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The charge ordering �CO� and magnetic properties of La0.25Ca0.75MnO3 compounds with average particle
sizes ranging from 40 to 2000 nm have been studied. With decreasing particle size, the CO transition gradually
shifts to lower temperature and becomes increasingly wide and weak; meanwhile, the ferromagnetic cluster
glass state appears, and the temperature TG for the appearance of ferromagnetic clusters shows a nonmonoto-
nous variation with a maximum at about 100 nm. The magnetization at low temperature shows a relatively
complex change with particle size. A core-shell model was proposed to explain these anomalous behaviors, and
the temperature-particle size phase diagram of La0.25Ca0.75MnO3 was established. These results are helpful in
deeply understanding the coupling between charge and spin degrees of freedom in manganites.
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I. INTRODUCTION

The charge ordering �CO� in doped perovskite manganite
RxA1−xMnO3 �R and A represent rare earth elements and di-
valent alkaline earth elements, respectively�, characterized
by an ordering of the Mn3+ and Mn4+ species within the
MnO2 plane, causes the localization of eg electrons and the
antiferromagnetic �AFM� spin ordering below the CO tran-
sition temperature TCO. The CO phenomenon represents one
of the most interesting issues in these materials due to the
strong interactions among the charge, spin, orbital, and lat-
tice degrees of freedom and has been studied intensively.1–7

It has been demonstrated that the CO state can be controlled
by an internal or external perturbation which varies the in-
terplay of various degrees of freedom. For example, the sub-
stitution of Fe for Mn in charge-ordered La0.33Ca0.67MnO3
introduces non-Jahn-Teller �non-JT� impurity Fe3+ at Mn3+

sites and suppresses the CO by reducing the JT distortion;8

for Pr1−xCaxMnO3 system, a high external pressure can lead
to a suppression of the CO insulating pseudo-CE-type AFM
state and an appearance of the charge-disordered A-type
AFM state due to the increase of the bandwidth.9,10

Recently, we have found that a magnetic field of 12 T
induces a metal-insulator transition accompanied with reap-
pearance of ferromagnetic �FM� state around 145 K in the
charge-ordered La0.5Ca0.5MnO3 compound, which indicates
that the CO state has been melted by the magnetic field. In
contrast, for La0.25Ca0.75MnO3, the CO state is very stable
due to the large JT distortion and stable AFM structure; a
14 T field has almost no impact on it.6,11 Because of the
limitation of the high magnetic field and pressure techniques
in magnetic and transport measurements, how the magnetic
state of this material varies during the destruction of CO
state is still not clear. It is believed that the stability of the
CO state is strong with the collinear AFM ordering of the
localized Mn moments.5,12 For AFM materials, when their
particle size is reduced to nanoscale, the uncompensated sur-
face spins will destroy the collinear AFM configuration,13

which, in turn, would impede the formation of the CO
state.11,14 Therefore, varying particle size can change the CO
state of manganites and provide an opportunity to study the
variation of magnetic state. In addition, an investigation of
the particle size effects may lead to some size-related inter-
esting physical phenomena and is helpful to more deeply
understand the coupling between the charge and spin in
nanosized manganites.

In this paper, we studied the size effects on the CO state
and magnetic properties of La0.25Ca0.75MnO3 compounds. It
is found that the CO state is suppressed gradually and the
FM cluster-glass state appears with decreasing particle size
from 2000 to 40 nm. Based on these results, a phase diagram
of temperature vs particle size for La0.25Ca0.75MnO3 is
constructed.

II. EXPERIMENT

Polycrystalline samples of La0.25Ca0.75MnO3 were pre-
pared by sol-gel method, which is based on the esterification
and polymerization reaction of ethylene glycol �EG� and eth-
ylenediaminetetraacetic acid �EDTA�. The stoichiometric
amounts of La2O3, CaCO3, and 50% Mn�NO3�2 solution
were used as starting materials. La2O3 and CaCO3 were con-
verted into metal nitrates by adding nitric acid. These metal
nitrates and excessive EDTA were dissolved in distilled wa-
ter to obtain a clear solution with an initial molar ratio of
La:Ca:Mn=1:3:4. The pH of solution was adjusted to 6–7
by adding ethylenediamine, and then an appropriate amount
of EG was added to the solution. Subsequently, the solution
was heated with stirring to evaporate most of the solvent
water. The resultant gel precursors were decomposed at
about 300 °C to obtain black precursor powder which then
was separated into several parts and annealed at temperatures
from 600 to 1280 °C to gain samples with different average
particle sizes. The average particle sizes were characterized
by field emission scan microscopy �FESEM, JEOL, JSM-
6700F� and Scherrer formula. The structure characterization
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of the samples was done by x-ray diffraction �XRD� on a
MacScience MAXP18AHF diffractometer using Cu K� ra-
diation. The magnetic properties were measured by a super-
conducting quantum interference device magnetometer. The
valence Mn3+/Mn4+ ratio was determined using x-ray photo-
electron spectroscopy �XPS� on the ESCA 100-VSW appa-
ratus equipped with a Mg anode �1253.6 eV� and K2Cr2O7

titration method.

III. RESULTS AND DISCUSSION

The sharp diffraction peaks in the XRD patterns shown in
Fig. 1 indicate the good crystallinity for each specimen with-
out any impurity phases. With decreasing annealing tempera-
ture, the diffraction peaks become increasingly wide due to
the decrease of the particle size. The clear crystal stripes
belonging to �200� face of the specimen annealed at 600 °C

shown in Fig. 2 also confirm the good crystallinity. Figure 3
shows the FESEM micrographs of La0.25Ca0.75MnO3 com-
pounds obtained by different thermal treatments. It is clearly
seen that for each sample, the size of the crystallized par-
ticles is homogeneous, and the average diameter �D� ranges
from 40 to 2000 nm as the annealing temperature increases
from 600 to 1280 °C.

Figure 4 shows temperature dependences of the zero-field
cooled �ZFC� and field cooled �FC� magnetizations �M�
measured under a magnetic field of 0.01 T for the specimens
with different particle sizes. For the 2000 nm sample, both
the ZFC and FC magnetizations increase with decreasing
temperature below 400 K, then decrease rapidly after dis-
playing a sharp peak P1 at about 240 K, signaling a devel-
opment of the CO state. This feature is similar to that ob-
served for the bulk La0.25Ca0.75MnO3.6,15 It is known that at
high temperatures, the hopping of eg electrons between Mn3+

and Mn4+ ions induces a weak FM spin correlation.14 As the
temperature decreases to the onset of CO, the FM fluctuation
is suppressed since the CO freezes out the hopping of eg
electrons and the formation of antiferromagnetically corre-
lated Mn spins results in a decrease of magnetization. Ac-
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FIG. 1. The XRD patterns at room temperature of all the speci-
mens annealed at different temperatures Ta.

FIG. 2. The high resolution transmission electron microscopy
image of the specimen annealed at 600 °C.

FIG. 3. FESEM micrographs of La0.25Ca0.75MnO3 compounds
obtained by different thermal treatments.
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cordingly, the peak temperature of the M vs T curve can be
defined as TCO. For the 500 nm sample, in addition to the P1
around 236 K corresponding to the CO transition, a fair up-
turn of the magnetization below about 174 K in the FC curve
implies the reappearance of the FM fluctuations. As the par-
ticle size is reduced to 170 nm, besides P1 shifting to a lower
temperature and becoming indistinct, the FC magnetization
exhibits a rapid increase around 200 K, whereas the ZFC
curve shows another peak P2 around 196 K. For the samples
with particle size below 120 nm, P1 disappears and P2 be-
comes more obvious. The rapid increase in magnetization
around a certain temperature in M vs T curves may be re-
lated to the formation of a long-range FM order or a short-

range FM cluster glass.16–19 In order to clarify the magnetic
state, the ac susceptibility ���T� under different frequencies
was measured, as plotted in Fig. 5. Obviously, the ���T� for
2000 and 500 nm samples is independent of frequency, and
the sharp peak around TCO corresponds to P1. When the par-
ticle size is reduced below 170 nm, the ���T� exhibits a
strong frequency dependence, and the position Tf of the peak
corresponding to P2 obviously shifts toward a higher tem-
perature with increasing frequency, which confirms that the
magnetic state of these specimens is of cluster-glass �CG�
state at low temperatures. Therefore, the above rapid rise in
magnetization is attributed to the appearance of the short-
range FM coupling, forming FM clusters around a tempera-
ture TG defined as the temperature corresponding to the mini-
mum of dM /dT vs T curve.17 Upon ZFC, the FM cluster
moments freeze into random orientations, and the ZFC mag-
netization at low temperature is much lower than the FC one
in which the FM cluster moments align. With increasing
temperature the frozen clusters are gradually melted, and the
ZFC magnetization rises. When temperature is close to TG,
the FM cluster moments are strongly disturbed by thermal
fluctuations and the magnetization starts to reduce, which
leads to the appearance of P2 in the ZFC curve. So, P2 po-
sition or Tf marks the defreezing temperature for CG.18 With
decreasing particle size, TG displays a nonmonotonous be-
havior with a maximum at about 100 nm, whereas the mag-
netization at low temperature shows an anomalous variation
compared with TG, as shown in Fig. 6. The magnetization at
10 K obtained from the ZFC M-T curves measured with
0.01 T increases monotonously as the particle size is reduced
from 2000 to 100 nm and then decreases with further de-
creasing size to 85 nm. However, it is surprising that the
magnetization increases again below 85 nm.

The evolution of TG with particle size may be related to
the following two aspects: one is the variation of the
Mn3+/Mn4+ ratio,20,21 and the other is a surface effect due to
decreasing particle size. In order to clarify its origin, it is
necessary to determine the Mn3+/Mn4+ value of all the
samples. Figure 7 shows the typical XPS spectra of Mn 2p3/2
level of the 40, 85, 170, and 2000 nm samples. The solid
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FIG. 4. Temperature dependences of the ZFC and FC magneti-
zations for all the specimens measured under a field of 0.01 T.

0 100 200 300

2

4

6
1

2

3

4

2

3

4

6.74

6.76

6.78

6.05

6.10

6.15

180 184 188 192
5.28

5.32

5.36

T
f

T
f

H=3.5 Oe

T
CO

170 nm

1 Hz
100 Hz

H=3.5 Oe

T
CO

T (K)

χχ χχ'
(1

0-3
em

u/
g)

500 nm

1 Hz
100 Hz

T (K)

χχ χχ '
(1

0-4
em

u/
g)

H=3.5 Oe
2000 nm

1 Hz
100 Hz

1 Hz
H=3.5 Oe

100 nm

T
f

10 Hz

T
f

100 Hz

T
f

FIG. 5. Temperature dependences of the in-
phase ac susceptibility in the ac magnetic field of
3.5 Oe with different frequencies.

PARTICLE SIZE EFFECTS ON INTERPLAY BETWEEN… PHYSICAL REVIEW B 76, 174415 �2007�

174415-3



squares are the experimental data and the other two curves
are the fitting results corresponding to Mn3+ �open triangles�
and Mn4+ �open squares� species with binding energy values
of 641.2 and 642.5 eV, respectively.22,23 From the calcula-
tion of the internal peak areas of the two fitting curves, one
can get that all the samples have almost the same
Mn3+/Mn4+ value. Moreover, the titration results also show
that the Mn3+/Mn4+ ratio is nearly a constant through the
series �Table I�. Therefore, the variation of TG with particle
size should arise from the surface effect. Based on the core-
shell model proposed by Bhowmik et al.,24 an improved one
was used to explain it, as illustrated in Fig. 8. For AFM
nanoparticles, the deviation of the shell spins from a collin-
ear AFM arrangement of the core spins leads to the uncom-
pensated surface spins which weaken the AFM interaction
across the shell and hence enhance the FM interaction �see
Fig. 8�b��.24,25 The enhanced FM coupling facilitates the for-
mation of FM cluster glass in these regions. Under an exter-
nal magnetic field, the aligned FM cluster moments lead to
the macroscopical ferromagnetism and thereby the abrupt in-
crease of the magnetization around TG.17 However, on the

other hand, with further decreasing particle size, the surface
spins become more disordered and thus disfavor the FM
coupling.26,27 When the two competitive factors reach a bal-
ance, the FM coupling, i.e., TG attains a maximum. Thereaf-
ter, the increasingly disordered surface spins weaken the FM
coupling significantly and hence results in the decrease of TG
with further decreasing particle size �Fig. 8�c��.

As for the increase of the magnetization at 10 K below
85 nm, it can be understood from the evolution of the spin
configuration of an AFM nanoparticle with particle size. As
aforementioned, the spins of a particle consist of core and
shell spins, so the total magnetization can be given as24

M = �Mshell�
ij

cos �ij + �1 − ��Mcore, �1�

where the shell/core ratio � increases with decreasing par-
ticle size, Mshell and Mcore represent the magnetizations of the
shell and core, respectively, and �ij with 0° ��ij �180° is
the angle between spins i and j. For the core spins, �ij
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�180°, while �ij �180° for the shell spins which are more
easily polarized by an external field than the core spins;
therefore, Mshell is much larger than Mcore. When more spins
break their AFM �180°� configuration with increasing �, it
will lead to an enhancement of M. As D�85 nm, � becomes
so large that the enhanced magnetization resulting from the
shell spins prevails over the reduced one resulting from the
weakened FM coupling by the disordered shell spins, and
thus leads to the increase of macroscopic magnetization.

The aforementioned magnetic properties as a function of
particle size are further evidenced by the M vs H curves at
10 K shown in Fig. 9. With decreasing particle size, the
curves gradually show a FM characteristic as indicated by
the hysteresis loop of the 100 nm sample in the inset of Fig.
9, and the magnetization at 5 T increases by about 318%
with decreasing particle size from 2000 to 40 nm. It should
be noted that the magnetization value of 0.18 �B /Mn site
under 5 T for 40 nm is much smaller than the ideal one
�3.25 �B /Mn site, provided that all the Mn ions have FM
ordering�. This implies that CO and AFM coexist in most
regions of the samples at low temperatures. However, there

is no clear evidence for CO transition observed in the M vs T
curves under low field for D�120 nm. This can be ascribed
to the dissimilar sensitivities of different magnetic phases to
applied magnetic fields. It is well known that the FM cluster
moments are easily polarized under low fields, while the
AFM and paramagnetism susceptibilities are much lower,
which induces that the characteristic of the CO transition is
covered up for the samples with particle size below 120 nm
due to the existence of the FM clusters under 0.01 T. With
increasing field, the FM cluster moments saturate rapidly,
while the AFM moment still increases linearly �see Fig. 9�,
and it can be anticipated that the characteristic of the CO
transition should become gradually visible under high mag-
netic fields. Therefore, in order to further observe the effect
of particle size on the CO state, it is necessary to study the M
vs T curves under a higher magnetic field, as shown in Fig.
10. For all the samples, the susceptibilities at high tempera-
tures follow the Curie-Weiss law, and a good fitting result of
the 500 nm sample at high temperatures is shown in the inset
of Fig. 10. With decreasing temperature, the ZFC curve
shows a distinct maximum at a certain temperature. This
characteristic is similar to that of a bulk material28 and re-
veals that there exists a CO transition for all the samples. It is
notable that, with decreasing particle size, TCO gradually
shifts to a lower temperature and the transition width be-
comes increasingly wide due to the weakening of the CO
state. This CO state suppression is actually related to the
uncompensated surface spins. According to Heisenberg ex-
change theory, the exchange energy Eex between two neigh-
boring spins is expressed as24

Eex � − Jex�
ij

SiSj cos �ij , �2�

where Jex is an exchange constant and Si and Sj represent the
spin quantum number of the spins i and j, respectively. For a
bulk material, one can assume �ij =180° and Eex=−E0, as
illustrated in Fig. 8�a�. For nanoparticles, although the core
spins are almost antiparallel, i.e., �ij �180°, the deviation of

TABLE I. List of the particle sizes obtained by FESEM and the
Scherrer formula and the Mn3+/Mn4+ ratio obtained by XPS and
titration methods.

Annealing temperature
�°C�

Particle size
�nm�

Mn3+/Mn4+

�XPS�
Mn3+/Mn4+

�titration�

1280 2000 1:2.86 1:3.12

1200 500 1:2.84 1:3.16

1100 170 1:2.87 1:2.92

1000 120 1:2.84 1:2.89

900 100 1:2.88 1:3.11

850 90 1:2.89 1:2.86

800 85 1:2.87 1:2.78

700 70 1:2.86 1:3.08

600 40 1:2.91 1:3.13
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shell spins from the AFM arrangement makes −E0�Eex�0
across the shell regions, as schematically shown Figs. 8�b�
and 8�c�, and thereby enhances the surface energy.29 In ad-
dition, the increasing surface strain resulting from the surface
defects also raises the surface energy.14 As a result, the de-
struction of collinear AFM configuration and the enhanced
surface energy suppress the CO.12,14 Meanwhile, the FM
clusters appear due to the double exchange interaction be-
tween Mn3+ and Mn4+ cation.

The suppression of the CO state is further confirmed by
the temperature dependences of orthorhombic lattice param-
eters a, b /�2, and c, obtained by analyzing the powder XRD
patterns using the Rietveld refinement method based on the
space group Pnma for all samples, as shown in Fig. 11. It is
seen that a dramatic change of the lattice parameters near
TCO gradually shifts to a lower temperature with decreasing
particle size and becomes increasingly flat, which verifies the
suppression of the CO state.

Based on the magnetization measurements and the struc-
ture analysis, a phase diagram of temperature vs particle size
for La0.25Ca0.75MnO3 is constructed, as shown in Fig. 12.
The solid squares and open circles represent the TG deter-
mined under 0.01 T and TCO obtained under 5 T, respec-
tively. With decreasing particle size, TG firstly increases and
then decreases after reaching a maximum at about 100 nm,
while TCO monotonically decreases. It can be predicted that
when the particle size is below a critical value �D0�, the
disordered surface spins will cause a fundamental change in
the magnetic configuration throughout a particle via ex-
change coupling25 and make the surface energy be compa-

rable with the CO energy �see Fig. 8�, which will lead to a
complete disappearance of the CO state.14 D0 can be ob-
tained by the empirical equation

TCO�D� = TCO
b �1 −

D0

D
	�

, �3�

where TCO
b is the CO transition temperature of the bulk ma-

terial, D0 is the critical particle size for the disappearance of
the CO sate, and � is a fitting parameter. The solid line in
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Fig. 12 is the fitting result with TCO
b =241 K, D0=17 nm, and

�=0.54.

IV. CONCLUSION

In summary, with decreasing particle size, the robust
charge ordering in the bulk La0.25Ca0.75MnO3 compound is
weakened, accompanied with an appearance of a FM cluster-
glass state. Moreover, the temperature TG for the appearance
of FM clusters firstly increases and then decreases after
reaching a maximum at about 100 nm, while the magnetiza-
tion at low temperature shows a maximum and a minimum
around 100 and 85 nm, respectively. These results can be

attributed to the surface spins which gradually change the
magnetic configuration of the particle via exchange coupling
and magnetic interactions with decreasing particle size. It
can be predicated that when the particle size is reduced to
a critical value D0, the charge ordering will completely
disappear.
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