to that of the 3D-
Heisenberg model were determined in
La

1~x
Sr

x
CoO

3
(c"1.39 for x"0.20, 0.25 and

1.43 for x"0.30) [24].
On one hand, the values of c* are similar to those

calculated numerically in the percolation theory for
3D case: c

1
"1.69$0.05 [31] and 1.70$0.11

[32]. On the other hand, additional investigations
are required to ensure that the parameter c* found
above for LCMO with x*0.2 and c*0.26 really
represents the corresponding critical exponent. The
point is that from the analysis of the Arrot plots in
La

0.67
(Ba

y
Ca

1~y
)
0.33

MnO
3

it was established that
only in the samples with y*0.25 the magnetic
properties follow the behavior expected for a con-
ventional second-order FM transition [29]. Addi-
tionally, in La

0.7~y
Pr

y
Ca

0.3
MnO

3
a hysteresis of

the temperature dependence of the resistivity, o(¹),
observed near ¹

C
for y"0.175}0.6 demonstrates

that in these samples the FM transition is of the
"rst order [27]. However, no hysteresis of o(¹) can
be seen in this compound at y"0 [26]. In the
measurements of o(¹) in LCMO for 0.125)
x)0.5, the hysteresis was found only for the
sample with x"0.5 [23], what is a typical feature
of the charge-ordered state. The temperature de-
pendencies of the resistivity, o(¹) of our LCMO
sample d5 with x"0.3 in "elds B"0, 1, 4 and 8T
are presented in Fig. 6. The DC measurements
performed with the standard four-probe method
yield no di!erence between the curves o(¹)
measured by increasing and decreasing ¹ at any
applied "eld or in any temperature interval
between ¹"5 and 320K.

4. Conclusions

In this work magnetic properties of cubic
La

1~x
Ca

x
MnO

3
(0)x)0.4) are investigated at

¹ between 5 and 310K in the magnetic "eld of 2G.
The analysis of the dependence of the FM Curie
temperature, ¹

C
, on x is performed with the model

of Varma [16], considering spin polarons asso-
ciated with electronic localization and electron}
electron interactions. The dependence of the con-
centration of Mn4` on x is obtained by taking into
account formation of the vacancies in the cation
sublattice of LCMO. At low x the values of c devi-
ate distinctly from the concentration of Ca2` and
agree well with those given in Ref. [2]. The value of
the bandwidth of the localized electrons,
="1.90$0.05 eV, is found to be similar to that
of La

1~x
Sr

x
MnO

3
(=+2.5 eV) [16].

In the samples with x"0}0.15 (c)0.22)
a transition to a canted AFM state is observed. The
dependence of the transition temperature, ¹

1
, on

c agrees satisfactorily with that predicted by the
model of de Gennes [10] when the variations of the
AFM exchange integral, J, and the electron transfer
integral, b, can be neglected.

The value of the critical exponent, c"
1.21$0.05, determined from the slopes of the plots
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of ln (1/s
ZFC

) versus ln(¹/¹
C
!1) for the samples

with x"0}0.15 (c+0.18}0.22) lies between those
of the mean-"eld theory (c"1) and of the 3D-
Heisenberg model (c"1.4). Similar values of c be-
tween these two limits were obtained with the
modi"ed Arrot plots for La

0.67
(Ba

y
Ca

1~y
)
0.33

MnO
3

with y*0.25 [29].
The value of the angular coe$cient of the de-

pendence of ln(1/s
ZFC

) on ln(¹/¹
C
!1),

c*"1.67$0.05, obtained in the samples with
x"0.2}0.4 (c+0.26}0.43) is close to the values of
the critical exponent, c

1
"1.69$0.05 [31] and

1.70$0.11 [32], calculated in the percolation the-
ory. However, it should be kept in mind that the
di!erence between c and c* may be connected to
the possibility of the "rst-order FM transition in
the samples of the second group. In this case c*
does not present any critical exponent.
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