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Abstract

The magnetic phase transition and insulating-metal phase transition in the charge ordering (CO) Nd0.51Ca0.49Mn0.98Cr0.02O3 system

have been studied. From the magnetization and resistivity measurements, a considerable instability is observed in the temperature region

40KpTp135K upon thermal cycle. In the thermal hysteresis region, both antiferromagnetic (AFM) and paramagnetic (PM) phases

transform into ferromagnetic (FM) phase as the temperature decreases, thus the strong ferromagnetism emerges in the system. The origin

of the instability should be attributed to the strain relaxation in the interfacial region. Interestingly, due to the growing FM interaction,

the AFM coupling becomes weakened rather than strengthened at low temperatures.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Mixed-valence perovskite manganites R1�xAxMnO3

(R ¼ rare-earth element, A ¼ divalent alkaline earth ele-
ment) with colossal magnetoresistance effect have been of
great interest in the past years due to their special electronic
and magnetic properties as well as the potential ability for
application [1–3]. Extensive studies have shown that the
local inhomogeneity and the competitions between differ-
ent phases play a crucial role in these compounds [4–6]. It is
well-confirmed that, the charge ordering/orbital ordering
(CO/OO) for x ¼ 0:5 hole-doped manganites behaves as
the periodic arrangement of Mn3þ and Mn4þ ions. As a
typical material, Nd0.5Ca0.5MnO3 (NCMO) undergoes a
CO transition at TCO ¼ 250K and the antiferromagnetic
(AFM) ordering transition at TN ¼ 160K [7]. The experi-
ments reveal that a few Cr impurities substitution can cause
the CO/OO collapse and reproduce some ferromagnetic
(FM) metallic clusters in AFM insulating matrix [8–10].
Interestingly, a special instability, namely, magnetic and
transport properties depending on thermal cycling, has

been found in the CO system [11]. From the past work, it is
easy to find that the instability always occurs in the
temperature region ToTCO, and is strongly correlated to
short-range/local CO state [12]. Although there are already
some reasonable explanations to that, full understanding of
this behavior is lacking mainly due to its complexity and
the difficulty in directly observing its kinetic process.
Therefore, we suppose, if the previous long-ranged CO
phase could be partly damaged and simultaneously,
abundant short-range CO phase could easily appear, it
will be in favor of the study. Accordingly, in this paper, we
substitute Mn3þ ions with Cr3þ ions to synthesize
Nd0.51Ca0.49Mn0.98 Cr0.02O3 (NCMCO) compound with a
fixed ratio of Mn3þ :Mn4þ ¼ 1 : 1. Obviously, this doping
method settles one common issue in the conventional Cr-
doped method, which changes the Mn3þ=Mn4þ ratio and
thus affects the CO/OO formation. As we expected, the
instability not only occurs in the current system but also
behaves more distinctly than the previous reports. From
the magnetization and resistivity measurement, an appreci-
able thermal magnetic hysteresis is observed in NCMCO
compounds. The resistivity is increasing with time until the
end of 14th thermal cycle. From the results of the M-H
loop and electron-spin-resonance (ESR) spectra, it has
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been found that the AFM coupling becomes weakened and
therefore the AFM phase transforms into the FM phase at
To100K. Both paramagnetic (PM)–FM and AFM–FM
phases transition result in the strong ferromagnetism at low
temperatures.

2. Experiment

Polycrystalline NCMCO sample was prepared by the
conventional solid-state reaction method with high-purity
Nd2O3, CaCO3, MnO2 and Cr2O3 as the starting materials.
The mixture was preheated in air at 900 1C for 24 h.
Afterwards the powder was ground and heated at 1200 1C
for 30 h. Finally, it was reground, pressed into pellets and
sintered for another 40 h at 1400 1C, and was cooled down
to room temperature with the furnace. The structure and
phase purity has been checked by X-ray powder diffrac-
tion. The sample is single phased and exhibits the
orthorhombic structure. The magnetization ðMÞ measure-
ment was performed using a Lake-Shore vibrating sample
magnetometer under 0.01 T magnetic field from 5 to 300K.
The M–H hysteresis were performed with sweep field from
6 to �6T at different temperatures. The ESR spectra were
obtained from a JES-FA200 spectrometer at 9.06GHz.
The resistivity was measured by standard four-probe
method.

3. Results and discussion

Fig. 1 shows the temperature dependence of resistivity
(r–TÞ curves. Every thermal cycling process is performed
firstly from room temperature down to low temperature,
then back to room temperature. Such a thermal cycling
process is repeated for 14 times. It is found that the
resistivity remarkably increases after each thermal cycling,
revealing the fact that transport properties depend on
thermal cyclings. At the same time, insulator–metal (I–M)

transition occurs in the vicinity of 113K for cooling
process and 126K for heating process, respectively. Such
an (I–M) transition is generally thought to be a percola-
tion-like (I–M) transition [11]. Two unusual features are
worth noticing: (i) the r–T curve in cooling process does
not overlap that in heating process in a certain region; (ii)
the resistivity stops increasing since the 14th cycling. The
inset of Fig. 1 is the magnified image of the first cycling
process. As it shows, the cooling and heating curves
superpose only in the temperature regions of Tp39:5K
and TX133K. In the temperature regions of
39:5KoTo133K, the system presents considerable ther-
mal hysteresis of resistance, exhibiting a character of first-
order phase transition.
The temperature dependence of magnetization (M–T)

for NCMCO sample is presented in Fig. 2. The first M–T

curve, which is initially cooled down to 5K without
external magnetic field, is measured under 0.01 T with
heating to 300K. Then, under the same magnetic field, the
second curve is recorded by decreasing temperature down
to 5K. Finally, the third curve is measured with heating up
to 300K again. For the first curve under zero-field cooling
(ZFC), the M value hardly changes as the temperature
changes from 300K down to 150K. Afterwards, however,
the M increases swiftly and reaches its maximum at
T ¼ 70K. As the temperature further decreases from 40
to 5K, the M decreases slightly. From the magnified M–T

curve in the inset of Fig. 2, we can see an obvious bump on
the first curve at T�240K, which corresponds to the onset
temperature of CO/OO. Therefore, the current doping
manner can assure the formation of CO phase. Comparing
the second curve with the first curve, a considerable
magnetic hysteresis is found in the temperature region of
40KpTp135K, which is consistent with the thermal
hysteresis in the temperature region of 39.5–133K in the
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Fig. 1. Temperature dependence of resistivity for total 14 times cycling

runs in Nd0.51Ca0.49Mn0.98Cr0.02 O3. The inset is the magnification of first

cycling run.
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at 125KpTp300K.
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r–T curve. In addition, the M value in the second
measurement is obviously smaller than those in the first
and third processes. Comparing the third curve with the
first curve, we find that the first M is slightly bigger than
the third one in the temperature region of 70KpTp150K
showing that the magnetization decreases with the thermal
cycle going on.

Based on the observed results above, we can find that the
thermal cycling strongly affects the magnetic properties. In
order to shed additional light onto the magnetic hysteresis
region, the M–H relation is performed at special tempera-
tures as shown in Fig. 3. At T ¼ 250K, the M increases
linearly as H increases from �6 to 6T, showing a feature of
PM phase. Since T ¼ 150K, a small high-field loop
emerges, indicating a formation of AFM phase. However,
such a high-field loop only appears in the H42:25T
region. As the temperature decreases, the area of hysteresis
loop is enlarged, but the onset of loop occurrence is driven
to a low-field region (at 0.95, 0.45 and 0.35T for 135, 115
and 100K, respectively), indicating that the AFM phase
continually grows up while AFM coupling gradually
decreases. Moreover, at 115 and 100K, we notice that
the magnetization has reached saturation before applying
the maximal field 6T (saturation at 5.25 and 5.0 T for 115
and 100K, respectively). At 65K, the area of hysteresis
loop becomes smaller, but the onset of loop occurrence
moves to lower field H ¼ 0:15T. Therefore, not only does
the AFM coupling continues to get weaker but also the
AFM phase decreases. At 40 and 5K, with sweep field up
to 0.5 T, the M increases rapidly and, gets saturated as
H40:5T exhibiting a complete FM feature. In the down-
sweep process, the M–H curve basically superposes that of
up-sweep process and not even a tiny high-field loop has
been observed from these two curves, which implies that
there is a very little amount of AFM phase in the FM
background.

The inset of Fig. 3 shows the temperature dependence of
the saturation magnetization ðMsÞ. We can find that the

Ms increases as the temperature decreases from 250 to 65K
while basically keeps constant at Tp65K. In the present
system, all the Nd3þ, Mn3þ, Mn4þ and Cr3þ ions are
magnetic ions. Therefore, it is natural to consider whether
all of them contribute to magnetization. If Nd3þ ions’
moment could be polarized under 6 T field, the theoretical
saturation magnetization Ms ð¼ 178:64 emu=gÞ should
include the contribution of all the ions. In contrast, if it
could not be polarized, the saturation magnetization
Ms ð¼ 128:73 emu=gÞ should exclude the Nd3þ ions’
contribution. In Fig. 3, the experimental data show
Ms ¼ 129:62 emu=g. Therefore, the increase of ferromag-
netism should originate from Mn3þ, Mn4þ and Cr3þ ions,
excluding Nd3þ ions. That is to say, the Nd3þ ions have not
been polarized. In fact, the doubling exchange interaction
between Mn3þ–O–Mn4þ and the superexchange interac-
tion between Mn3þ–O–Cr3þ are responsible for the
increase of magnetization. Nd3þ–O–Nd3þ cannot produce
any interaction to form FM phase, that is, the magnetic
moment of Nd3þ ions does not contribute to Ms.
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ESR is a powerful probe to investigate microscopic
magnetic state/ordering. Hence, ESR spectra at different
temperatures (300–110K) are shown in Fig. 4(a). As
temperature decreases from 300 to 240K, the intensity of
PM lines with g�2 at H�0:32T gradually becomes
stronger. Once below 240K, however, the intensity of
PM lines is weakened quickly indicating a formation of
AFM phase. From Fig. 4(a), it is also discovered that PM
line nearly disappears at 110K but another stronger signal
appears at H�0:72T. In order to explain this variation, we
performed ESR measurement in the temperature region of
135–110K with a decrease step of 5K. The magnified
image is shown in Fig. 4(b). We find that the PM lines are
distorted in high-field region. Two remarkable Lorentz
lines occur at 125–110K: one is PM line with g�2; the
other is at high field about 0.72 T region with go2, which
should be the sign of weak AFM line. Moreover, with the
temperature decreasing, the additional AFM signals
become stronger and the PM signals become weaker. In
fact, at T4140K, there has been a considerable AFM
phase in the system, but it has not been detected from ESR
spectra. From M–H curve at 150K (Fig. 3), we find that a
hysteresis loop occurs at 2.25 T which is far above our ESR
maximal sweep field (1 T). On the contrary, at 135K, the
site of the hysteresis loop is driven to 0.95 T (below 1T).
Accordingly, the AFM signal has been detected in ESR
spectra. Therefore, based on M–T , M–H and ESR results,
the magnetic transition can be roughly divided into three
parts: charge disordering PM phase (above 240K); CO PM
phase and AFM phase (240–140K); CO PM, FM and
AFM phase (135–110K).

The Cr3þ substitution induces the local inhomogeneity
and some nanometer FM clusters. The multiphase coex-
istence and competitions govern the intricate magnetic
transitions in the present system. In Fig. 3, a noticeable
high-field loop is observed at 150K but the loop occurs
only in the high-field region ðH41TÞ implying that the
AFM coupling is very strong. On the contrary, it shifts to
low-field region ðHo1TÞ at T ¼ 135K indicating that the
AFM coupling is weakened. Furthermore, the high-field
loop disappears at 40 and 5K. Therefore, in the present
system, not only charge-disordering region but also CO
domain takes part in magnetic transition. From the inset of
Fig. 3, one can find that the saturation magnetization Ms

exhibits a rapid increase at the temperature region of
65KoTo135K. At this moment a doubt rises: how does
FM transition develop, from PM or AFM? To clarify it, we
must investigate the evolutional process of M–H curves
below 135K. At 115K, one can find that the PM phase has
gradually disappeared and only the FM and AFM phases
are remained. In order to explore the magnetic transition
more clearly around 115K, the M–H curves are fitted by
using Langevin function at 115 and 100K. We expect to
separate FM contribution from the total magnetization
curve, in order that, the residential part can be attributed to
the PM and AFM components. It is assumed that all the
FM clusters are of the same size and there is no interaction

among them. Thus, every FM cluster can be considered as
a single large magnetic moment. The simple model may be
expressed by

M ¼ NmmL
mmH

kBT

� �
,

where LðmmH=kBTÞ is the Langevin function; N is the
number of FM clusters in one mole of the NCMCO; m is
the number of Mn3þ=4þ ions in a FM cluster; m ¼ 3:5mB is
the average magnetic moment of Mn3:5þ (mB is Bohr
magneton). The M–H curve in the low-field region is fitted
by the Langevin function so that the FM magnetization
curve can be calculated in the whole sweep field range.
Finally, the FM magnetization curve is subtracted from the
experimental magnetization curve to get net contribution
of the PM and AFM phase as shown in Fig. 5.
From the results in Fig. 5, we can find that there is a

small portion of PM phase at 115K, instead, no PM phases
can be observed at 100K indicating that the PM phase has
completely transformed into the FM phase from 115 to
100K. Such a PM–FM transition is in agreement with a
slight ESR PM signal at 110K and the rapid increase of
magnetization below 135K. Moreover, it has also been
found that the onset of M–H loop at 100K is lower than
that at 115K, exhibiting that AFM interaction has been
weakened with the temperature decreasing. In the tem-
perature region To100K, the AFM phase begins to
decrease and the AFM phase transforms to the FM phase,
which also contributes to the increase of the systemic
magnetization. Down to 65K, M–H curve has been nearly
dominated by the FM phase only with a little AFM
component. Consequently, at lower temperature 40 and
5K, the residual AFM phase also transforms into the FM
phase and thus the system exhibits pure FM behavior at
the lowest temperature.
The enhancement of resistance and the diminution of the

FM phase upon the thermal cycling reflect a fact that the
present system is an unstable one. From the results above
and other groups’ work, we have found that the occurrence
of instability is determined by two preconditions: (i) the
unstable state always occurs in the region of PM/
AFM–FM transition; (ii) some short-range/local CO
phases exist. Therefore, we propose the following scenario
for understanding it. As the Cr3þ ions are doped into
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NCMO, the CO and charge-disordering domains coexist in
one system. In the temperature region of ToTCO, the spin
arrangement appears to be AFM ordering in the CO
domain. Therefore, the AFM phase in the CO region and
the PM phase in the charge-disordering region coexist in
the system. Podzorov et al. [13] proposed that the CO
domains do not show a noticeable change even when the
system is cooled to below the I–M transition temperature
in term of observation from polarized optical microscopy.
It indicates that as the temperature decreases, the charge
disordering region does not penetrate into the CO region.
Since the double exchange between Mn3þ and Mn4þ ions
can form FM coupling in the charge-disordering region,
namely, the observed PM–FM phase transition occurs in
the first cooling and the system becomes FM and AFM
coexistence. This coexistence can result in two effects: (i)
with the decrease of temperature, the strong interaction
(strain) occurs in their interface because of the micro-
structural difference between the AFM CO domains and
the FM charge-disordering domains [14]. In heating
process, the FM coupling decreases since the spins are
‘‘frozen’’ in the strain region. Thus, the PM–FM (cooling)
and the FM–PM (heating) phase transitions are irrever-
sible. (ii) The strain will prevent the charge-disordering
region from transforming into FM phase and thus impede
the formation of percolating path. Through thermal
cycling, the accumulative strain in interfacial region
gradually relaxes and the interfacial region continuously
expands resulting in the enhancement of resistance and the
diminution of FM phase. Due to the FM formation, the
AFM coupling can be weakened by the inner magnetic
field. As the temperature decreases, the enhancement of
FM phase destroys AFM coupling so that the AFM phase
gradually transforms to FM phase. Consequently, the
strong ferromagnetism occurs at low temperatures.

Although the colossal magnetoresistance effect is exten-
sively attributed to the double exchange interaction and
Jahn–Teller effect, [15,16] the accumulated experimental
evidence indicates that the ground state is not a single
phase but a mixed phase, where a FM metallic phase
coexists with an AFM insulating phase at low tempera-
tures. This coexistence is usually understood within the
framework of phase separation owing to correlated
disorder [17]. However, recent investigations show that
long-ranged strain is important. Ahn et al. proposed that
the microscopic multiphase is not only self-organized
behavior but caused by the presence of intrinsic strain
[18]. Here, our experimental results show that the strain
accumulation and relaxation play an important role in
manganites, that is to say, the competition between
different phases should be useful to understand the CMR
effect.

4. Conclusion

In summary, the magnetic and transport properties of
NCMCO were studied. With the decrease of temperature, a
percolation-like I–M transition appears. From 135 to
100K, the PM phase starts to transform into the FM phase
and then the AFM phase transforms into the FM phase.
The instability should be attributed to the strain relaxation
which causes the decrease of FM phase and the resistivity
enhancement upon thermal cycling. The inner magnetic
field destroys AFM coupling which causes the magnetic
variation in the CO domains.
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