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a  b  s  t  r  a  c  t

We  report  a systematic  study  of  the  effects  of  size  reduction  on  the  magnetic  and  magnetocaloric  proper-
ties of  amorphous  and  crystalline  La0.4Ca0.6MnO3+ı nanoparticles.  The  materials  were  synthesized  using  a
modified  wet  chemical  Pechini  route,  starting  with  nitrate  precursors  to  produce  the  perovskite  structure.
Phase  purity,  structure,  size,  and  crystallinity  were  investigated  using  XRD  and  TEM.  Thermal  treatments
resulted  in  nanocrystals  with  average  diameters  of  25 nm,  50 nm,  and  130  nm,  as  well  as  amorphous
particles  ∼10 nm  in diameter.  Magnetic  measurements  revealed  broad,  second  order  ferromagnetic  tran-
sitions  in  the  nanocrystals.  As particle  size  increased  from  10 nm  to  130  nm,  the  Curie  temperature  shifted
eywords:
morphous and nanocrystalline
anganites
agnetic properties
agnetocaloric effect
agnetic refrigeration

from 40  K  to  255  K. Magnetization,  magnetic  entropy  change  (�SM),  and  refrigerant  capacity  (RC)  also
increased  with  size  in  the  nanocrystalline  samples.  For  a field  change  of  5  T, the  130  nm  particles  exhibit  a
magnetic  entropy  change  of  2.8 J/kg K  and  a  large  refrigerant  capacity  of  ∼240 J/kg  at 250  K.  Interestingly,
the  10  nm  amorphous  particles  undergo  the  sharpest  magnetic  transition,  leading  to  a larger  value  of  �SM

than  in  the  25  nm  or  50 nm  crystalline  particles.  These  results  reveal  that  size  reduction  has  a  significant
impact  on  the  magnetic  and  magnetocaloric  properties  of  La0.4Ca0.6MnO3+ı.
. Introduction

In recent years, magnetic refrigeration based on the magne-
ocaloric effect (MCE) has emerged as a promising alternative to
he less efficient gas compression cycle methods [1–3]. However,
he need for improved performance in magnetocaloric materials
t moderate fields and over a large temperature interval remains
n obstacle to the wide-scale adoption of magnetic refrigeration
echnology. Perovskite structured manganese oxides have been
emonstrated to be effective MCE  materials, generating great

nterest due to their cost-effectiveness, tunability, and ease of
reparation (see the review paper by Phan et al.) [2].  The MCE refers
o the change in temperature that accompanies the adiabatic appli-
ation of a magnetic field to a system of disordered spins, caused by
he lattice entropy increasing to compensate the decrease in mag-
etic entropy (�SM). This effect is pronounced in mixed valence
anganites of the form R1−xMxMnO3 (R = La, Pr, Nd, Sm and M = Sr,

a, Ba, Pb), in which the variation of the double exchange inter-

ction of the Mn3+ and Mn4+ ions leads to large entropy changes
2]. While high values of �SM are desirable, a more important fig-
re of merit for an effective magnetic refrigeration material is the
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refrigerant capacity or relative cooling power (RC). RC is a mea-
sure of heat transfer between the cold and hot sinks in an ideal
refrigeration cycle and depends on both the magnitude and full
width at half maximum of the �SM peak. Materials undergoing a
first order magnetic transition often exhibit large �SM peaks over a
narrow temperature range, while second order transitions tend to
show smaller �SM values over a wider range of temperatures. The
broader nature of the second order transition can lead to enhanced
RC values when compared with first order transitions after sub-
tracting hysteretic losses [4].  Reducing the size of a material to the
nanoscale has been found to broaden or change the order of a tran-
sition from first to second [5–7]. For this reason, nanoparticles of
manganites have been found to be effective MCE  materials [6–11].

Manganite nanoparticles have been successfully synthesized
by many methods including co-precipitation [12], glycine–nitrate
[13], combustion [14], hydrothermal decomposition [15], spray
pyrolysis [10], and sol–gel [5,7,9,11]. Sol–gel is the most widely
used technique due to its low cost, versatility, low-temperature
processing, and homogeneous products [16]. In particular, the
Pechini method of sol–gel processing forms stable complexes with
a large variety of metals over a wide pH range, allowing for rela-
tively simple synthesis of oxides of considerable complexity [17].

The Pechini method uses a mixture of metal salts as precursors,
citric acid (CA) as chelating ligands of metal ions and polyethylene
glycol (PEG) as a cross linking agent to form a polymeric resin
on a molecular level. Upon heating, CA and PEG polymerize to

dx.doi.org/10.1016/j.jallcom.2011.09.027
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:phanm@usf.edu
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orm an organic network, in which cations are immobilized and
istributed homogeneously on the molecular scale [18]. The
egregation of particular metal ions is reduced and compositional
omogeneity of fine powders with high surface area can be
ttained at low calcination temperatures, resulting in particles
ith small size and phase purity. In this study, we examine the

ffects of particle size on the magnetic and magnetocaloric prop-
rties of La0.4Ca0.6MnO3 nanoparticles prepared by the Pechini
ethod.

. Experimental details

The starting solution was  prepared from metal nitrates (MN), citric acid (CA),
nd polyethylene glycol (PEG). Aqueous metal nitrate solutions with 0.5 molarity
ere prepared by dissolving (LaNO3)2·6H2O, Ca(NO3)3·6H2O, and Mn(NO3)3·xH2O

n  deionized water. The solutions were mixed together in stochiometric ratios, and
A  was added with the molar ratio of MN:CA = 1:3 to form stable citrate–metal

on complexes. After heating the solution to 80 ◦C for 1hr with stirring, PEG was
dded. PEG serves as a cross-linking agent between the metal complexes, allow-
ng  polymerization to occur. The solution was placed under vacuum and heating

as adjusted to maintain a constant vapor temperature of 80 ◦C as the solvents
vaporated. A dense, translucent polymer resin was  formed as an intermediate
tage, which solidified upon further heating under vacuum. After grinding with an
gate mortar, the resulting black powder was  treated at 500 ◦C for 3 h to remove
he  organic materials. The powder was divided and calcined separately at 700 ◦C
or  3 h, 850 ◦C for 3 h, and 1000 ◦C for 7 h in air. A 5 ◦C/min ramping rate was
sed during all heating and cooling processes. X-ray diffraction was  carried out
ith the Bruker D8 Focus X-ray diffractometer operating with Cu-K� radiation

� = 1.5406 Å). The magnetic and magnetocaloric properties were measured using
 commercial Quantum Design Physical Property Measurement System (PPMS)
ith a vibrating sample magnetometer over a temperature range of 10–320 K

nd fields up to 5 T. The temperature dependence of magnetization was investi-

ated using a field of 200 Oe. While acquiring the low temperature M–H  loops,

 sweep rate of 30 Oe/s was  used in the small-field range to determine coerciv-
ty.  Magnetization isotherms were measured from 0 to 5 T with a field step of
00  Oe and a temperature interval of 5 K in the amorphous samples and 10 K in the
anocrystals.

ig. 2. TEM micrographs of nanoparticles obtained after calcinations at (a) 500 ◦C, (b) 700
5  nm,  50 nm,  and 130 nm,  respectively.
Fig. 1. Room temperature X-ray diffraction pattern for the La0.4Ca0.6MnO3 nanopar-
ticles annealed at various temperatures.

3. Results and discussion

Fig. 1 shows the room temperature XRD patterns for each sam-
ple. The scans demonstrate the absence of impurity phases. In
agreement with the literature, all samples correspond to the Pnma
space group and orthorhombic structure [12,19,20] with lattice

parameters of a = 5.403, b = 7.613 and c = 5.412 Å. The absence of
well-defined peaks in the sample calcined only at 500 ◦C indi-
cates that the particles are mainly amorphous in nature, while heat
treatments above 500 ◦C yielded crystalline particles. TEM images

◦C, (c) 850 ◦C, and (d) 1000 ◦C. Average particle sizes were determined to be 10 nm,
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played in Fig. 5. According to the Banerjee criterion [29], the sign
of the slope of H/M vs. M2 is determined by the nature of a PM to
FM transition, with a negative slope corresponding to a first order
transition and a positive slope corresponding to a second order
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Fig. 2) give average particle diameters of ∼10 nm,  25 nm, 50 nm,
nd 130 nm,  for the samples treated at 500 ◦C, 700 ◦C, 850 ◦C, and
000 ◦C, respectively.

Fig. 3 shows the temperature dependence of the field-cooled
FC) and zero field-cooled (ZFC) magnetization of amorphous
nd nanocrystalline La0.4Ca0.6MnO3+ı. Consistent with the previ-
us results for sol–gel synthesized La0.4Ca0.6MnO3 nanocrystals
19,20], the samples in the present case exhibit only FM-like behav-
or, as can be seen from the smooth increase in the M–T  curves

ithout a low-T drop in magnetization that would indicate a stable
O phase. We  also observe that magnetization decreases signifi-
antly with decreasing particle size; this trend is expected in FM
anoparticles as long-range ferromagnetic order is lost and sur-

ace spin disorder becomes increasingly significant [21]. On the
ther hand, a reduction of particle size in CO manganites will at
rst result in an increase in magnetization as long range CO strains
re reduced and FM order is established at the particle surface [22].
his second trend was observed in the size-effects study by Liu
t al. [20]. However, in the present case the monotonic depen-
ence of magnetization on size suggests that either CO does not
ppear in any appreciable amount even in the largest particles, or
t is weak enough to be aligned by a 200 Oe field, i.e. is short-range
n nature. The discrepancy can be attributed to variation in the oxy-
en content, which can alter the relationship between the double-
nd superexchange interactions [23].

While CO does not play an overt role, other indicators point
o a significant degree of disorder in the FM state. The large irre-
ersibility between the FC and ZFC curves and the peak in the
FC magnetization are typical features of a cluster glass mate-
ial [24]. Inverse susceptibility versus temperature is plotted in
ig. 4. Fitting to the Curie–Weiss law shows an increase of the
urie temperature from 145 K to 250 K as particle size is increased

rom 25 nm to 130 nm.  The downturn in �−1 in the 130 nm and
0 nm samples is characteristic of the onset of a Griffiths-like
hase, a well-known phenomenon in doped manganites [25–28].

nduced by disorder, the Griffiths phase features FM clusters
of (a) 10 nm,  (b) 25 nm,  (c) 50 nm, and (d) 130 nm La0.4Ca0.6MnO3 measured under

within the PM phase between the Curie temperature of the undi-
luted system (TG) and the actual magnetic ordering temperature
(TC(p)). The inset of Fig. 4 shows the inverse susceptibility of the
10 nm amorphous particles. Extrapolating a high-T fit to the tem-
perature axis gives a negative intercept, likely due to a glassy
behavior.

To assess the nature of magnetic phase transitions in the present
compounds, Arrott plots of samples of each particle size are dis-
T (K)

Fig. 4. Temperature dependent inverse susceptibility in the nanocrystalline parti-
cles. The lines represent fits of the high temperature data to the Curie–Weiss law to
determine TC. The inset shows the inverse susceptibility of the amorphous sample.
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Table 1.
To evaluate the magnetocaloric effect in the present samples,

the magnetic entropy change was calculated from a series of
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Fig. 5. Arrott plots for various temperatur

ransition. By this criterion, the 130 nm samples clearly undergo
 second order transition. A simple mean field model of a long-
ange ferromagnet predicts that H/M should vary linearly with M2.
he deviation from the mean field model is most significant in
he amorphous particles (Fig. 5). The H/M vs. M2 isotherms show
arge curvature and do not change concavity below the transition,
nstead bunching together at lower temperatures. This behavior
an be seen as a manifestation of short range ordering. Some
lustering is also present in the 25 nm and, to a lesser extent,
he 50 nm samples. Clearly, the magnetic ordering is affected by
article size. By increasing the calcination temperature and, con-
equently, particle size, we improve the magnetic and crystalline
roperties of the particles by establishing a greater degree of long
ange order.

The field dependent magnetization (M − H) loops at 10 K are
hown in Fig. 6. Below 130 nm,  the samples do not saturate com-
letely in fields up to 5 T. Surface spin disorder likely plays a
ole in preventing saturation. The magnetization at 5 T reaches
nly 0.21 �B/f.u. in the 10 nm samples. When compared with the
xpected spin-only moment of 3.4 �B/f.u. for perfectly aligned spins
n La0.4Ca0.6MnO3, this corresponds to ∼6% ferromagnetic align-

ent. As particle size is increased, the magnetization approaches
he theoretical value more closely. The 5 T magnetization in the

argest particles is 2.33 �B/f.u., approximately 70% of full ferromag-
etic alignment. The coercivity in the particles follows the opposite
rend—decreasing as particle size is increased. This reduction in
oercivity is favorable from a refrigeration cycle standpoint, as
und TC for samples with each particle size.

hysteretic losses are correspondingly reduced. Interestingly, the
coercivity of the amorphous particles (>6 kOe) is several times
larger than that of the other samples studied. The results of the
magnetic and magnetocaloric characterization are summarized in
6040200-20-40-60
H (kOe)

-3

Fig. 6. Hysteresis loops measured at 10 K in the field range from −5 T to 5 T.
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Table 1
The magnetic and magnetocaloric parameters of La0.4Ca0.6MnO3 nanoparticles
related to particle size.

Diameter
(nm)

M (�B/f.u.)
10 K, 5 T

HC (Oe)
10 K

|�SM|
(J/kg K) 5 T

RC (J/kg)
5 T

10 0.210 6402.5 0.46 8.1
25 0.344 798.8 0.13 11.0

i
t

�

w
t
0
e
s
m
c
e
c
1
0

undergoing a ferromagnetic to antiferromagnetic transition since

F
p

50  0.640 596.4 0.33 46.6
130  2.33 513.3 2.81 240.7

sothermal M–H  curves using the thermodynamic Maxwell rela-
ion,

SM = �0

∫ Hmax

0

(
∂M

∂T

)
H

dH.

here M is the magnetization, H is the magnetic field, and T is
he temperature. Isothermal magnetization curves were taken from
.0 to 5.0 T at 10 K temperature intervals over the region of inter-
st in each sample. For all temperatures, magnetization increased
moothly with the applied field—a characteristic of a single-phase
aterial. Upon integrating between the magnetization versus field

urves, we observe distinct peaks in the temperature dependent
ntropy change (Fig. 7). By convention, we plot negative entropy

hange versus temperature. The maximum values of −�SM for the
0 nm,  25 nm,  50 nm,  and 130 nm particles were determined to be
.46 J/kg K, 0.13 J/kg K, 0.33 J/kg K, and 2.81 J/kg K, respectively. The

10 20 30 40 50 60
0.0

0.1

0.2

0.3

0.4

0.5

60 80 100 120 140 160 180 200 22 0
0.0

0.1

0.2

0.3

0.4

(c)

-Δ
S

M
 (

J/
kg

 K
)

T (K)

10 nm
Amorphou s

μ
0
ΔH=0 .1   -  5T

(a)

-Δ
S

(J
/k

g 
K

)

-Δ
S

M
 (

J/
kg

 K
)

T (K)

50 nm
Nano cry stalline

ig. 7. Constant-field magnetic entropy change curves as a function of temperature for t
articles. Measurements were carried out at field increments of 0.1 T from 0.1 to 5 T.
 Compounds 512 (2012) 94– 99

sharp low temperature transition in the amorphous particles gives
way to smooth, broader transitions in the larger particles.

The refrigeration capacity, defined as RC = −�SM(T,H) * ıTFWHM,
where ıTFWHM is the full width at half maximum of the −�SM peak,
is an important parameter to optimize for refrigeration applica-
tions. While the amorphous particles achieve larger −�SM than
the intermediate particle sizes, the narrow temperature range over
which the peak extends results in a small RC value. The RC depends
linearly on the applied field; over a field change of 5 T, the RC in
the 130 nm particles reaches ∼240 J/kg. In the range of fields that
can be produced with permanent magnets (∼0–2 T), these particles
still produces a sizable RC of up to ∼94 J/kg. Table 2 shows −�SM

and RC values for several representative magnetocaloric materials
with curie temperatures near 250 K. Our current result for 130 nm
particles compares well with those in other manganite compounds
and reaches ∼60% of the value of gadolinium.

A final note is that the magnetic entropy change is directly
related to the first derivative of magnetization with temperature,
making it a more sensitive probe of behavior near a transition tem-
perature than magnetization or resistivity measurements alone
[30]. For materials undergoing a paramagnetic to ferromagnetic
phase transition, the decrease in magnetic entropy as randomly
oriented spins align results in positive values for −�SM. On the
other hand, negative values of −�SM are observed in a material
the configurational entropy of the spins increases as the magnetic
sublattice aligns anti-parallel to the applied magnetic field [30]. The
values of −�SM remain positive over the entire temperature range
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Table  2
The magnetocaloric parameters of typical magnetic refrigerant materials compared to 130 nm La0.4Ca0.6MnO3.

Material Tpeak (K) �0�H (T) |�SM| (J/kg K) RC (J/kg) Reference

La0.4Ca0.6MnO3 (130 nm)  250 5 2.81 240.7 Present
La0.7Ca0.3MnO3 (160 nm) 270 4.5 5.02 218.4 [5]
La0.7Ca0.3MnO3 (bulk) 235 4.5 6.99 243.1 [5]
La0.67Ca0.33Mn0.9V0.1O3 (40 nm)  252 5 4.5 135 [10]
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[28] W.J. Jiang, X.Z. Zhou, G. Williams, Y. Mukovskii, R. Privezentsev, J. Appl. Phys.
La0.35Pr0.275Ca0.375MnO3 (50 nm)  215 5 

Pr0.65(Ca0.6Sr0.4)0.35MnO3 (78 nm)  210 7 

Gd  (bulk) 287.25 5 

or all particle sizes investigated, a compelling indication that no
ignificant CO phase is present in our samples.

. Conclusions

In summary, we have investigated the magnetic and magne-
ocaloric properties of nanoparticles of La0.4Ca0.6MnO3 prepared
y a Pechini-type sol–gel method. In contrast to previous studies,
o significant CO phase was observed in the system. The discrep-
ncy is likely a consequence of oxygen deficiencies. Through the
pplication of differing heat treatments, several sizes of particles
ere obtained. Increasing the particle size from 10 nm to 130 nm
as found to improve crystallinity and long range ferromagnetic

rder while increasing magnetization and refrigerant capacity and
educing coercivity. The largest particle size exhibits a sizeable
efrigerant capacity ∼240 J/kg, making it a good candidate for mag-
etic refrigeration around 250 K.
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