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Tuning of the magnetocaloric effect in La 0.67Ca0.33MnO3Àd nanoparticles
synthesized by sol–gel techniques
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Departamento de Fı´sica Aplicada, Universidad de Santiago de Compostela, 15782 Santiago de Compostela,
Spain

F. Rivadullab) and M. A. López-Quintela
Departamento de Quı´mica-Fı́sica, Universidad de Santiago de Compostela, 15782 Santiago de Compostela,
Spain

~Received 30 January 2002; accepted for publication 18 March 2002!

We report the effect of progressive reduction of the annealing temperature on the magnetocaloric
effect ~MCE! of La2/3Ca1/3MnO32d nanoparticles synthesized by the sol–gel technique. With this
method, we are able to obtain particle diameters ranging form 60 to 500 nm. The peak in the MCE
at the ferromagnetic to paramagnetic phase transition is strongly reduced as annealing temperature
does, due to loss of the intrinsic first-order magnetic phase transition. This opens up a new way in
which to tune the intrinsic properties of mixed-valence manganites, most of which are associated
with the first-order character of the magnetic transition. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1476972#
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I. INTRODUCTION

The intrinsic properties of mixed valence mangani
have been a subject of attention since the rediscovery
colossal magnetoresistance nearly 10 years ago.1 These ma-
terials have demonstrated a great variety of phenomeno
that has been clearly linked to several theoretical propos
First was colossal magnetoresistance,1,2 and later giant ther-
mal expansion,3 the isotopic effect,4 and charge ordering
structures.5 As a theoretical approach, a parallel effort has
to leaving behind the early double exchange theories6,7

spin–phonon coupling8 or percolation of phase separate
regions9,10 now provide a more accurate prediction of expe
mental data.

However, much has to be done before one can cons
this field of investigation closed. One unresolved issue at
moment is the nature of the magnetic phase transition
manganites and its relationship with their physical prop
ties. For example, in the optimally doped compou
A2/3B1/3MnO3 it has been found that the ferromagnetic
paramagnetic phase transition is of first order for~La, Ca!,11

but of second order for~La, Sr!.11,12This change in the natur
of the magnetic phase transition is followed by a correspo
ing change in the physical properties of the compound.
example, colossal magnetoresistance, thermal expansion
magnetocaloric effect, and the isotopic effect are reduce
the case of second-order transitions.4,13,14 This change has
been tentatively related to a different crystalline structure
samples with different kinds of magnetic phase transition14

In this work we will show how a similar change in th
character of the magnetic phase transition can be achieve
keeping the cation and the doping level unchanged, but c

a!Author to whom correspondence should be addressed; electronic
farivas@usc.es

b!Present address: Mechanical Engineering, ETC 9.102, Texas Materia
stitute, The University of Texas at Austin, Austin, TX 78712.
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trolling the grain size and, simultaneously, the Mn31/Mn41

ratio via oxygen vacancies. The intrinsic first-order magne
transition can be minimized and eventually evolves towa
a second-order one as the grain size diminishes. This
vides a new tool with which to control the physical prope
ties associated with the transition. The magnetocaloric eff
in particular, is closely related to the type of transition, a
its change is a perfect test by which to see this evolution

II. EXPERIMENT

Nanometric particles were prepared by the sol–gel te
nique. We have used an aqueous solution
La(NO3)36H2O, Mn(NO3)26H2O, and Ca(NO3)24H2O of
stoichiometric proportions and urea as the gelificant agen
a fixed concentration (@urea#/@La31#1@Ca21#1@Mn21#
510). This solution is slowly evaporated at temperatu
ranging from 75 to 137 °C~the melting point of urea!. Upon
cooling, a gel is formed, and later it is decomposed by he
ing it at 250 °C for 3 h, yielding the precursor with which t
prepare the final samples. This precursor is annealed at
ferent temperatures up to 1100 °C for 6 h. This procedure
several related results of it have been described in ea
articles.15,16 The particle diameter~D! was measured by
scanning electron microscopy~SEM!. Through x-ray diffrac-
tion we detected high crystallinity and the absence of sp
ous phases for samples annealed atT>700 °C.

We prepared samples with sintering temperatures ra
ing from 700 to 1100 °C with an interval of 100 °C. Th
leads to a series of increasing mean particle sizes of
610, 95614, 150621, 250638, and 500695 nm, respec-
tively. The oxygen content was checked by iodometric tit
tions. The percentage of Mn41 was found to increase from
the stoichiometric value for the high temperature trea
samples to nearly 40% for the lowest temperature ones. T
is probably mainly due to the loss of oxygen content~an

il:

In-
3 © 2002 American Institute of Physics
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9944 J. Appl. Phys., Vol. 91, No. 12, 15 June 2002 Hueso et al.
increase in thed factor!, or more accurately, to an increase
cationic vacancies as the sintering temperature is lowere

The initial magnetization curves were measured usin
vibrating sample magnetometer from 160 to 330 K in fie
up to 10 kOe.

III. RESULTS AND DISCUSSION

The magnetic properties of La2/3Ca1/3MnO3 nanopar-
ticles have previously been studied.16,17 It has been shown
that the temperature at which the ferromagnetic to param
netic phase transition takes place (TC) does not depend on
the grain size.17–19It remains almost unchanged at a value
around 260 K. However, the saturation magnetization at
temperatures scales linearly withD21, that is, with the
surface/volume ratio of the particles~see Fig. 1!. This depen-
dence is a clear signal that the degree of crystallinity is
same for all the samples studied. The reduction in magn
zation is only a function of the particle size so the prese
of a magnetic ‘‘dead’’ layer is approximately the same for
the samples. Of course, it is more important in the sma
grain size samples, since the surface contribution is large
that case. The cationic vacancies and the defects in the s
ture are mainly located in this external zone, and lead t
reduction of ferromagnetic interaction. In general, each p
ticle can be seen as being composed of two different pa
The inner part is a core where double exchange interac
dominates and promotes ferromagnetic behavior. The o
part is a layer where magnetic interactions are clearly mo
fied by defects, vacancies, stress, and broken bonds dire
to a disordered magnetic state.20–22

With the objective of testing the effect of the grain si
in the magnetic phase transition we have measured in
magnetization curves in fields up to 10 kOe in the en
series of samples. In Fig. 2 we can observe the initial m
netization curves for the two extreme samples studied~those
with grain size of 60 and 500 nm!. The two results are
clearly different. In the first case, the isotherms are alm
equally spaced and it is difficult to distinguish the critic
point. However, in the sample annealed at higher temp
ture ~the 500 nm sample!, the critical region can clearly be
differentiated. Moreover, some of the curves exhibit a k
that is commonly associated with first-order magnetic tran

FIG. 1. Linear relationship between the saturation magnetization (T55 K)
and the surface/volume ratio of the particles (D21).
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tions. However, this is only a qualitative inspection. In ord
to check the nature of the magnetic transitions we have u
the Banerjee criterion.11,23 By plotting H/M vs M2 in the
critical region, the slope of the resulting curves deno
whether a magnetic transition is of first or second ord
From a thermodynamic point of view it can be deduced th
if all the curves have a positive slope, the magnetic transit
is of second order. On the other hand, if some of the cur
show a negative slope at some point, the transition is of fi
order. In the case of the smallest grain size sample, as we
see from the slopes of the different isotherms, a second-o
transition occurs. For the opposite case shown on the righ
Fig. 3 the bigger grain size sample, some of the curves s
a negative slope, which is the sign of a first-order magne
phase transition@see Figs. 3~a! and 3~c!#. For the intermedi-
ate samples, the first-order character is present. Howeve
the sample with particle size of 95 nm, for example, althou

FIG. 2. ~a! Initial magnetization isotherms of a sol–gel sample with a gra
size of 60 nm. The temperature measurements are at intervals of 170–2
(DT55 K); 245–275 K (DT52 K); 275–320 K (DT55 K). ~b! Initial
magnetization isotherms of an annealed sol–gel sample with a particle
of 500 nm. Temperature measurements are at intervals of 200–255 KDT
55 K); 255–280 K (DT52 K); 280–320 K (DT55 K). We can clearly
observe the bend in the curves around the critical temperature that deno
first-order magnetic phase transition.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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9945J. Appl. Phys., Vol. 91, No. 12, 15 June 2002 Hueso et al.
FIG. 3. ~a! Banerjee plot of the sample with particle size of 60 nm. All t
curves have a positive slope. This is a slight sign of a second-order p
transition.~b! Banerjee plot of a sample with particle size of 95 nm. T
indication of a first-order transition through the negative slope in the cu
is very soft.~c! Banerjee plot of a sample with particle size of 500 nm. So
of the curves show a negative slope. Thus the magnetic phase transiti
this case is a first-order one. In all cases, the temperature intervals ar
same as those in Fig. 2.
Downloaded 17 Dec 2002 to 131.111.8.102. Redistribution subject to A
there, it is difficult to discern the negative slope in Fig. 3~b!.
This can be interpreted as a sign that the transition con
lutes into a second-order one as the grain size diminishe
seems that below a certain limit~in our case around 95 nm!
the transition can no longer behave as a first-order one.

This can be understood by taking into account a mo
with particle differences in the inner core and outer lay
The center part always retains the intrinsic first-order m
netic transition of the bulk compound. However, the dis
dered outer layer is more likely to undergo a second-or
transition, from the disordered state into the paramagnetic
has previously been noticed indirectly.22 The composition of
both transitions hides the presence of the first-order one
this way, the overall result in the smallest particles is
second-order transition, although both contributions sho
be present at the same time. This is a very interesting re
because we are able to change the nature of an intrinsic p
erty of a material~like the magnetic phase transition! by
changing the particle size and the oxygen vacancies.

se

s

in
the

FIG. 4. ~a! Magnetocaloric effect for different applied magnetic fields for
sample with particle size of 60 nm.~b! Magnetocaloric effect for the sample
with particle size of 500 nm.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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As a result of this evolution in the magnetic phase tra
sition, some of the properties related to it are also modifi
in a similar way. One of them is the magnetocaloric effe
~MCE!, that is, the magnetic entropy change (DSM) in the
phase transition produced by changes in the magnetic
applied to the system. This is only a consequence of m
mizing the transition as the grain size is made smaller. As
were able to see from the theoretical formulation, both pr
erties are related.

The basis of the relationship between magnetic meas
ments and the change in entropy is the Maxwell equatio24

S ]S

]H D
T

5S ]M

]T D
H

. ~1!

Integrating and making an approximation suitable
discrete measurements, we obtain25

uDSMu5(
~Mn2Mn11!H

Tn112Tn
DHn , ~2!

whereMn andMn11 are the magnetization values measur
in magnetic fieldH at temperaturesTn and Tn11 , respec-
tively.

The magnetocaloric effect presents a variation tha
also proportional to the grain size. It is known that co
tinuum second-order phase transitions show a smaller e
than first-order ones. Their gentle decrease in magnetiza
close to the transition leads to a less pronounced peak o
MCE. As we can see in Fig. 4, the MCE peak is much hig
and narrower for the 500 nm sample than for the 60 nm o
The change in the magnitude of the effect with the surfa
volume ratio can be seen in Fig. 5. Clear again is the p
gressive increase of the MCE as the contribution of the o
magnetically disordered layer of each particle diminish
This result is related to the progressive continuous chang
the order of the transition, which is the basic effect that u
derlies and governs the MCE.

Finally, we can try to relate the result obtained in ma
netic characterization of the samples to others related to
dc resistivity and the intrinsic colossal magnetoresistance
was already demonstrated in a previous paper,17 the CMR
peak can also be tuned by means of the particle size.
relationship between both effects is neither evident nor

FIG. 5. Linear relationship between the magnetocaloric effect (DH
510 kOe) and the surface/volume ratio of the particles (D21).
Downloaded 17 Dec 2002 to 131.111.8.102. Redistribution subject to A
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rect, but they seem to be related in some way. When
particle size is decreased, intrinsic CMR follows the sa
tendency and, eventually, disappears. A similar result w
presented here for the MCE. Both results are associated
the presence of the outer magnetically disordered layer in
particles. Its great effect progressively hides the intrin
properties of mixed-valence manganites. They are pres
but significantly diminished as the extrinsic contributio
grows.

IV. CONCLUSIONS

In this article we have studied the ferromagnetic to pa
magnetic phase transition in La2/3Ca1/3MnO3 nanoparticles.
For the biggest particles, the transition is a first-order o
just like in ceramic materials with grains in the micromet
range. However, as the particle size diminishes~and the con-
tribution from a magnetically disordered outer layer i
creases!, the transition becomes more gradual and, for
smallest particles produced~those around 60 nm!, the transi-
tion becomes a second-order one. The magnetocaloric ef
which is closely related to the steep of the magnetic ph
transition, follows the same trend. Its value is reduced in
almost linear way as the surface/volume ratio of the partic
increases.
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