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Abstract
The transport and magnetic studies of a series of compounds having the general
formula La0.7Ca0.3Mn1−x Cox O3 (0.1 � x < 0.9) have shown that Co3+

can exist both in high spin and low spin states (diamagnetic state). This is
found to affect greatly the transport and magnetic properties of the system at
low temperature by varying the strengths of both double-exchange (DE) and
superexchange (SE) interactions. The introduction of cobalt changes the mobile
carrier concentration, so even with 10% of Co concentration the strength of DE
is found to decrease considerably. For x � 0.25 there is a clear spin transition
at low temperature from the high to the low spin state of trivalent cobalt and this
leads to change in ferromagnetic (FM) and antiferromagnetic (AFM) phases.
For x � 0.25 there are two transitions for each value of x : the upper one gives
the FM and AFM spin arrangement depending upon whether the DE or the SE
dominates; the lower one is obtained due to the transition from the high to the
low spin state of the trivalent cobalt ion.

1. Introduction

In the recent past the substituted perovskite manganites have drawn attention due to their
well known colossal magnetoresistance (CMR) property. The partial substitution with
bivalent and trivalent cations for R in RMnO3 leads to the existence of mixed valence states
of Mn3+ and Mn4+ ions which through the ‘double exchange (DE)’ interaction leads to
CMR and other interesting properties [1–3]. The extent of substitution with bivalent and
trivalent cations affects the magnetic and electrical transport behaviour and the system can
behave as an antiferromagnetic insulator (AFI), ferromagnetic (FM) metal, ferromagnetic
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insulator (FI) and paramagnetic insulator (PI) [4–9]. For manganites of general formula
R1−yAyMnO3 (A = Ca, Sr, Ba) there is a metal–insulator transition for 0.2 < y < 0.5 which
is also associated with the FM to paramagnetic (PM) transition. For all these mixed valent
manganites both the ferromagnetism and the mechanism of CMR have been traditionally
explained by means of the DE model which describes the magnetic coupling between Mn3+

and Mn4+ ions resulting from the transfer of an eg electron between two partially filled d
orbitals. Hence the electron transport is closely associated with the magnetic states that vary
with temperature and externally applied magnetic field. In recent studies it has been observed
that several other factors like local Jahn–Teller distortion of Mn3+ ions [10] affect the physical
properties of these systems.

In our present system we have studied the effect of the presence of two transition metal
ions like Mn and Co on B sites both of which can exist in mixed valent states. The interesting
question is whether DE can take place between the two different transition metal ions. There
are reports of such an interaction occurring in Ni3+–O–Co3+ [11] and Mn3+–O–Cr3+ [12].
Among the Mn and Co ions present in the system the transfer of the single eg electron of the
Mn3+(t3

2ge1
g) ion to the vacant eg orbital of the low spin CoIII (t6

2ge0
g) ion is possible. It has

been observed that the Mn site doping in R1−yAyMnO3 with Co has spectacular effects in
both magnetic and transport properties. In fact, it is reported that there is a transition from the
insulating antiferromagnet to the metallic ferromagnet phase in Pr0.5Ca0.5Mn1−x Mx O3 with
M = Cr and Co when x is increased from 0 to as small a value as 0.02 [13]. The mechanism
of I–M transition and the associated changes in magnetic ordering on Co/Cr doping are not
well understood. We have therefore carried out a study of the La0.7Ca0.3Mn1−x Cox O3 system
for 0.1 � x � 0.9.

2. Experimental details

The solid solution of cobaltite and manganite having the general formula La0.7Ca0.3Mn1−x Cox

O3(x = 0.1, 0.2, 0.25, 0.3, 0.4, 0.5, 0.7, 0.9) has been synthesized using the chemical cit-
rate gel route. X-ray diffractograms of the prepared samples were recorded using an x-ray
diffractometer (Philips PW1710). All the samples were found as polycrystalline single per-
ovskite phase. The variation of magnetization with temperature for the samples was measured
using vibrating sample magnetometer (Oxford VSM) in a magnetic field of 4 kOe and in the
temperature range of 4–300 K. Resistivity measurement was made from 300 to 10 K using
the standard four-probe method with the help of a Keithley nanovoltmeter (type 181) and a
Keithley auto-tuning programmable current source (type 224) using a Lakeshore close cycle
system (CTI, Cryogenics, Helix Technology Corporation) and temperature controller (type
330).

3. Results

3.1. Resistivity

The plots of the temperature dependence of resistivity, ρ(T ), for La0.7Ca0.3Mn1−x Cox O3

(0.1 � x � 0.5) are shown in figure 1. For x = 0.7 and 0.9 the curves are essentially similar
to x = 0.5 and so have not been included. The following features of the curves are noticeable.

(i) The room temperature resistivity (300 K) is lowest for x = 0.25 and is highest for 0.1.
(ii) The resistivity for 0.1 � x � 0.4 shows a peak at temperature T p

c , which generally
decreases as x is increased (table 1). The resistivity for x = 0.5 increases continuously
as the temperature is decreased.
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Figure 1. The variation of resistivity with temperature for 0.1 � x � 0.5 in La0.7Ca0.3Mn1−x
Cox O3. The curve for x = 0.5 is given in the inset.

Table 1. The parameters used to fit the ρ(T ) data of La0.7Ca0.3Mn1−x Cox O3 (0.1 � x � 0.5)
using equation (3) (see the text). The phonon frequency vph = 5 × 1012 Hz, a = 3.858 Å. Tc is
taken from table 2 and Tca = 350 K. Other parameters are chosen to get the best fit to the ρ(T )

curves. T p
c is the temperature at which the peak in resistivity is observed. ρ0A is the value in

equation (4) at which ε′
p = 60 K, T ′

c = 90 K, m(t ′) = 1 and θ = 20 K for 0.1 � x � 0.4. n is the
number of charge carriers, εp is the value of the small polaron stabilization energy and U0 is the
activation energy in equation (1).

x A/n (10−4 � cm K−1) n (1019 cm−3) εp (K) U0 (K) T p
c (K) Tc (K) ρ0A (� cm)

0.10 150 0.54 400 1150 185 220 150
0.20 25 3.2 400 1000 125 206 1500
0.25 5 16.4 200 800 85 188 2500
0.30 4 20.4 200 650 75 177 4000
0.40 3 27.3 200 750 85 170 2500
0.50 12 6.8 180 480 — 177 —

(iii) The low temperature resistivity for x = 0.1 and 0.2 shows a small upturn while for
x = 0.25, 0.3 and 0.4 it shows a downturn.

(iv) The peak resistivity is nearly the same for 0.1 � x � 0.4 and lies between 2 × 103 and
5 × 103 � cm.
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Figure 2. The variation of magnetization, M(T ), with temperature for 0.1 � x � 0.5 in
La0.7Ca0.3Mn1−x Cox O3: (a) x = 0.1, 0.2, 0.25 and 0.3; (b) x = 0.4, 0.5, 0.7 and 0.9.

These features are in sharp contrast to the resistivity curve for pure LCMO,
La0.7Ca0.3MnO3, for which T p

c is close to Tc, the Curie point, and ρ(300 K), ρ(T p
c ), ρ(10 K) are

all in the m� cm range [6]. For comparison Tc obtained from magnetic data for 0.1 � x � 0.5
is included in table 1.

3.2. Magnetization

The temperature dependence of magnetization, M(T ), for all samples in the range of 5–300 K
is shown in figures 2(a) and (b). There is a decrease in the peak magnetization values with
gradual increase in cobalt concentration. The samples with x = 0.1 and 0.2 have the highest
peak magnetization values of 76 and 72 emu g−1 at 5 K respectively. The above values are less
than that obtained for pure La0.7Ca0.3MnO3 (80–90 emu g−1). With x in the range of 0.25–0.9
the samples show two separate transitions in their magnetization plots; the upper critical point
is from PM to FM or to antiferromagnetic (AFM) at TC (TN ) depending on x and another
from FM (AFM) at a lower critical point, T1, at which trivalent cobalt changes from the high
spin to the low spin state. For example for the sample with x = 0.25, TC and T1 are 188 and
20 K respectively. Further the peak magnetization value, M p

s , drops significantly from 72 to
52 emu g−1 as x increases from 0.20 to 0.25. Also the samples with 0.25 < x < 0.4 show the
same behaviour, i.e. decrease in the peak magnetization values and gradual decrease in TC as
x is increased. For x = 0.5, however, the first transition occurs at 177 K and is from the PM
to the AF I (type A) state, and the second transition takes place at 51 K and is from the AF I to
the AF II state which is a layered AFM like A with trivalent cobalt in the low spin state. At this
temperature, a metal to insulator transition takes place (figure 1). The values of M p

s and the
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Figure 3. Magnetic phase diagram for La0.7Ca0.3Mn1−x Cox O3 (0.1 � x � 0.9). The dotted
line indicates the theoretical curves. The solid line indicates the experimental curve for T1. The
symbols •, � and ◦ denote the experimental Tc, TN and T1 respectively. The theoretical plot
(- - - -) for the upper critical point is obtained from de Gennes’ expression for Tc and TN given in
equations (5) and (6) respectively (see the text). FM(B) and AFM(A) types of spin arrangement
exist for 0.1 � x � 0.2 and 0.5 � x � 0.9 respectively and in the remaining region FM and AFM
coexist. The high and the low spin trivalent cobalt states are separated by the lower critical point
T1.

magnetization at 0 K, Ms(0), which are extrapolated from the 5 K data in figures 2(a) and (b),
and Tc, TN and T1 are given in table 2. The ρ(T ) curves for x = 0.7 and 0.9 are similar to
x = 0.5 and the M p

s and Ms (0) values are small, so in this region the upper transition from
PM to AF I as x increases from 0.5 to 0.9 is gradual and smooth. This is discussed in the next
section.

3.3. Magnetic phase diagram

A magnetic phase diagram has been drawn in figure 3 by plotting the experimental Tc, TN and
T1 as a function of x which is consistent with the ρ(T ) data in figure 1. There are two phase
boundaries. The low temperature region below T1 forms an AFM phase which comprises of
trivalent Co ions in the low spin state (CoIII). The transition to the high spin state occurs at
the temperature T1 when the system enters an FM phase (B) for x � 0.4. For x � 0.5, in
addition to the low to high spin transition of the trivalent cobalt, the charge order also takes
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Table 2. The distribution of charge and spin on each of the sublattices A1, A2, B1 and B2 for La0.7Ca0.3Mn1−x Cox O3 (0.1 � x � 0.9) for the
FM phase (B) and in the AFM phase (I and II) obtained from the M(T ) curves in figures 2(a) and (b). In AFM(I) the trivalent Co ion is in the
high spin state (t4

2ge2
g) while in AFM(II) it is in the low spin state (t6

2ge0
g). Sublattice 1 comprises ions on lattice sites (000) and (aa0) and 2 on

(a00) and (aaa). A indicates spin up (↑) and B spin down (↓). Each configuration of charge and spin arrangement satisfies the following: (i) four
ions each on sublattices 1 and 2; (ii) the charge distribution is close to the nominal composition and (iii) the conductive phase (FM) occurs when
the product of Mn3+ on A1 (B1) and Mn4+ on A2 (B2) ions is large. The number of spins like 5 ↑ for x = 0.1 indicates that there are five Mn3+

up spins distributed on A1(4) and A2(1) sublattices. M p
s indicates the peak magnetization in the FM phase and Ms (0) indicates the value of

magnetization at 0 K obtained from extrapolation. The agreement between theory and experiment for M p
s and Ms (0) shows that Co changes

from high spin to low spin as temperature is lowered below T1. The possible spin arrangement type is given in the last column.

Co3+

(4 µB) M p
s M p

s Ms (0) Ms (0) Possible spin
Phase I/ Mn3+ Mn4+ CoIII Co4+ (theo.) (expt) (theo.) (expt) T1 arrangement

x phase II (4 µB ) (3 µB) (0 µB) (3 µB) (emu g−1) (emu g−1) (emu g−1) (emu g−1) Tc/TN (∗) (K) type

0.1 I 5.0 ↑ 2.0 ↑ 0.50 ↓ 0.50 ↓ 73.38 76 73.38 76 220 — B
A1 + A2 A2 B2 B2

0.2 I 4.5 ↑ 2.0 ↑ 1.0 ↓ 0.50 ↓ 70.11 72 70.11 72 206 — B
A1 + A2 A2 B2 A2

0.25 I 4.0 ↑ 2.0 ↑ 1.5 ↓ 0.50 ↓ 47.29 52 — — 188 — B
A1 A2 B2 B2

II 2 ↑ 2 ↓ 2.0 ↓ 1.5(0) 0.50 ↑ — — 14.67 15 — 20 A
A1 + B1 B2 O2 A2
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Table 2. (Continued.)

Co3+

(4 µB) M p
s M p

s Ms (0) Ms (0) Possible spin
Phase I/ Mn3+ Mn4+ CoIII Co4+ (theo.) (expt) (theo.) (expt) T1 arrangement

x phase II (4 µB) (3 µB) (0 µB ) (3 µB) (emu g−1) (emu g−1) (emu g−1) (emu g−1) Tc/TN (∗) (K) type

0.3 I 4.0 ↑ 1.5 ↑ 1.5 ↓ 1.0 ↓ 37.50 40 — — 177 — B
A1 A2 B2 B2

II 2 ↑ 2 ↓ 1.5 ↑ 1.5(0) 1.0 ↓ — — 4.89 5.0 — 26 A
A1 + B1 A2 O2 B2

0.4 I 3.5 ↑ 0.5 ↓ 0.5 ↑ 2.5 ↓ 1.0 ↓ 3.26 3.8 — — 170 B
A1 B2 + A2 B2 B2

II 2 ↑ 1.5 ↓ 0.75 ↑ 0.25 ↓ 2.5(0) 1.0 ↓ — — 1.63 1.75 — 48 A
A1 + B1 A2 + B2 O1 + O2 B2

0.5 I 1 ↑ 1 ↓ 1 ↑ 1 ↓ 1 ↑ 1 ↓ 1 ↑ 1 ↓ 0 1.5 — — 177* — A
A1 + B2 A1 + B2 A1 + B2 A2 + B1

II 1 ↑ 1 ↓ 1 ↑ 1 ↓ 2(0) ↓ 1 ↑ 1 ↓ — — 0 0 — 51 A
A1 + B2 A1 + B2 O1 + O2 A2B1

0.7 I 0.84 ↑ 0.84 ↓ 0.44 ↓ 0.28 ↑ 1.93 ↑ 1.99 ↓ 0.79 ↓ 0.89 ↑ 1.37 1.2 — — 137* — A
A1 + B2 A1 + B2 A1 + B2 A2 + B1

II 0.84 ↑ 0.84 ↓ 0.44 ↓ 0.28 ↑ 3.92(0) 0.79 ↓ 0.89 ↑ — — 0.59 1.0 — 33 A
A1 + B2 A1 + B2 O1 + O2 A2 + B1

0.9 I 0.56 ↑ 0.24 ↓ 1.68 ↓ 3.36 ↑ 1.76 ↓ 0.40 ↓ 11.22 8.8 — — 77* — A
A1 A2 A1 + B2 B1 + B2

II 0.56 ↑ 0.24 ↑ 5.04(0) 1.76 ↓ 0.40 ↑ — — 3.65 3.75 — 32 A
A1 A2 O1 + O2 A2 + B2
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place as the population of Co ions equals or exceeds the Mn ions on the B site. Such changes
in spin state have been reported in other cobaltite systems like EuCoO3 and LaCoO3 [14, 15].
In these systems it is suggested that cobalt ions exist predominantly in the low spin (t6

2ge0
g) CoIII

state (1A1g) at low temperatures and transform to the high spin state (t4
2ge2

g) Co3+ state (3T2g)
gradually up to ∼200 K. For x = 0.5 the region AF I (T1 < T < TN ) is semiconducting but
AF II (0 < T < T1) is insulating (figure 1). The transition for x = 0.4 at T1 is predominantly
from FM + AF I to FM + AF II. This is indicated in the ρ(T ) curve at low temperature as
discussed in the next section. In section 4 we have shown that a low spin to high spin transition
affects the strengths of the superexchange (SE) and DE interactions as well as M p

s and Ms (0)

and accounts for the observed phase diagram.

4. Discussion

We now attempt to analyse the results discussed in section 3.

4.1. Resistivity

The data on resistivity have been examined using the dc hopping resistivity based on the
correlated small-polaron model discussed in [16]. This gives the expression for resistivity as

ρc
hop = AT

n
[1 + {1 − m2(t)}σ 2

a ] cosh2
(

εp

2(T + θ)

)
exp

(
U

T

)
(1)

where

A = 1.13kB

vpha2e2
. (2)

Here n is the density of charge carriers, vph is the frequency of the longitudinal phonon
mode to which the electron with charge e is coupled, a is the distance of the hop and
m(t) (=M(T )/M(0)) is the normalized magnetization at the normalized temperature, t =
T/T p

c . Here T p
c is the temperature at which the peak resistivity occurs. This is different from

Tc obtained from the magnetic data (table 1). σa is the short range order parameter, εp is
the small polaron stabilization energy and U is the activation energy of the charge carriers,
U = U0ξ

2, where ξ2 = S2
a (1 − Sm)2σ 2

a . Here U0 is a constant, Sa and σa are the long range
and short range atomic order parameters and Sm is the long range magnetic order parameter.
In the present case the resistivity data fit to the following: S2

a = 1, σ 2
a = (1 − 0.75t3

ca)
1/2 and

(1 − Sm)2 = (1 − m4.5). Here tca = T/Tca [16] and m is obtained solving m = tanh(m/t),
appropriate for a system which has only two stable states, Sz = ±S. In equation (2) we have
taken vph = 5 × 1012 Hz and a = 3.858 Å.

Equation (1) gives the expression for resistivity when spin and phonon scattering are
dominant in the B type of spin order [16]. On cobalt substitution an additional contribution
comes from Co3+ ions which nucleate the A type of insulating phase. We then have [16]

ρ̄ = ρ(T ) + ρ∗(T ) (3)

ρ∗(T ) =




ρ0Am2(t ′) cosh2

(
ε′

p

2(T + θ)

)
T � T ′

c

0 T > T ′
c

(4)

and ρ(T ) applies for T � 300 K. Here θ has been added to T in the cosh term in
equations (1) and (4) to take into account the zero point vibrations of atom which prevent
complete localization of the polaron as T → 0. For 0.1 � x � 0.4 we find T ′

c = 90 K,
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Figure 4. The comparison of the theoretical curve obtained from equation (3) with the experimental
curves in figure 1 of the variation of resistivity with temperature for (a) x = 0.1, (b) x = 0.2,
(c) x = 0.25, (d) x = 0.3, (e) x = 0.4 and (f) x = 0.5. The parameters used are given in table 1.
The magnitude of ρ0A indicates approximately the additional contribution to resistivity from the
scattering by Co atoms at low temperature below T ′

c = 90 K (see the text).

ε′
p = 60 K and m(t ′) = 1. Other parameters that fit the data are given in table 1. We show in

figures 4(a)–(f) the calculated ρ̄ versus T curve for 0.1 � x � 0.5 from equation (3).
The special features of ρ(T ) discussed in section 3.1 are accounted for by equation (3).

The room temperature resistivity of x = 0.1 is two orders of magnitude larger than x = 0.25
since the number of charge carriers is 1018 cm−3 in the former and 1020 cm−3 in the latter.
The number of charge carriers is a sensitive function of the commensurate fraction, N/8, of
the cobalt concentration. For x < 0.25, the Co ion is randomly distributed on the lattice and
so both the number of mobile charges and mobility, µ, in ρ = (neµ)−1 are small. Only when
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Figure 4. (Continued.)

x reaches 0.25 (N = 2) does an ordered AFM-A phase precipitate and coexist with the FM-B
type phase. In that case n increases by two orders of magnitude and U0 decreases from 1150 to
800 K (table 1). This is indicated in figure 3 where for 0.1 � x < 0.2 only a single magnetic
phase FM-B is shown to exist with cobalt acting as random impurity. When cobalt orders at
x = 0.25, AFM-A precipitates and n steeply increases while U0 decreases. The upturn at
low temperature in resistivity for x = 0.1 and 0.2 is due to the two cosh terms and the one in
equation (1) dominates since εp = 400 K while ε′

p = 60 K. For x > 0.2 εp reduces to 200 K
so the contribution from the A-type scattering dominates and at T1 when the trivalent cobalt
atoms become diamagnetic the magnetic scattering from these atoms ceases to exist. Further
for x = 0.3 and 0.4 the product of the numbers of Mn3+ and Mn4+ on A1 (B1) and A2 (B2)
sublattices respectively increases (table 2) resulting in a downturn in resistivity for T < T1.
The peak resistivity is a product of n−1 and exp(U/T ). As n increases εp is decreasing so the
product is nearly a constant for 0.1 � x � 0.4. The theoretical curves are smaller in width due
probably to grain size effects which have not been included in equation (1), but as discussed
in [17] affect the width and the position of the peak. The calculated curve for x = 0.5 using
equation (1) is given in figure 4(f) with parameters given in table 1. Since in this case net
magnetization is small (table 2) we have taken m = 0 in equation (1). As stated above the
curves for x = 0.7 and 0.9 are similar to x = 0.5 and hence have not been included.

4.2. Magnetization

The dependence of magnetization on x and T as shown in figures 2(a) and (b) can be understood
on the basis of spin and charge order in La0.7Ca0.3Mn3+

0.7(1−x)Mn4+
0.3(1−x)Co3+

0.7x Co4+
0.3x O3. In the

magnetic unit cell with twice the cell constant a of the chemical unit cell, there are eight
magnetic atoms. We assume the Ising type of spin order for the binary system of Mn and
Co, both of which are in mixed valence states. As discussed in section 4.1 special features
that emerge in ρ(T ) and M(T ) are related to the charge and spin ordering phenomena that
appear at concentrations of x = 0.25N per Co atom. At x = 0.25 in addition to the PI
to FM metal transition at Tc near 188 K, there occurs a FM to AF II transition near T1 in
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Figure 5. Spin and charge order for x = 0.25 in La0.7Ca0.3Mn1−x Cox O3 (a) in the FM phase
when the Co3+ (S = 2) is in the high spin state (T1 � T � Tc) and (b) in the AFM phase when
CoIII (S = 0) is in the low spin state (0 � T � T1).

which Ms decreases from 52 emu g−1 at 25 K to 20 emu g−1 at 5 K which extrapolates to
15 emu g−1 at 0 K. This feature continues for x = 0.3 and 0.4 for which the value of Ms (0)

are 5 and 1.75 emu g−1 respectively. For x = 0.5, 0.7 and 0.9 the values of Ms (0) are 0, 1
and 3.75 emu g−1 respectively. For these compositions the resistivity data show a continuous
increase in resistivity as the temperature decreases from 80 to 10 K as shown in figure 1 for
x = 0.5. For x > 0.2, there are two critical points (figure 3). The upper critical point occurs
at Tc for 0.1 < x < 0.5 and at TN for 0.5 � x � 0.9. The lower critical point occurs at
T1 ∼ 50 K for 0.25 � x � 0.9. The values of the peak magnetization in the FM region, M p

s ,
along with the values of magnetization at 0 K, Ms(0), with Tc, TN and T1 for 0.1 � x � 0.9
in La0.7Ca0.3Mn1−x Cox O3 are given in table 2. The observed values of M p

s and Ms(0) can be
accounted for on the following assumption.

(i) The DE interaction occurs largely between Mn3+ (t3
2ge1

g) and Mn4+ (t3
2ge0

g) and only weakly
between Co3+ (t4

2ge2
g) and Co4+ (t4

2ge1
g). Mn3+, Mn4+ and Co3+ are in the high spin state

and Co4+ is in the intermediate spin state.
(ii) The SE interaction occurs between Mnm+ and Con+ (m, n = 3, 4) such that

|J (Mnm+–Con+)|S2 > |J (Mnm+–Mnn+)|S2 > E D(Mn3+–Mn4+)

where E D is the energy due to the DE interaction, J (i) is the SE interaction constant and
S represents the average spin of the interacting spins. This accounts for the dominance of
DE over SE for x � 0.4 while the opposite holds for x � 0.5.

(iii) Below T1, Co3+ changes from the high spin (t4
2ge2

g) to the low spin state (t6
2ge0

g). Since in this
region the magnetic coupling due to DE is suppressed, SE dominates and the TMm+–TMn+

interactions are AFM. Here TM are transition metal atoms.

Jadhao et al [14] have shown through Mossbauer spectroscopy that the energy gap between
the low spin and high spin states in EuCoO3 is 20 meV which is comparable to the energy
difference suggested by Raccah and Goodenough for LaCoO3 as E3+

Co − EIII
Co � 80 meV [15].

We find that below T1 ∼ 50 K the Co3+ spins begin to change to the CoIII state as the latter
lies lower in energy than the high spin state in La0.7Ca0.3Mn1−x CoxO3 and at 0 K it is entirely
in the low spin state.

Based on the above, possible charge and spin arrangements on sublattices A1, A2, B1 and
B2 are given in table 2 for 0.1 � x � 0.9 in La0.7Ca0.3Mn1−x CoxO3 which accounts for M p

and M(0). For x = 0.25 this arrangement for a magnetic unit cell is shown in figure 5(a) for
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( T1 < T < TN) ( 0 < T < T1)

Figure 6. Spin and charge distribution for x = 0.5 in La0.7Ca0.3Mn1−x Cox O3 for the (a) high spin
Co3+ (S = 2) (AF I) and (b) low spin CoIII (S = 0) (AF II) phase.

the FM state when cobalt is in the high spin state Co3+ (t4
2ge2

g) and in figure 5(b) for the AFM

state when it is in the low spin state CoIII (t6
2ge0

g). The estimated values of M p and M(0) are
47.29 and 14.67 emu g−1 which agree well with the observed values of 52 and 15 emu g−1

respectively (figure 2(a) and table 2). As in [16] ‘A’ refers to spins aligned parallel to the
quantization axis Z (+SZ ) while ‘B’ refers to antiparallel alignment (−SZ ). The subscript ‘1’
refers to the spins on the lattice sites (000) and (aa0) while ‘2’ refers to the spins on sites (a00)
and (aaa). The maximum number of spins on each sublattice is four. It is argued above that
four Mn and Co atoms order in the magnetic unit cell for the commensurate fraction 0.25N
of Co ions. Accordingly we notice in figure 2(a) a change in the M(T ) curve for x = 0.25.
Further, in figure 3 for x = 0.5, the spin and charge distributions for the phases AF I and
AF II (in which the trivalent Co ions are in high and low spin states respectively) are given in
figures 6(a) and 6(b) for an octant.

The spin order is decided by the relative strengths of SE and DE interactions. The strength
of DE is related to εp and can be estimated from the resistivity data. The value of εp for x = 0.1
is 400 K which is large compared to 250 K observed for x = 0 in [16]. As Tc for x = 0 is
260 K and x = 0.1 is 220 K, it can be taken that even for a small value of cobalt content, the
SE interaction begins to increase rapidly compared to DE.

4.3. Magnetic phase diagram

The general features of the magnetic phase diagram shown in figure 3 have been discussed in
section 3.3. The expression for Tc and TN given by de Gennes [18] is used to obtain the upper
critical point in the phase diagram. As discussed [16] we can write for the present system

kB Tc(K ) = 2

3
[za|Ja| − zb|Jb| − zc|Jc|]S2 +

0.6(1 − x)zεp

5
(5)

kB TN (K ) = 2
3 [za|Ja| − zb|Jb| + zc|Jc|]S2 (6)

where zi (i = a, b, c) are the numbers of nearest neighbours along the a, b, c directions, z
is the total number of nearest neighbours and J i is the effective J in the i direction. Here a
denotes the eg bond direction in the ab plane, c denotes the direction of the isotropic AF J t2g

band and x denotes the concentration of the Co ion. For x < 0.5, DE dominates and Ja , Jb

and Jc are independent of x as exchange involving eg and t2g orbitals remains unaffected by
cobalt substitution. When Co concentration equals or exceeds Mn, DE involving the eg orbital
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decreases, so Ja changes without any change in Jb and Jc. We then take the following using
arguments given in [16]:

Ja = 3.08 meV; Jb = 0.62 meV; Jc = 0.62 meV for x < 0.5

Ja = (3.08 − 4.92(x − 0.5)) meV; Jb = 0.62 meV; Jc = 1.15 meV for x � 0.5.
(7)

As argued by de Gennes [18], in such a case the upper transition point is given by the greater
of the two quantities quoted in equations (5) and (6). A plot of Tc and TN as a function of x
using equations (5) and (6) and z = 6, S = 1.75 and εp values given in table 1 is given in
figure 3. This shows that the FM phase is stable for x < 0.25 and the AFM phase is stabilized
for x � 0.5 as observed. The lower transition temperature T1 occurs due to the change from
the high spin to the low spin state and depends on the difference between the energies of the Co
ions in the two spin states in the crystal field, �E = (E3+

Co − E III
Co). As T1 lies between 20 and

50 K in the present system �E ∼ 10 meV as suggested for LaCoO3 by some investigators [14].
The agreement between theory and experiment proves the prediction of de Gennes [18] that
the system adopts the B type or A type of spin order depending on the relative strength of the
DE and SE which is a function of the number of mobile carriers.

Based on the magnetic and transport data the phase diagram in figure 3 is drawn and shows
the existence of three regions: (i) 0.1 � x < 0.2; (ii) 0.2 � x < 0.5 and (iii) 0.5 � x � 0.9.
In (i) in the range 0 � T � Tc only the B-type FM phase exists, in (ii) in the range T1 < T � Tc,
both B-type FM and A-type AFM phases coexist and at low temperatures below T1 the trivalent
cobalt is in the low spin state, and in (iii) in the range T1 < T � TN only the A-type AFM
phase exists with low spin cobalt below T1. The magnetic phase diagram is thus accounted for
satisfactorily on the basis of de Gennes theory with the exchange constants given in equation (7).

5. Conclusion

The effect of cobalt substitution in La0.7Ca0.3MnO3 (LCMO) on the transport and magnetic
properties of the magnetic compound has been investigated. It is found that even 10% of cobalt
in pure LCMO increases the peak resistivity near T p

c by four orders of magnitude and decreases
Tc by 15% from 260 to 220 K. As cobalt concentration increases T p

c decreases and reaches a
minimum of 75 K at x = 0.3. On the other hand Tc measured from magnetic data does not
change much. The increase in resistivity on cobalt substitution is due to the large decrease in
the density of charge carriers (∼10−2), as well as in mobility since the activation energy, U0,
increases by a factor of five on 10% of cobalt substitution in pure LCMO. It is shown that in
accordance with the prediction of de Gennes the layered spin system changes from the FM B
to the A type of spin arrangement as the concentration of mobile charge carriers decreases and
reaches a critical value. This occurs in the present system at 50% of Co concentration. The
experimental upper critical point satisfies the expression derived for the Curie (Tc) and Neel
(TN ) points by de Gennes for the FM (B) and AFM (A) types of spin arrangement respectively.
The lower critical point, T1, arises from the transition of cobalt trivalent ions from the high
spin to the low spin state. The charge and spin distributions of manganese and cobalt ions
which account for the observed peak magnetization in the FM phase and the magnetization at
0 K have been obtained for the three different phases, A, B and the low spin cobalt state in the
magnetic unit cell.
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