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Magnetic and transport studies of the compounds Nd0.7Sr0.3Mn1-xCoxO3 s0.0øxø1d have been
carried out. The compositions crystallize in single-phase ortho-perovskite. The conduction
mechanism could be explained using the small polaron correlated hopping model. The thermal
irreversibility in zero-field and field-cooled magnetization data increases with Co content, which is
due to the different spin states of the Co. Transition of Co3+ from high spin/intermediate spin to low
spin state is observed at low temperatures. The nonsaturatingM-H behavior is observed in cobalt
containing samples due to suppression of double-exchange interaction which favors long-range
ferromagnetic order. ©2005 American Institute of Physics. fDOI: 10.1063/1.1845952g

I. INTRODUCTION

The hole-doped manganites Ln1-xAxMnO3 have been
studied extensively since the discovery of colossal magne-
toresistancesCMRd.1 The average A-site ionic radius, size
variance, and mixed valence state in the manganites affect
the magnetic and magneto-transport properties. The partial
substitution of rare earth ion by bivalent cations leads to the
existence of mixed valence state of Mn3+ and Mn4+ ions,
which facilitates the double-exchangesDEd interaction re-
sponsible for CMR behavior. Although extensive work has
been done on B-site substitution, the work of Co substitution
on Mn site is limited.2

It is well established that cobalt exhibits different spin
states.3,4 The low spinsLS, t2g

6 eg
0d state changes to either high

spin sHS, t2g
4 eg

2d or intermediate spinsIS, t2g
5 eg

1d states with
increasing temperature. In the present work, we have studied
the effect of cobaltsCod substitution on Mn site for the series
Nd0.7Sr0.3Mn1-xCoxO3 s0øxø1d.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of the series
Nd0.7Sr0.3Mn1-xCoxO3 s0øxø1d were synthesized through
citrate gel route. The as-prepared powders were calcined at
1200 °C in air for 6 h. The powders were pelletized in the
form of rectangular bars and sintered at 1300 °C in air for
4 h. X-ray diffraction patterns of the samples were recorded
using Cu–Ka radiationsPANalytical, PW 3040/60 Philipsd.
Resistivity measurements at different applied magnetic fields
were carried out between 20 and 320 K using the standard
four-probe dc method. Magnetic measurements were made

using a vibrating sample magnetometersVSM, Oxfordd at
different fields and in the temperature range 5 to 300 K.

III. RESULTS AND DISCUSSION

The samples of the series are indexed with orthorhombic
structure. The tolerance factorstd, which is the ratio of A–O
and B–O bond distances in the ABO3 perovskite, vary from
0.9171 sfor x=0d to 0.9284sfor x=1d. The splitting in the
high-angle peaks is observed with Co content due to increas-
ing tolerance factor which is attributed to the structural tran-
sition from Pnmasx=0d to Imma sx=1d.

Figure 1 shows temperature dependence of magnetiza-
tion in a field of 0.01 T. The thermo-magnetic irreversibility
behavior in zero-field cooledsZFCd and field cooledsFCd is
observed in all the samples. This may be observed due to the
frustration caused by competing superexchangesSEd and DE
interactions. The DE interaction is stronger for
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FIG. 1. Temperature dependence of magnetization in a field of 0.01 T for
Nd0.7Sr0.3Mn1-xCoxO3 sx=0, 0.3, 0.7, and 1d compounds. Thermal irrevers-
ibility behavior is shown in the inset.
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Mn3+–O2−–Mn4+ in comparison to that of
Co3+–O2−–Co4+.2 The strong irreversibility shown in the in-
set of Fig. 1sparticularly for sample withx=0.3d is charac-
teristic of highly anisotropic compounds. Hence, the large
anisotropy may be on account of Nd3+ ion with a large or-
bital angular momentumsLd value of 6 and intermediate spin
sISd state of Co3+ st2g

5 eg
1d, which is a Jahn–TellersJTd ion.

The larger spin-orbit coupling due to these ions and JT dis-
tortion plays a significant role.

The gradual decrease in peak magnetization is observed
with increasing Co content. All the samples exhibit the para-
magneticsPMd to ferromagneticsFMd transition at a charac-
teristic temperatureTC. The FM to AFM transition is ob-
served only in Co containing samples at critical temperature
TN, at which Co presumably changes from IS to LS state.TC

and TN are determined by the maximum and minimum, re-
spectively, in dM /dT plots. In Nd compound Co3+ ions re-
main in low spin over a large temperature range as compared
to La compound due to the greater acidity of the Nd3+ with
respect to La3+, which causes an increase in the crystal-field
splitting.5 None of the samples follow the Curie–Weiss be-
havior, which indicates the presence of microscopic mag-
netic inhomogeneties as shown in Fig. 2. The deviation from
the linearity in inverse susceptibility versus temperature plot
suggests that the cobalt HSsor ISd state changes to LS state
below a critical temperature. The HSsISd to LS transition
temperaturesTLd for the mother compoundsx=1d is ,170 K
compared to,250 K sRef. 5d for NdCoO3 compound, which
could be due to variation in crystal-field splittingDcf. Except
for the sample withx=0.7, all others approach near satura-
tion in a field of 0.5 T as shown in the inset of Fig. 2. The
magneto-thermal irreversibility behavior decreases in 0.5 T
field. The FC plot for sample withx=0.7 gives a small mag-
netic moment of 0.08mB/ f.u as compared to 3.52mB/ f.u for
x=0 sample. This is presumably due to higher percentage of
Co4+ which causes frustration at low temperatures.

Figure 3 shows the isothermal magnetization plots for
x=0.3, 0.7, and 1.0 samples at 5 K. None of these samples
shows saturation even up to a field of 6 T. The sample with

x=1 shows the prominent hysteresis behavior. No hysteresis
is observed for sample withx=0.7 and the magnetic moment
is the lowests0.7 mB/ f.ud as compared to that 3.42mB/ f.u of
x=0.3 sample. The sample withx=0.3 and 1 shows large
hysteresisshigh coercivity, Hcd values of 0.25 and 1.2 T,
respectively. Except forx=1, the nonsaturatingM-H behav-
ior in all the cases could be explained on the basis of com-
peting DE and SE interactions. DE alone is not responsible
for the nonsaturatingM-H behavior in the case ofx=1
sample due to the absence of strong Hund’s coupling. This
behavior could be explained on the basis of an increased
anisotropy of the FM character, which arises due to the pres-
ence of orbital moments ofsISd Co and Nd3+ ions.6,7 The
large coercivity of 1.2 T for the sample withx=1 also indi-
cates that the Co ionsISd and Nd3+ sL=6d induce a large
anisotropy.

The temperature dependence of resistivity behavior for
samples withx=0, 0.1, and 0.3 is shown in Fig 4. The resis-
tivity data for the compositionsxù0.5 were beyond the mea-
surement limit of the instrument. The semiconducting behav-
ior of the sample withx=1 is already reported.8 The ratio of
Mn3+/Mn4+ decreases with Co content, increasing
Co3+/Co4+ ratio. The metal insulatorsMI d transition is ob-
served only in the sample withx=0 at 238 K. The resistivity

FIG. 2. Variation of inverse susceptibility with temperature for
Nd0.7Sr0.3Mn1-xCoxO3 sx=0, 0.3, 0.7, and 1d compounds. The HS/IS to LS
transition temperature is indicated by arrows. Inset shows theMsTd behavior
in 0.5 T field.

FIG. 3. Isothermal magnetization plots for Nd0.7Sr0.3Mn1-xCoxO3 sx=0.3,
0.7, and 1d compounds at 5 K.

FIG. 4. Variation of resistivity with temperature for the samples withx=0,
0.1, and 0.3. Lines show the theoretical fitted plots. Inset shows the effect of
magnetic field on resistance for the sample withx=0.1.
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values increase as the concentration of cobalt ion increases
due to suppression of DE that leads to ferromagnetism. The
population of CosISd changes to LS state at low tempera-
tures, which creates an additional distortion in the lattice due
to the smaller ionic size of the low spin Co3+ ion. As a result,
buckling of CoO6 octahedra increases, which in turn affects
the charge transfer integral along the Co–O–Co bonds.6 This
effect is probably the reason for monotonous increase in the
resistivity behavior of the Co-containing samples. The resis-
tivity data have been understood using the correlated small
polaron-hopping model discussed in detail elsewhere.9 To fit
the resistivity data for the sample withx=0, 0.1, and 0.3, we
have usedSa

2=1, sa
2=s1−0.75tca

3 d1/2. The chemical and fitted
parameters for this series of compounds are summarized in
Table I.

The spin–spin scattering increases as the concentration
of Co increases. The activation energy for polaron hopping
as well as small polaron stabilization energy is high in the
case of Co-substituted system. The number of charge carriers
decreases with increasing Co content, as a result of which
resistivity values increase. The sudden jump in the activation
energyU0 s350 to 700 Kd and small polaron stabilization en-
ergy «p s60 to 680 Kd is observed in Co-substituted sample.
The Co substitution suppresses the DE interactions; hence,
the higher activation energy is required for hopping of theeg

electrons.
The insetsad of Fig. 4 shows the plot of normalized

resistance versus temperature for varying magnetic fields for
the sample withx=0.1. TheTMI shifts to higher temperature
from 168 K sin 0 Td to 184 K sin 8 Td. The peak in MR is
observed atTMI and its value is,85% in 8 T field for
Nd0.7Sr0.3Mn0.9Co0.1O3 as shown in insetsbd of Fig. 4. The
samples withx=0.3 and 0.7 and 1 show insignificant change
in resistance with applied field due to their highly resistive
behavior over the entire temperature range. The observation
of nearly temperature-independent MR behavior at low tem-
peratures may possibly be due to intergrain tunneling of
spin-polarized carriers in applied magnetic field.

IV. CONCLUSIONS

All the samples of the series Nd0.7Sr0.3Mn1-xCoxO3 s0
øxø1d, crystallized in orthorhombic structure. The
magneto-thermal irreversibility inMsTd data increases with
Co content due to the HSsor ISd state to LS state transition.
The large coercivity and thermal irreversibility are attributed
to the anisotropic nature arising due to CosISd state, which is
a JT ion and Nd3+ ion with a large orbital moments. The
nonsaturatingM-H behavior is due to the competing DE and
SE interactions and large anisotropy. The resistivity values
increase with the cobalt concentration. The conduction
mechanism could be understood by small polaron-correlated
hopping model. The intergrain tunneling mechanism is pre-
sumably responsible for high MR behavior at low tempera-
ture. Overall magnetic as well as transport properties could
be attributed to the HS/IS to LS transition in cobalt ion and
high orbital contribution due to Nd3+ ion.
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TABLE I. Parameters used to fit thersTd data for the series Nd0.7Sr0.3Mn1−xCoxO3 s0.00øxø1d. The phonon frequencynph=531012 Hz anda=3.858 Å has
been taken. “n” is the number of charge carries,«p is the value of small polaron stabilization energy,Tca is an atomic ordering temperature, andU0 is the
activation energy. The values of tolerance factorstd, TMI, TC, TN, TL and the maximum magnetizationsMmd in a field of 0.5 T are also summarized.

x t
TMI

sKd
TC

sKd
Mm

mB/ f.u
TL

sKd
TN

sKd
n

s31019/cm3d
«p

sKd
U0

sKd
Tca

sKd

0.0 0.9171 238 230 3.52 ,250 ¯ 48.1 60 350 270
0.3 0.9204 ¯ 140 2.18 155 23 10.22 680 700 350
0.7 0.9249 ¯ 115 0.08 125 25 ¯

1.0 0.9284 ¯ 160 0.66 170 50 ¯
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