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Abstract

Chromium substitution in the charge ordered compound Nd0:50Sr0:50MnO3 has been studied within the concentration

range of 20% to examine its effect on magnetic and transport properties. It is found that the system comprises of three

distinct magnetic phases whose percentage depends on the chromium concentration, the temperature and the external

magnetic field. As the system is cooled, it changes from paramagnetic insulating type to a predominantly ferromagnetic

metal (FM) and finally to a dominating anti-ferromagnetic insulating phase with A, CE or C-type of order depending

on the chromium concentration. The appearance of three symmetrical loops in the hysteresis curve of M vs. H at 5K

for x ¼ 0:01 indicates the simultaneous presence of C, A and FM type phases in the system.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years several attempts have been
made to describe the complex correlation between
the magnetic and transport properties of the
manganate perovskite ðR1�xMxÞMnO3 (R=Nd,
- see front matter r 2004 Elsevier B.V. All rights reserve
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Pr, Sm, M = Ca, Sr) generally in terms of the
competition between the double exchange and
superexchange [1–10]. Of special interest in this
series have been the half-doped manganites such as
Nd0:5Sr0:5MnO3 and Pr0:5Sr0:5MnO3 which are at
the threshold of the ferromagnetic to antiferro-
magnetic phase transition. Further, at low tem-
peratures, they comprise of regions with three
different microscopic magnetic phases and two
crystallographic structures coexisting. These are a
d.
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ferromagnetic (FM) metallic phase with orthor-
hombic (Imma) structure, an antiferromagnetic
(AFM) phase with A-type spin order, an orthor-
hombic (Imma) structure and an AFM-CE type
spin order with monoclinic ðP21=mÞ structure [6].
The volume fraction of these three magnetic
phases in Nd0:5Sr0:5MnO3 at any given tempera-
ture determined through neutron scattering is
found to depend on the presence of the external
magnetic field, H0. It is found that in the presence
of H0, the FM phase is most stable while AFM-
CE is least stable, so the region of the FM phase
grows at the expense of the regions with AFM-CE
and AFM-A phases when the sample is subjected
to H0 [8]. With H0 � 1A=m the magnetic energy
per Mn atom is of the order of 0.1meV, the
instability of the CE- and A- magnetic phases is a
quantum mechanical phenomenon not fully under-
stood. It is however believed that a very delicate
competition exists between the three phases near
the Mn4þ: Mn3þ ratio of unity and small changes
in this ratio stabilizes one phase over the other.
For example, the FM phase in NSMO is stabilized
when Mn4þ: Mn3þo1 and AFM-A phase is
stabilized for Mn4þ: Mn3þ41. On the other
hand, the coulomb stabilization associated with
long-range and orbital ordering is essential for
the stability of the AFM-CE state and hence
it is observed only in the vicinity of the Mn4þ:
Mn3þ ¼ 1. Kajimoto et al. [6] have studied the
hole-concentration-induced transformation of the
magnetic and orbital structures in Nd1�ySryMnO3
ð0:49pyp0:75Þ using neutron diffraction measure-
ments on melt grown polycrystalline sample. They
observe a systematic transformation of the crystal-
line and magnetic structures and find that as y is
increased from 0.49 the system exhibits an
evoluation from the metallic ferromagnet state
to a metallic A-type AFM state and then to an
insulating C-type AFM state when y exceeds
0.6. The CE-type charge ordered AFM state
is observed only in the vicinity of y ¼ 1

2 and
it coexists with the A-type AFM state for
yX1

2
indicating that the energy difference between

these two states is very small. We have carried
out the hole-concentration-induced changes
in the magnetic and transport properties of
Nd0:5Sr0:5Mn1�xCrxO3 ð0:001pxp0:2Þ. We show
that chromium doping in the half-doped man-
ganite Nd0:5Sr0:5MnO3 changes the hole-concen-
tration on lines similar to that produced
by the change in strontium concentration in
Nd1�ySryMnO3. A detailed discussion of the phase
diagram of Nd1�ySryMnO3ð0:49pyp0:75Þ by
Kajimoto et al. [6] has shown that (i) the insulating
CE-type ordering is observed only in a very
narrow range near y � 0:50 and coexists with
metallic FM type spin order for yo0:5 and the
A-type AFM order for y40:50, (ii) in the metallic
A-type AFM phase the lattice spacing in the
direction of the AFM stacking is the smallest,
indicating strong evidence of the dðx2 � y2Þ-type
ordering within the FM layers, (iii) for y40:60
the magnetic order changes from A-AFM to C-
AFM type, (iv) for y ¼ 0:49 when CE spin order
dominates the behaviour of resistivity in the
ToTN region, is very different compared to
y ¼ 0:51 when the A-type AFM order coexists
along with the CE-order. Lorentz microscopy
studies have revealed that the micro domains of
different magnetic order in such systems are of
20–30 nm in size [9]. For y ¼ 0:49 a sharp increase
in resistivity occurs below TN due to the CE-type
charge order till about 100K and then the increase
ceases due to the presence of the FM order with
moment of 0:8mB that coexists with the CE-type
AFM spin order. On the other hand, for x ¼ 0:51
below TN a modest increase in resistivity occurs
due to the onset of the A-type AFM spin order
and then a second almost linear increase in
resistivity occurs below TCEN oTN due to the onset
of CE-type charge order whose volume fraction
increases as the temperature is decreased.
The present system Nd0:5Sr0:5Mn1�xCrxO3

(NSMCO) coincides with Nd1�ySryMnO3 (NSMO)
at x ¼ 0; y ¼ 0:5. In the former, increasing x

varies the hole-concentration in much the same
way as increasing y beyond 0.5 in the latter,
specially for small increments in x and y. There
are however significant differences that arise
due to difference in the radii of Cr3þð0:615 (AÞ
and Sr2þð1:44 (AÞ ions. The substitution of
Mn3þð0:645 (AÞ with smaller Cr3þ does not affect
the crystal structure in NSMCO while increase
in strontium concentration in NSMO affects the
crystal structure [6]. Further, this affects the
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tolerance factor, t, defined as t ¼ rA2O=
p
2rB2O

with rA2O and rB2O being the average A-catio-
n–oxygen and B-cation–oxygen distances, respec-
tively, and plays a dominant role in defining the
boundaries of the phase diagram. For 0pxp0:2,
‘t’ changes from 0.9803 to 0.9835 in NSMCO while
for 0:5pxp0:6 it changes from 0.9803 to 0.9921 in
NSMO. The other difference arises from the
magnetic moment of Cr3þðt32ge

0
gÞ which is isoelec-

tronic with Mn4þ and so it participates in the
superexchange interaction with Mn3þ and Mn4þ

ions but not in the double exchange interaction. We
discuss the phase diagram of NSMCO in Section 4.
The magnetic and transport behaviour of the

hole-doped mangnates arising from the competi-
tion between the ferromagnetic double exchange
and antiferromagnetic superexchange can be
analyzed on the basis of de Gennes approach
[11]. Here T c and TN are expressed in terms of
energies due to superexchange interaction and are
compared with the contribution from the double
exchange in terms of the gain in energy due to
delocalization. This is discussed in Section 4.
The coupling of the charge carriers to the

longitudinal phonons arising from the mixed
valency of the Mn ions is discussed in Section 3.
In this case the charge carriers behave as small
polarons and in the correlated polaron model
developed by one of the authors [12] expressions
for the resistivity of the compound is obtained for
both the FM and the AFM-spin states. This model
explains the abrupt rise in resistivity at TN and the
widely dissimilar behaviour of rðTÞ curves within
the metallic FM and the AFM-CE phases. The
model also accounts for the change in shape of the
rðTÞ curve for x40:005 where the abrupt increase
in resistivity at TN disappears and a continuous
increase in resistivity is observed as T decreases. It
is known that the system comprises of different
regions of magnetic and crystallographic phases
whose volume fraction depends on temperature
and the external magnetic field. Because of the
presence of multiphase regions the saturation
moment M0 determined by the extrapolation of
the MðHÞ curves from the ferromagnetic state to
the zero field at low temperatures does not often
reach the average value of Mn-ion moment of
3:5mB. It is only recently that Hayashi et al. [13]
have shown (using pulsed magnetic field upto 45T)
that the moment in Pr0:45Sr0:55MnO3 has the value
3:4� 0:1mB/f.u. We have studied M–H curves for
Nd0:5Sr0:5Mn0:99Cr0:01O3 at 5, 50 and 150K
between �6A=m. This is discussed in Section 6.
The variation of magnetization with tempera-

ture for two different values of H0; 0:5 and 5A=m,
for 1% Cr doping has been accounted assuming
that the system consists of two phases at the low
field and a single phase at the high field. This is
discussed in Section 5.
2. Experimental

Polycrystalline samples with compositions
Nd0:5Sr0:5Mn1�xCrxO3 (x=0.001, 0.005, 0.01,
0.05, 0.10, 0.15 and 0.20) have been prepared by
conventional solid state reaction route. Appropri-
ate amounts of Nd2O3, SrCO3, MnO2 and CrO2
each of purity greater than 99.9%, were mixed for
6 h using acetone as a mixing media. The powder of
each composition was ground and heated at 900 1C
for 24 h with intermediate grinding. These powders
were pelletized in the form of rectangular bars and
heated at 1200 1C for 12 h. Final sintering was done
at 1450 1C. Single-phase formation was confirmed
by recording X-ray diffraction patterns of these
compositions using Phillips PW1710 diffract-
ometer. All the compositions have shown single-
phase solid solution with orthorhombic structure.
Resistivity measurement was done from 300–10K
using standard four probe method with the help of
Keithley Nanovoltmeter (Type 181), Keithly Auto-
tuning Programmable Current Source (Type 224)
using Lakeshore close cycle system (CTI, Cryo-
genics, Helix Technology Corporation) and Tem-
perature Controller (Type 330). Magnetic
measurements have also been carried out using
vibrating sample magnetometer (Oxford Maglab
VSM) in a magnetic field of 0.5A/m and in the
temperature range of 5–300K.
3. Nature of the charge carrier and transport

The transport properties of a system like
Nd0:5Sr0:5MnO3; which undergoes two magnetic



ARTICLE IN PRESS

0 50 100 150 200 250 300
10

-2

10
-1

10
0

10
1

10
2

x

0.20

0.15

0.10

0.05

0.01

0.005

0.001

R
es

is
tiv

ity
 (

 Ω
-c

m
)

Temperature (K)

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

Nd
0.5

Sr
0.5

Mn
1-x

Cr
x
O

3

R
es

is
tiv

ity
 (

Ω
 -c

m
)

Fig. 1. The rðTÞ curves for Nd0:5Sr0:5Mn1�xCrxO3-

ð0:005pxp0:20Þ. Note that the sharp metal to insulator

transition near TN � 155K seen for x ¼ 0:001 and 0.005
disappears for xX0:01. Further, the nature of the rðTÞ curves

changes when x exceeds 0.15.
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phase transformations at T c and TN as it is cooled
from 300K to low temperatures, are complex and
a full understanding of these is lacking. The
existence of mixed cation valence Mn;Mnþ1 on
crystallographically equivalent sites permits elec-
tronic conduction through a dynamic ordering
correlation of equal number of these ions on
alternate sites. In this case the Verwey transition in
magnetite [14] and the structural transitions in
Nd0:5Sr0:5MnO3 followed by decrease in electrical
resistivity of several orders of magnitude are
similar. Detailed studies by Ritter et al. [7] show
that in NSMO both the FM and AFM-A phases
that exist above TNð� 150KÞ have orthorhombic
(Imma) symmetry but exhibit different cell con-
stants. Below TN a charge ordered phase with
AFM-CE symmetry develops with a monoclinic
ðP21=mÞ structure and leads to a drop in volume
thermal expansion DV=V . This phase coexists
with the FM and AFM-A phases down to 15K
with the volume fractions of each of the three
phases changing rapidly with temperature and the
applied magnetic field. In both cases in the metallic
phase the electrons are coupled to an optical mode
of the lattice through the dynamic Jahn–Teller
effect. The ordering of the mobile electrons into
sites made inequivalent by a Jahn–Teller lattice
distortion leads to a structure with a lower
symmetry space group accompanied by a metal
to insulator transition [15].
In Fig. 1 we show the temperature depen-

dence of resistivity of Nd0:5Sr0:5Mn1�xCrxO3-
ð0:001pxp0:20Þ. It may be noted that for x ¼

0:001 and 0.005, the system shows a sharp metal to
insulator transition at TN � 150K. This is similar to
that for a single crystal of Nd0:5Sr0:5MnO3ðx ¼ 0Þ
[2]. By contrast for 0:005oxp0:15;rðTÞ shows no
abrupt change between 10 and 300K and the
resistivity difference, rð10KÞ � rð300KÞ is small.
For x ¼ 0:2 the resistivity shows monotonic
increase in resistivity as the temperature is
lowered.
It is discussed by Goodenough that in magnetite

in the metallic region for T4TV, the Verwey
temperature, the charge carriers follow the Ein-
stein diffusion equation for mobility and the
number density with carriers treated as polarons
is given by the random-walk approximation [15].
The resistivity can then be expressed as

rF ¼
AT

n
cosh2ð�pb=2Þ expðUbÞ; ð1Þ

where n is the number density of mixed valence
ions, �p is the small polaron stabilization energy
associated with a dynamic correlation of Mnnþ

and Mnðnþ1Þþ ions and A is given by

A ¼
1:13kB
D0e2

;D ¼ D0e
�Ub;D0 ¼ a2nph; b ¼ 1=kBT :

ð2Þ

Here D is the Einstein diffusion coefficient, nph is
the frequency of the longitudinal optic phonon
mode to which the electron is coupled and ‘a’ is the
distance between the nearest neighbours of the
mixed valence ions between which the hopping
takes place with an activation energy, Srivastava
[12] has considered the spin–spin (s–s) scattering
along with the electron–phonon (e–p) scattering
and taking 1=ts2s ¼ ð1=te2pÞð1� c2m2s Þs

2
a and
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1=teff ¼ 1=te2p þ 1=ts2s, the resistivity in the
metallic phase can be expressed as

rF ¼
AT

n
½1þ ð1� c2m2s ðtÞÞs

2
a
cosh

2
ð�pb=2Þ expðUbÞ:

ð3Þ

Here msðtÞ ¼ MðTÞ=Mð0Þ is the reduced magneti-
zation at the reduced temperature t ¼ T=Tc, and is
obtained for s ¼ 1

2, for which

mðtÞ ¼ tanhðm=tÞ; ð3aÞ

sa is the short range charge order parameter

sa ¼ ð1� 0:75t3caÞ
1=2 tca ¼ T=T ca ð3bÞ

and U is given by

U ¼ U0S
2
as
2
að1� cmðtÞÞ2; ð4Þ

U0 ¼
1
4
hnphihnph: ð5Þ

Here Sa is the long range order parameter, Tca is
the atomic order temperature and nph is the
number of phonons in the polaron cloud round
the charge carrier. For manganites we take Sa ¼ 1.
For temperatures below TN in the insulating
phase, the scattering is dominated by the s–s
scattering process and the diffusion process is
suppressed, so the resistivity is given by

rAF ¼
ATN

n
m2s ðt

0Þcosh2ð�p=2kBðT þ yÞÞ: ð6Þ

Here A is the same as in Eq. (2) since the charge
carriers jump from one site to another assisted by
the phonon with activation energy, U ¼ 0 and T is
replaced by TN.
In Eq. (6) mðt0Þ is the reduced sublattice

magnetization of the antiferromagnetically coupled
lattices below TN ¼ TCO;msðt0Þ ¼ MðTÞ=Mð0Þ;
0oToTN; t0 ¼ T=TN. y has been introduced
along with T in Eq. (6) to take into account the
zero point vibrations which prevent complete
localization of the charge carriers as T ! 0. The
relation in Eq. (6) is easily obtained assuming that
the localization energy in the antiferromagnetic
sublattices with neighbouring sites occupying
opposite spins is given by kBTNm2Sðt

0Þ. The
concentration of holes, nðxÞ at x, is then
expð�eEx=kBTNm2s ðt

0ÞÞ where E is a constant
electric field. The condition that in equilibrium
no net current should flow is mnE þ Ddn=dx ¼ 0,
so nðxÞ is proportional to expð�mEx=DÞ. Now
Eq. (6) follows since in the small polaron transport
the charge carrier density is given by nsech2�p=
2kBðT þ yÞ, where y has been added for reasons
discussed above [16].
We plot in Figs. 2(a) and (b) the resistivity

curves for x ¼ 0 and x ¼ 0:005 respectively using
Eq. (3) and Eq. (6). The experimental points for
x ¼ 0 sample is from Ref. [2] and is for a single
crystal while for x ¼ 0:005 in Fig. 2(b) is our result
on a polycrystalline sample. The difference be-
tween Figs. 2(a) and (b) is similar to that found by
Kajimoto et al. [6] for the resistivity of the FM
sample with y ¼ 0:49 and the AFM sample with
y ¼ 0:51 in Nd1�ySryMnO3. They have accounted
for the steep rise below TN for y ¼ 0:49 due to the
CE-type charge order while the increase in y ¼

0:51 is attributed to the onset of the A-type AFM
spin order and then a second increase at TCEN due
to the CE-type spin order whose volume fraction
increases as the temperature is lowered. The rðTÞ

of the sample with x ¼ 0:005 is similar in nature to
the one with y ¼ 0:51. The theoretical curve shown
in Figs. 2(a) and (b) based on Eqs. (3) for the FM
region between TNoToTc and Eq. (6) for the
AFM region 10 oToTN with the parameters
given in Table 1 show that the correlated polaron
model is able to account for the transport in both
the Sr-doped and Cr-doped Nd0:5Sr0:5MnO3 satis-
factorily for small x and y close to 1

2
. We further

conclude that Eq. (6) holds irrespective of the type
of AFM spin order, A- or CE-, provided the
parameters A=n; �p; y and c are appropriately
chosen.
For x40:005 the abrupt change in rðTÞ at TN

disappears (Fig. 1). The reason is that as tempera-
ture is decreased the paramagnetic phase changes
to the AFM-A phase with the FM phase
substantially suppressed. This is shown for
y40:5 in Nd1�ySryMnO3 through neutron scatter-
ing by Kajimoto et al. [6]. If the magnetic phase
diagram is primarily determined by the ratio
Mn4þ: Mn3þ a phase diagram can be obtained
for NSMCO from that of NSMO on the basis that
in the Nd1�ySryMnO3 and Nd0:5Sr0:5Mn1�xCrxO3,
this ratio is y=1� y and 0:5=ð0:5� xÞ respectively.
As the two systems are the same at y ¼ 0:5 and
x ¼ 0, for small values of y around 0.5 and x ¼ 0
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Fig. 2. (a) The rðTÞ curve for single crystal Nd0:5Sr0:5MnO3 calculated using Eq. (3) for the FM ðTNoToT cÞ and PM

ðTcoTp300KÞ parts and parameters given in Table 1. For PM region, ms ¼ 0. Eq. (6) has been used to plot the rðTÞ curve in the

AFM ðToTNÞ region. T c is taken as 256K and TN as 158K. The experimental points are from Kuwahara et al. [2] (b) The rðTÞ curve

for polycrystalline Nd0:5Sr0:5Mn1�xCrxO3 (x=0.005 and 0.10 (inset)) calculated using Eqs. (3), (6) and (7) with parameters given in

Table 1. Eq. (3) is used to fit the FM ðTNoToT cÞ and PM ðTcoTp300KÞ region with m ¼ 0 for x ¼ 0:005. Eq. (7) is used to fit
x ¼ 0:10 data in the inset. The volume fraction ‘f ’ of the FM phase varies as ðT=TNÞ

6 . For x ¼ 0; c ¼ 1 but for x ¼ 0:005; c ¼ 0:5.
For x ¼ 0:10; c ¼ 0:1.
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Table 1

Parameters used in fittings of the curves for the temperature variation of resistivity in Nd0:5Sr0:5Mn1�xCrxO3ð0:001pxp0:2Þ given in
Fig. 1

x T c(K) TN(K) TN0 (K) Ferromagnetic Antiferromagnetic

A=n n �p U ATN=N N �p y c T ca

ðO cmK�1Þ � 104 ð1020=ccÞ (K) (K) ðO cmÞ ð1017=ccÞ (K) (K) (K)

0.00a 256 158 — 0.018 325 130 806 14 6.6 130 20 1 350

0.001 256 156 — 0.40 14.6 130 400 0.8 114 130 45 0.5 350

0.005 246 165 — 0.80 7.31 130 400 0.75 129 280 60 0.5 350

0.01 250 175 27 0.26 23 130 600 0.46 222 30 20 0.1 350

0.05 220 140 37 0.60 10 130 600 0.60 136 30 20 0.1 350

0.10 220 140 37 0.33 17.7 130 900 2.60 31.5 30 20 0.1 320

0.15 200 140 37 0.25 25.4 130 900 4.19 20 30 20 0.1 330

0.20 200 150 25 0.17 34.4 130 700 7.0 12.5 150 10 0.05 330

For analysis of the curves Eq. (3) is used for the FM region ðTNoToT cÞ. The value of A is obtained using Eq. (2) (see text) and

a0 ¼ 3:8329
(A; nph ¼ 7� 1012 Hz. rðTÞ in the paramagnetic phase is obtained from Eq. (3) with m ¼ 0. Eq. (6) is used to fit rðTÞ in the

AFM region. For x40:005rðTÞ is fitted to Eq. (7). T c and TN are determined from the resistivity (Fig. 1) and TN0 is obtained from the

magnetization data (Fig 5). Tca values are found to lie between 320 and 350K.
aSingle crystal.
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the two systems should be similar in magnetic
phases. The main difference that arises is due to
the ionic radii of Sr2þð1:44 (AÞ and Cr3þð0:615 (AÞ,
so the tolerance factor changes as y and x increase
as discussed earlier. Further the substitution of
chromium leads to enhancement of the super-
exchange interaction due to Mn4þ �O2� � Cr3þ

linkages that replace Mn4þ �O2� �Mn3þ that
promote double exchange. Kallel et al. [17]
find that Cr doping in La0:7Sr0:3Mn1�xCrxO3
does not lead to any change in crystal structure
for 0pxp0:5 but leads to decrease in T c which
varies as a polynomial of degree two, Tc ¼ Ax2þ

bx þ C. This is justified on the basis of the model
of exchange proposed by Anderson and Hasegawa
[18]. In Section 4 we show that the expression for
T c and TN that we obtain from de Genne’s
formulation [11] agrees with the experimental
results on our system.
In the inset of Fig. 2(b) we have plotted the rðTÞ

curve for x ¼ 0:10 and compared it with the
theoretical curve obtained as follows:

rðTÞ ¼ f r1ðTÞ þ ð1� f Þr2ðTÞ; ð7Þ

where r1ðTÞ is the expression in Eq. (3) applies to
the paramagnetic ðm ¼ 0Þ as well as the ferromag-
netic ðm#0Þ region with spin–spin scattering
significantly suppressed ðc ¼ 0:1Þ and with volume
fraction f , and r2ðTÞ is the expression in Eq. (6)
and applies to the contribution from the volume
fraction of the antiferromagnetic phase, ð1� f Þ. A
plot of f as a function of temperature is also given
and shows that it varies as ðT=TNÞ

6 in the region
0pTpTN. Similar fit to rðTÞ is obtained
for 0:01pxp0:15 with the parameters given in
Table 1.
From Table 1 we conclude the following:
(1) TC and TN are nearly the same for single

crystal and polycrystalline samples for 0
pxp0:005 indicating that PM to FM and FM
to AFM processes are intrinsic to the system.
(2) The upturn in rðTÞ observed at

low temperature in most of the AMnO3ðA ¼

Nd0:5Sr0:5;Pr0:5Sr0:5Þ compounds is due to the
number density varying as sech2ð�p=2kBðT þ yÞÞ
and arises from the localization of the charge
carriers in the antiferromagnetic region as T ! 0.
For 0pxp0:005 in Table 1, �p in the AFM phase
is one order of magnitude larger than for
0:01pxp0:15 and shows that for the former the
magnetic order is mainly CE-type and for the
latter it is A-type in the temperature region
0pTpTN. The carrier density in the FM phase
is nearly three orders of magnitude larger than in
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the AFM phase. Further, the mobility is thermally
activated in the FM phase while this is absent in
the AFM phase. The difference in number density
n and �p between the AFM-CE and AFM-A spin
orders accounts for the four orders of magnitude
smaller resistivity of Pr1=2Sr1=2MnO3 at 5K than
the Nd1=2Sr1=2MnO3 compound when the resistiv-
ity at TN for both is nearly the same [19]. A
calculation similar to above shows that in the
AFM region for the Pr- and Nd- compounds the
values of n are 3� 1020=cc and 6:6� 1017=cc and
that of �p are 30 and 130K respectively.
4. Magnetic phases

We treat the Nd0:5Sr0:5Mn1�xCrxO3 system in
the molecular-field approximation of the ferro-
magnetic binary alloy. The magnetic unit cell in
orthorhombically distorted perovskite has the
dimensions a � b �

ffiffiffi

2
p

ap and c � 2ap where ap
relates to the cubic perovskite [20]. We obtain
ap� 3:8329

(A for the present system for x ¼ 0.
Each magnetic unit cell contains 16 Mn atoms
with Mn3þ and Mn4þ ions in equal numbers. The
Fig. 3. The spin arrangement on an octant of a magnetic unit cell i

antiferromagnetism (c) FM-type ferromagnetism. The magnetic uni

dimensions, a � b �
ffiffiffi

2
p

ap and c � 2ap, where ap relates to the cubi

contains 16 Mn atoms. The spin arrangement in the (a), (b) and (c)-ty

with larger arrows representing Mn3þð4mBÞ and smaller Mn
4þð3mBÞ io

and four indicate the Mn3þ and Mn4þ ions.
spins are collinear and constitute four sublattices
each with a maximum of eight spins; A1ð"Þ;A2ð"Þ;
B1ð#Þ and B2ð#Þ. The nearest neighbours of atoms
on site 1 are on site 2 and vice versa [12]. The
magnetic coupling is through double exchange
(DE) and superexchange (SE). DE exists between
unlike ions on A1 and A2 and B1 and B2
sublattices respectively. Amongst Mn3þ and
Mn4þ ions DE favours FM coupling while SE
favours A-, CE- and C- type AF coupling within
and between successive planes in the c-direction.
The spin arrangement for CE-, A- and C-type
ordering is given in Ref. [6]. The spin ordering on
the four sublattices for CE, A and FM-type order
is shown in Fig. 3, where 3 and 4 in Fig. 3 indicate
the Mn3þ and Mn4þ ions and the ð�Þ indicate the
spin direction in the ab plane which stack
antiferromagnetically along the c-axis. In (a) the
CE-type spin order is characterized by the alter-
nate ordering of Mn3þ and Mn4þ ions and hence
needs two octants to show the charge ordering . In
A type of spin order the spins order ferromagne-
tically in the ab plane with the moments pointing
along the a-axis and the planes are stacked
antiferromagnetically along the c-axis. The C type
n Nd0:5Sr0:5MnO3, (a) CE-type antiferromagnetism (b) A-type

t cell in orthorhombically distorted perovskite lattice has the

c perovskite. We obtain ap ¼ 3:8329
(A. The magnetic unit cell

pe of magnetic order on the A1;A2;B1;B2 sublattices are shown
ns. The ð�Þ indicate the spin direction in the ab plane and three
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is similar to Fig. 3(b) except that the spins order
ferromagnetically along the c-direction while the
neighbouring spins in the ab plane are in opposite
direction. In Fig. 3(c) spins order ferromagneti-
cally in the ab plane and the FM planes are
stacked ferromagnetically along the c-axis. This is
the spin order as described in Ref. [6] based on
neutron scattering.
The dependence of magnetization on tempera-

ture can be described using a two sublattice model.
In the FM phase for x ¼ 0, eight spins each on
sublattices A1 and A2 are ordered below T c and as
shown in Ref. [10], magnetization has a sharp
transition at Tc. The expression for T c obtained by
deGenne [11] can be written as [12]

kBT c ¼
2

3
½zajJ

aj � zbjJ
bj � zcjJ

cj
S2 þ
2xz�p
5

; ð8Þ

while in the insulating antiferromagnetic A-type
spin arrangement , the Néel point is given by

kBTN ¼
2

3
½zajJ

aj � zbjJ
bj þ zcjJ

cj
S2: ð9Þ

Here ziði ¼ a; b; cÞ are the number of nearest
neighbours along the a; b; c directions, z is
the total number of nearest neighbours, and Ji is
the effective J in the i-direction and x is the
number of charge carriers per Mn atom. Taking
Ja ¼ 1:61 meV; Jb ¼ Jc ¼ 0:62 meV similar to
La0:67Ca0:33MnO3 [12] and �p ¼ 130K; x ¼ 0:5 in
Eq. (8) we obtain TC ¼ 256K as observed for
Nd0:5Sr0:5MnO3 (Table 1). In the AFM phase with
Ja ¼ Jb ¼ Jc ¼ 0:62 meV;TN from Eq. (9) is
156K close to the observed value (Table 1). The
change from the FM phase to AF phase for x ¼ 0
is due to the first order phase transformation from
orthorhombic (Imma) to the monoclinic ðP21=mÞ

phase at TN [7] where Ja changes from 1.61 to
0:62 meV with Jb and Jc remaining unchanged.
We are now able to show that there is a

systematic change in the magnetic structure of
Nd0:5Sr0:5Mn1�xCrxO3 as a function of the hole
concentration x. For x ¼ 0 the ground state spin
order changes from PM to FM and then to CE-
type antiferromagnet as the temperature is low-
ered. This is shown in Fig. 4. This change
continues for x ¼ 0:001 and 0.005. For x40:005
the sharp increase in resistivity at TN disappears
and a mixed phase FM+AFM-A appears below
the phase FM as is evident from rðTÞ data in
Fig. 1 andMðTÞ data in Fig. 5. A detailed analysis
of these leads to a magnetic phase diagram
for Nd0:5Sr0:5Mn1�xCrxO3ð0pxp0:2Þ shown in
Fig. 4. The presence of chromium leads to the
nucleation of the AFM-C phase for x40:005. It is
argued by Goodenough [15] that Cr3þ has
preference for d2sp3 hybridization which would
help dz2 orbital formation of near neighbour Mn

3þ

ions leading to the AFM-C formation through
superexchange. The crystal structure within this
doping range probably does not change since the
radii of Cr3þ and Mn3þ ions are nearly the same
and the tolerance factor changes from 0.9803 at
x ¼ 0 to 0.9835 at x ¼ 0:2. The abrupt change in �p
at x ¼ 0:2 appears to be an indication of change
from AFM-A to AFM-C spin order. A continuous
rise in resistivity with decrease in temperature
observed for this composition is similar to that of
Nd1�ySryMnO3 with y40:6 where the spin order
is AFM-C [6]
5. Field-induced magnetic phases

The low temperature phase near 125K for x ¼ 0
is found by Ritter et al. [7] to be phase segregated
into two crystallographic structures, orthorhombic
(Imma) A type AFM and FM magnetic phases
and monoclinic ðP21=mÞ with CE-type AFM
phase. Under a field of 6T the CE monoclinic
phase completely transforms into the metallic
ferromagnetic orthorhombic phase.
In Fig. 5 we give the plot of MðTÞ for 0:005p

xp0:20 in the temperature range 5pTo300K
obtained with H ¼ 0:5T. For x ¼ 0:005 with
sharp changes in the slope of the rðTÞ curve we
obtain T c ¼ 246K and TN ¼ 165K. This is given
in Table 1. From Fig. 6 for H ¼ 0:5T the
inflection point in the MðTÞ curve gives Tc ¼

256K and TN, is obtained from the peak in the
MðTÞ curve and is 159K. T c and TN values
obtained at H ¼ 0:5A=m from Fig. 5 are given in
Table 2. These TN values may be compared with
those obtained from the rðTÞ curves (Table 1).
It is shown in Ref. [6] that in A-type magnetic

phase spins typically order ferromagnetically in the
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Fig. 4. The magnetic phase diagram of Nd0:5Sr0:5MnO3 obtained by the rðTÞ andMðTÞ data in (Figs. 1 and 5). Each phase is denoted

by a label; PM: paramagnetic insulator; FM: ferromagnetic metal; AFM: antiferromagnetic; CE: CE-type spin/charge order; A-A type

spin order; C-C type spin order.
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ab plane with the moments pointing towards the
a-axis and the FM planes are stacked antiferro-
magnetically along the c-axis. We take that the
sublattice magnetization in the molecular field
approximation is given by spin S ¼ 1

2
since the

magnetic order is a result of competition between
the orbital, charge and spin ordering induced by
the electron hopping processes in the doubly
degenerate eg orbital [10,11]. This is a crude
approximation but since in this, local inhomoge-
nities play an important role which is not fully
understood. On this basis we can account for the
broad features of this temperature and magnetic
field driven transitions. Then the reduced magne-
tization, m ¼ MðTÞ=Mð0Þ satisfies the relationship

m ¼ tanhðm=tÞ; ð10Þ

where t is the reduced temperature t ¼ T=T c. The
value Mð0Þ ¼ Nm is a function of the applied field,
H, since even for very large fields exceeding 12A/
m, m is less than the theoretical value of 3:5 mB. It
is only recently that Hayashi et al. [13] have
achieved this value in a pulsed field of 45A/m for
Pr0:45Sr0:55MnO3.
For the region TNoToTc

m1 ¼ tanhðm1=t1Þ ð11Þ

with t1 ¼ T=T c.
In the region 0oToTN in the presence of an

external field, another FM region is stabilized
whose magnetization is given by

m2 ¼ tanhðm2=t2Þ; ð12Þ

where t2 ¼ T=TN. For the AFM volume region
the effective reduced sublattice magnetization is
given by

�m ¼ m1 � m2: ð13Þ

Here mi ¼ miðH ;TÞ=miðH; 0Þði ¼ 1; 2ÞmiðH;TÞ is
the effective Bohr moment per formula unit at
field H and temperature T . Eq. (13) follows as at
TN a fraction p of N spins change from FM spin
arrangement to A-type spin arrangement forming
antiferromagnetic sublattices and another FM
spin system is stabilized whose temperature varia-
tion is given by Eq. (12). Since the response of the
sublattices to the field H is to reduce the
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Fig. 5. Magnetization MðTÞ curves for 0:005pxp0:20 in
Nd0:5Sr0:5Mn1�xCrxO3 at 0.5A/m. Tc;TN and TN0 have been

measured through the inflection point, maximum in the MðTÞ

curve and change in slope respectively and are given in Tables 1

and 2. Also given in Table 2 are the estimated values of mFð0Þ
and mAFð0Þ, the zero temperature magnetic moment per formula
unit in the ferromagnetic (F) and antiferromagnetic (AF)

phases obtained from these curves.
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Fig. 6. Comparison of MðTÞ plots for H ¼ 0:5 and 5A/m for
x ¼ 0:01 in Nd0:5Sr0:5Mn1�xCrxO3. At 5A/m the transition

from FM to AFM phase at TN has disappeared. Further on

increasing the field Tc shifts from 259 to 280K. The theoretical

plot using Eq. (11) with mFð0Þ ¼ 2:70mB/f.u. and T c ¼ 280K is

compared with experiment and is in satisfactory agreement. The

experimental curve for 0.5A/m is compared with that obtained

using Eq. (13) with the parameters given in Table 2.
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magnetization of the FM sublattices, Eq. (13)
follows.
In Fig. 6 we have given the plots of MðTÞ at

H ¼ 0:5 and 5A/m and compared it with theory
using Eqs. (11) and (13). At 5A/m, the FM to
AFM transition disappears as also observed by
Ritter et al. [7]. T c is taken as 280K and the value
of mFð0Þ at T ¼ 0 and H ¼ 5A=m is taken as
2:70mB. The fit to MðTÞ data to Eq. (11) in Fig. 6
shows that the molecular-field approximation with
s ¼ 1

2
is applicable. For the data at H ¼ 0:5A=m,

�m in Eq. (13) is obtained using TN ¼ 155K and
mAFð0Þ ¼ 1:50mB. The difference in the behaviour
of MðTÞ curves near T c for H ¼ 0:5 and 5A/m
in Fig. 6 is due to fact that relatively low magnetic
field induces transitions from the AFM-A state
to FM metallic state as suggested by Kuwahara
et al. [2].
We have analyzed the temperature variation of

magnetization for H ¼ 0:5A=m shown in Fig. 5
on similar lines for 0:005pxp0:20. The para-
meters obtained from the analysis are given in
Table 2. The M–T curve indicates that the
transition from paramagnetic (PM) to FM takes
place at T c and to FM+AFM-A regions takes
place at TN for xX0:005. As the temperature is
lowered the AFM-C spin state nucleates at TN0 .
Near T ! 0 only AFM-C region exists for
0:01oxo0:2 (Fig. 4). For xp0:01;Tc and TN
are nearly constant but as x increases beyond
0:01;T c and TN both decrease (Table 1). In each
case TN; obtained from zero field resistivity data in
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Table 2

The parameters used to fit theMðTÞ curves given in (Figs. 5 and

6) for Nd0:5Sr0:5Mn1�xCrxMnO3ð0:005pxp0:20Þ using Eqs.
(11) and (13) (see text)

x HðA=mÞ T cðKÞ TN TN0 ðKÞ mFð0Þ mFð0Þ
(mB=f :u:) (mB=f :u:)

0.005 0.5 256 159 0 2.30 1.73

0.01 0.5 259 155 27 2.55 1.50

0.05 0.5 224 — 37 2.75 1.125

0.10 0.5 204 — 37 2.00 0.75

0.15 0.5 200 — 37 1.375 0.625

0.20 0.5 180 — 25 0.90 —

0.01 5 280 — — 2.70 —

The zero-temperature magnetization in Bohr magneton per

formula unit in the FM phase, mFð0Þ, and in the AFM
insulating phase, mAFð0Þ, have been estimated from the MðTÞ

curves. T c is estimated from the inflection point and TN from

the maximum in the MðTÞ curve. TN0 is obtained from the

change in slope of MðTÞ near T ! 0 and denotes the

nucleation of the AFM-C phase.
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Table 1 is higher, compared to the magnetiza-
tion data at 0.5A/m showing field induced
metastability.
6. The M–H curve

For the s ¼ 1
2
model, the domain wall is thin as

discussed by Zimmermann et al. [21]. Some
information on the behaviour of domain wall in
applied field can be obtained from the MðHÞ plots
as given for Pr0:5Ca0:5Mn1�xCrxMnO3 by Mahen-
drian et al. [22] and for Nd0:5Sr0:5MnO3 in Ref. [4].
We have carried out these studies for x ¼ 0:01
at 5, 50 and 150K for applied field of
�6A=mpHpþ 6A=m. These are shown in
Figs. 7(a)–(c). The main features are: (i) presence
of three nearly closed loops at 5K, one symme-
trically placed between �0:5A=m around the
origin, the other two lying between �0:5 and
Fig. 7. The magnetization vs. field plotted in (a) at 5K for 0.01

symmetrically placed round the origin and the other two high-field loo

quadrant, show no saturation at 6A/m. The cycling of the field on the

has almost disappeared and the area of the high-field loops has decreas

loop has decreased considerably but the difference between cycles on
�6A=m, (ii) at 5K the virgin loop in the first
quadrant is larger in area than the area of the
subsequent loops while in the third quadrant these
two loops are identical. This is similar to theM–H
loop in CeðFe0:96Al0:04Þ2 [23]. As the temperature is
increased, the virgin and subsequent loops begin to
merge but even at 150K these can be distin-
guished, (iii) the moment per Mn atom at 6A/m at
5K for x ¼ 0:01 is 2:78mB. These compare
favourably with the observation of Mahendrian
et al. [4] who reported a value of 1:3mB for
increasing H on the virgin curve and 2:8mB for
decreasing H for a sample with x ¼ 0 at 50K and
at a field of 6A/m. In the present case with
simultaneous presence of CE and A-type-AF
regions along with the FM-type ferromagnetic
region the M–H loop is affected as the coercivities
of CE- and A- type regions are different from that
of FM and C- type.
Amongst the four spin configuration (at H ¼ 0),

the states shown in Fig. 3 are probably such that
on the application of a field CE-, A- and C- type
change to FM-type. As the external field is applied
the Zeeman energy, �mH, favours the growth of
the FM-type spin configuration. The first loop
near the origin shows the conversion of C- type to
FM- type spin magnetic structures under the
applied magnetic field. The first loop near the
origin extends from H ¼ 0 to H ¼ 0:1A=m at 5K
for x ¼ 0:01, Fig. 7(a). Beyond 0.1A/m the loop
with hysteric behaviour probably originates from
the conversion of A-type spin regions to FM-type
under the influence of increasing Zeeman energy.
We conclude that at 5K for x ¼ 0:01;HC is

small ð� 1200OeÞ and remanence, Mr, is � 1mB/
f.u. and this accounts for the low field magnetic
loop, which nearly disappears on heating to 50K.
This arises from C-type spin order (Fig. 4). On the
other hand the high field loop has virgin loop
larger than subsequent loops in the first quadrant
even at 150K. This arises from AFM-A type spin
for Nd0:5Sr0:5Mn1�xCrxO3. The three magnetic loops, one

ps lying between �0:5A=moHo� 6A=m in the first and third
high-field loop is shown by 1,2,3. (b) At 50K, the low field loop

ed. (c) At 150K, the low-field loop disappears and the high-field

e and three in the first quadrant is still noticeable.
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regions. It is probable that low field loop arises
from conversion of predominantly C- to FM- and
high field loop from predominantly A- to FM-type
magnetic order.
7. Conclusion

We have shown that the change in field-induced
metastability and metal–insulator transition on
chromium substitution in Nd0:5Sr0:5MnO3 arises
due to change in the small polaron stabilization
energy, �p, and the number of the charge carrier in
the low temperature antiferromagnetic insulating
state. The temperature dependence of resistivity is
accounted on the basis of correlated polaron
transport mechanism including electron–phonon
and spin–spin scattering processes in the ferro-
magnetic metal, antiferromagnetic and paramag-
netic insulating phases. In the low temperature
antiferromagnetic region with and without charge
order a single controlling parameter, the number
of charge carriers, is found to account for the large
variation in resistivity. The origin of metastability
in the chromium substituted Nd0:5Sr0:5MnO3 has
been attributed to the simultaneous presence of
regions of C-, A- and FM-type magnetic order
whose volume fraction depends on the chromium
concentration, temperature and the external field.
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