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Abstract
The size effects on the charge ordering (CO) and magnetic properties in La0.25Ca0.75MnO3 with mean particle size ranging from 40 to 2000 nm

were studied. With decreasing particle size the CO transition temperature shifts to lower temperature and the transition width becomes increasingly

wide, indicating the weakening of the CO state. Meanwhile the ferromagnetic (FM) cluster glass state appears and the magnetization at low

temperature increases significantly. The behaviour is due to the increasing uncompensated surface spins which weaken the antiferromagnetic

interaction and disfavour the formation of the CO state. The suppression of the CO state and appearance of the FM cluster glass state are also found

in La0.25Ca0.75MnO3 nanowires fabricated by a sol–gel template method. These results indicate that the CO state can be modulated effectively by

varying particle size, which has an important implication for nano-device applications of manganites.

# 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: C. Magnetic properties; Charge ordering; Manganites
1. Introduction

Doped manganites have attracted much attention because of

their rich physics and potential applications [1–3]. The charge

ordering (CO) phenomenon, accompanied with the localization

of eg electrons and appearance of the antiferromagnetic (AFM)

spin ordering below the CO transition temperature TCO,

represents one of the most interesting issues in these materials

due to the strong interactions among the charge, orbital, spin

and lattice degrees of freedom [4–6]. The CO state can be

controlled by chemical and physical methods. For example, the

substitution of non-magnetic impurities Al for Mn in

Pr0.5Ca0.5MnO3 suppresses the CO and reduces the AFM

transition temperature [7]; a high external pressure destroys the

low-temperature CO insulating state and induces a ferromag-

netic (FM) metallic state in Pr1�xCaxMnO3 system due to the

increase of the bandwidth [8]. In our previous studies, it was
* Corresponding author at: Hefei National Laboratory for Physical Sciences

at Microscale, Department of Physics,University of Science and Technology of

China, Anhui, Hefei 230026, China. Tel.: +86 551 3602196;

fax: +86 551 3603408.

E-mail address: lixg@ustc.edu.cn (X.G. Li).

0272-8842/$34.00 # 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserve

doi:10.1016/j.ceramint.2007.10.026
found that for the phase separated La0.5Ca0.5MnO3 magnetic

fields make TCO shift to lower temperature and a field of 12 T

can melt the CO state completely, while for La0.25Ca0.75MnO3,

the CO state is very stable and insensitive to magnetic field even

up to 14 T [9]. For charge ordered AFM materials, when their

size is reduced to nanoscale, the uncompensated surface spins

will destroy the perfect AFM configuration and weaken the

AFM interaction [10], which would impede the formation of

the CO state [11]. This may provide a distinct method to

modulate the CO state and magnetic properties of manganites

by varying particle size.

In the present work, the effects of particle size on the CO and

magnetic properties of La0.25Ca0.75MnO3 were studied. With

decreasing particle size, the suppression of the CO state and

appearance of the FM cluster glass state were observed. In

addition, such an anomalous behaviour was also found in

La0.25Ca0.75MnO3 nanowires with an average diameter of

60 nm prepared using a sol–gel template method.

2. Experimental procedure

Polycrystalline La0.25Ca0.75MnO3 samples were prepared by

a sol–gel method. The stoichiometric amounts of La2O3
d.
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Fig. 2. Temperature dependencies of the magnetizations of La0.25Ca0.75MnO3

samples with different average particle sizes measured under 5 T in ZFC mode.

The arrow shows the direction for the increase of the particle size.
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(99.9%), CaCO3 (99.5%) and 50% Mn(NO3)2 solution were

used as starting materials. La2O3 and CaCO3 were converted

into metal nitrates by adding nitric acid. These metal nitrates

and excessive EDTA were dissolved in distilled water 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 appropriate amount of ethylene

glycol was added to the solution. Subsequently the solution was

heated with stirring to evaporate most of the solvent water. The

resultant sol-precursors were decomposed firstly at about

300 8C and the obtained precursor powder was separated into

several parts and annealed at different temperatures from 600 to

1280 8C to get samples with different particle sizes. The

synthesis process of nanowires is similar to that reported in our

previous work [12]. The structure characterization was

performed by X-ray diffractometer (XRD) (MXP18AHF).

The average particle size and morphology were characterized

by a field emission scanning electron microscopy (FE-SEM)

(JSM-6700F). The magnetic properties were measured by a

superconducting quantum interference device (SQUID)

(MPMS) magnetometer.

3. Results and discussion

The average particle diameter D determined by FE-SEM as a

function of the thermal treatment temperature (Ta) is plotted in

Fig. 1, in which D increases from 40 to 2000 nm with increasing

Ta from 600 to 1280 8C. Fig. 2 shows the temperature

dependence of the zero field cooled (ZFC) magnetization

measured on warming under a magnetic field of 5 T for

La0.25Ca0.75MnO3 compounds with different particle sizes.

With decreasing temperature, the magnetizations increase

firstly and then decrease rapidly after reaching a maximum,

signalling the development of the CO state for all samples,

which is similar to that observed for the bulk La0.25Ca0.75MnO3

sample [13,14]. The peak in the magnetization curve is related

to the change from the weakly ferromagnetically correlated Mn

spins to the antiferromagnetically correlated ones due to the

developments of the charge and orbital orderings [13]. For the

2000 nm sample, TCO of about 240 K, defined as the peak
Fig. 1. Average particle size (D) determined by FE-SEM as a function of

thermal treatment temperature (Ta). The line is a guide to eyes.
temperature of the M vs. T curves, is consistent with that of the

bulk material [15], and the transition is very steep. With

decreasing particle size, the TCO obtained under 5 T shifts

gradually to lower temperature, and the transition width

becomes increasingly wide, which clearly indicates the

weakening of the CO state. Meanwhile the magnetization at

low temperature increases significantly. This behaviour can be

explained according to a core–surface model proposed by

Bhowmik et al. [10]. For AFM nanoparticles, the core spins are

almost antiparallel with the exchange energy Eex = �1, while

the deviation of the surface spins from the AFM arrangement

leads to the uncompensated surface spins and thereby results in

higher net moments [16] and makes the Eex value be less

negative at the surface regions. With decreasing particle size,

the influence of the uncompensated surface spins increases due

to the increase of surface/volume ratio. As a result, the

magnetization at low temperature increases and the AFM

interaction weakens gradually, which disfavours the formation

of the CO state [11,17] and induces the decrease of the TCO.

Moreover, the uncompensated surface spins give rise to an

inhomogeneous spatial distribution of the AFM interaction

strength across the whole particle and hence lead to the broad

CO transition increasingly.

Note that in manganites there exists strong competition

between the double exchange FM interaction and the super-

exchange AFM interaction. As mentioned above, the decrease of

the particle size weakens the AFM interaction, which makes the

free energies of FM and AFM close and may result in the

formation of FM clusters in some regions [18]. In order to

investigate the FM behaviour, the ZFC and field cooled (FC)

magnetizations under 0.01 T were measured, as shown in Fig. 3,

since the FM spins are very sensitive to a low magnetic field. For

the 2000 nm sample, a sharp peak P1 around 240 K in the M–T

curves corresponding to the CO transition is consistent with that

under 5 T. For the 500 nm sample, in addition to P1 around

236 K, an evident ascent of the FC curve below 174 K implies the

enhancement of the FM fluctuations. As the particle size is

reduced to 170 nm, besides P1 shifting to a lower temperature

and becoming indistinct, there is another peak P2 appears around



Fig. 3. Temperature dependencies of the magnetizations of La0.25Ca0.75MnO3 samples measured under 0.01 T in ZFC and FC modes.

Fig. 4. The temperature vs. particle size phase diagram of La0.25Ca0.75MnO3.

TCO and TC obtained under 5 and 0.01 T, respectively. The dash line is a guide to

eyes and the solid line is the fitted result using Eq. (1).
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196 K in the ZFC curve and the FC magnetization exhibits a rapid

increase around 200 K. For the samples with particle size below

120 nm, P1 disappears and P2 becomes more obvious. The rapid

increase in magnetization around a certain temperature in M vs. T

curves may be related to the formation of a long-range FM order

or short-range FM cluster glass. However, the ac susceptibility

data in Ref. [19] indicates that it results from the latter, and the P2

position marks the freezing of the FM clusters glass [20]. As for

the disappearance of P1, it can be ascribed to the discrepancy of

the sensitivity of different magnetic phases to applied magnetic

fields. The reason is that, as well known, the FM cluster moments

are easily polarized under 0.01 T field, while the AFM and PM

susceptibilities are much lower, which leads to the cover-up of

the characteristic of the CO transition due to the existence of the

FM cluster glass for the particle size below 120 nm.

Based on the magnetization measurements under H = 0.01

and 5 T, the particle size dependent phase diagrams for the

temperature TC (determined by the minimum of dM/dT vs. T

curves under 0.01 T) of the appearance of FM clusters and TCO

are constructed, as shown in Fig. 4. Since the values of TCO

obtained under 5 T decrease rapidly for the small particle size,

it can be predicted that when the particle size is reduced below a

critical value (D0), the uncompensated surface spins will cause

a fundamental change in the magnetic configuration throughout

a particle, which will lead to a complete disappearance of the
CO state. D0 can be obtained by an empirical equation:

TCOðDÞ ¼ Tb
CO

�
1� D0

D

�g

(1)

where Tb
CO is the CO transition temperature for the bulk

material, D0 is the critical particle size for the disappearance



Fig. 5. The top view SEM micrograph of La0.25Ca0.75MnO3 nanowire arrays

after removing part alumina membrane. The inset is an enlargement of a

randomly selected region.
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of the CO sate, and g is a fitting parameter. The solid line in

Fig. 4 is the fitted result with Tb
CO ¼ 241 K, D0 = 17 nm and

g = 0.54. While for the variation of TC, with decreasing particle

size it shows a non-monotonous behaviour with a maximum at

about 100 nm. This is due to the fact that the FM interaction is

also disfavoured by the surface spins [21].

To further approve the size dependencies of the CO state and

magnetic properties of the system, the magnetization of

polycrystalline La0.25Ca0.75MnO3 nanowires prepared by a sol–

gel template method was also measured. Fig. 5 shows a typical

SEM micrograph of the as-prepared sample after removing the

part alumina membrane. An enlargement of a randomly

selected region of Fig. 5, as shown in the inset, indicates that the
Fig. 6. Temperature dependencies of the magnetizations of La0.25Ca0.75MnO3

nanowires measured on warming (a) under 0.01 T after ZFC and FC processes,

(b) under 5 T after ZFC process.
nanowires with a uniform diameter about 60 nm are plump. In

Fig. 6, the M–T curves measured under 0.01 and 5 T reveal that

the CO state is suppressed and the FM cluster glass state

appears in these nanowires, which support the above results in

the nanoparticles.

4. Conclusions

In summary, the size effects on the CO state and magnetic

properties of La0.25Ca0.75MnO3 indicate that with decreasing

particle size the increasing uncompensated surface spins

weaken the AFM interaction, which suppresses the CO state

and induces the appearance of the FM cluster glass state. This

work provides a simple and effective method for controlling the

CO state in manganites.
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