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We report the effect of progressive reduction of the annealing temperature on the magnetocaloric
effect (MCE) of LaysCa;,sMnO5_ s nanopatrticles 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. 2@02 American Institute of Physics.

[DOI: 10.1063/1.1476972

I. INTRODUCTION trolling the grain size and, simultaneously, the Mavin**
ratio via oxygen vacancies. The intrinsic first-order magnetic
The intrinsic properties of mixed valence manganitesyansition can be minimized and eventually evolves towards
have been a subject of attention since the rediscovery of second-order one as the grain size diminishes. This pro-
colossal magnetoresistance nearly 10 years'agwese ma- vides a new tool with which to control the physical proper-
terials have demonstrated a great variety of phenomenologyes associated with the transition. The magnetocaloric effect,
that has been clearly linked to several theoretical proposalsa particular, is closely related to the type of transition, and
First was colossal magnetoresistahéend later giant ther- its change is a perfect test by which to see this evolution.
mal expansion, the isotopic effecf, and charge ordering
structures.As a theoretical approach, a parallel effort has led
to leaving behind the early double exchange thedrles; || expERIMENT
spin—phonon couplifyor percolation of phase separated
regions''° now provide a more accurate prediction of experi- ~ Nanometric particles were prepared by the sol-gel tech-
mental data. nigue. We have wused an aqueous solution of
However, much has to be done before one can considdra(NGO;)36H,0, Mn(NG;),6H,0, and Ca(NQ),4H,O of
this field of investigation closed. One unresolved issue at thstoichiometric proportions and urea as the gelificant agent in
moment is the nature of the magnetic phase transition i fixed concentration [(red/[La®"]+[Ca"]+[Mn?"]
manganites and its relationship with their physical proper—=10). This solution is slowly evaporated at temperatures
ties. For example, in the optimally doped compoundranging from 75 to 137 °Cthe melting point of urea Upon
A,3B1sMNnO; it has been found that the ferromagnetic— cooling, a gel is formed, and later it is decomposed by heat-
paramagnetic phase transition is of first orderdom, Cg,**  ing it at 250 °C for 3 h, yielding the precursor with which to
but of second order faiLa, Sp.**2This change in the nature Prepare the final samples. This precursor is annealed at dif-
of the magnetic phase transition is followed by a correspondterent temperatures up to 1100 °C for 6 h. This procedure and
ing change in the physical properties of the compound. Fopeveral related results of it have been described in earlier
example, colossal magnetoresistance, thermal expansion, tAgicles:>'® The particle diamete(D) was measured by
magnetocaloric effect, and the isotopic effect are reduced i§canning electron microscop$EM). Through x-ray diffrac-
the case of second-order transitidri&* This change has tion we detected high crystallinity and the absence of spuri-
been tentatively related to a different crystalline structure iPUS phases for samples annealedat700°C.
samples with different kinds of magnetic phase transitidns. ~ We prepared samples with sintering temperatures rang-
In this work we will show how a similar change in the Ng from 700 to 1100°C with an interval of 100°C. This
character of the magnetic phase transition can be achieved I§2ds to a series of increasing mean particle sizes of 60

keeping the cation and the doping level unchanged, but con= 10, 95-14, 150-21, 250=38, and 508 95 nm, respec-
tively. The oxygen content was checked by iodometric titra-

tions. The percentage of MAh was found to increase from
dAuthor to whom correspondence should be addressed; electronic mai{'he stoichiometric value for the high temperature treated
farivas@usc.es ;
Ypresent address: Mechanical Engineering, ETC 9.102, Texas Materials Ir_§ampIeS to nearly 40% for the lowest temperature ones. This
stitute, The University of Texas at Austin, Austin, TX 78712. is probably mainly due to the loss of oxygen contéan
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FIG. 1. Linear relationship between the saturation magnetizafienyK) 0 6(;00 80|00 10(')00
and the surface/volume ratio of the particlé& ().
(@) H (Oe)
increase in thes facton, or more accurately, to an increase in 100
cationic vacancies as the sintering temperature is lowered. 500 nm
The initial magnetization curves were measured using a 200K
vibrating sample magnetometer from 160 to 330 K in fields 80+ :
up to 10 kOe.
255K
-—;A 60+ ’ 1
I1l. RESULTS AND DISCUSSION &0 /
=
The magnetic properties of LaCa sMnO; nanopar- g 40. |
ticles have previously been studitt’ It has been shown ~
that the temperature at which the ferromagnetic to paramag- = /
netic phase transition takes placg:j does not depend on 20- §
the grain sizé/~°It remains almost unchanged at a value of ‘ 280K
around 260 K. However, the saturation magnetization at low e —— ==7320K
temperatures scales linearly with ™!, that is, with the 0-+=5 ' ' ' '
. . . . 0 2000 4000 6000 8000 10000
surface/volume ratio of the particlésee Fig. 1. This depen-
dence is a clear signal that the degree of crystallinity is the (b) H (Oe)

same for all the samples studied. The reduction in magneti-
zation is only a function of the particle size so the presenc@'G' 2. (a) Initial magnetization isotherms of a sol—gel sample with a grain
f o o, . . v th f I size of 60 nm. The temperature measurements are at intervals of 170-245 K
of a magnetic "dead” layer is approximately the same for all x1_s5 k). 245-275 K AT=2K); 275-320 K AT=5K). (b Inital
the samples. Of course, it is more important in the smallefmagnetization isotherms of an annealed sol-gel sample with a particle size
grain size samples, since the surface contribution is larger inf 500 nm. Temperature measurements are at intervals of 200-236TK (
that case. The cationic vacancies and the defects in the struc K): 255-280 K AT=2K); 280-320 K AT=5K). We can clearly
t inlv located in this external zone. and lead to observe the bend in the curves around the critical temperature that denotes a
ure a'fe mainly o - ! frst-order magnetic phase transition.
reduction of ferromagnetic interaction. In general, each par-
ticle can be seen as being composed of two different parts.
The inner part is a core where double exchange interactiotions. However, this is only a qualitative inspection. In order
dominates and promotes ferromagnetic behavior. The outéo check the nature of the magnetic transitions we have used
part is a layer where magnetic interactions are clearly modithe Banerjee criterioht?® By plotting H/M vs M? in the
fied by defects, vacancies, stress, and broken bonds directimgitical region, the slope of the resulting curves denotes
to a disordered magnetic stafe?? whether a magnetic transition is of first or second order.
With the objective of testing the effect of the grain size From a thermodynamic point of view it can be deduced that,

in the magnetic phase transition we have measured initidf all the curves have a positive slope, the magnetic transition
magnetization curves in fields up to 10 kOe in the entireis of second order. On the other hand, if some of the curves
series of samples. In Fig. 2 we can observe the initial magshow a negative slope at some point, the transition is of first
netization curves for the two extreme samples stuiiedse order. In the case of the smallest grain size sample, as we can
with grain size of 60 and 500 nmThe two results are see from the slopes of the different isotherms, a second-order
clearly different. In the first case, the isotherms are almostransition occurs. For the opposite case shown on the right in
equally spaced and it is difficult to distinguish the critical Fig. 3 the bigger grain size sample, some of the curves show
point. However, in the sample annealed at higher temperaa negative slope, which is the sign of a first-order magnetic
ture (the 500 nm sampje the critical region can clearly be phase transitiofisee Figs. @) and 3c)]. For the intermedi-
differentiated. Moreover, some of the curves exhibit a kinkate samples, the first-order character is present. However, in
that is commonly associated with first-order magnetic transithe sample with particle size of 95 nm, for example, although
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FIG. 3. (a) Banerjee plot of the sample with particle size of 60 nm. All the
curves have a positive slope. This is a slight sign of a second-order pha
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FIG. 4. (a) Magnetocaloric effect for different applied magnetic fields for a
sample with particle size of 60 nrth) Magnetocaloric effect for the sample
with particle size of 500 nm.

there, it is difficult to discern the negative slope in Fi¢h)3
This can be interpreted as a sign that the transition convo-
lutes into a second-order one as the grain size diminishes. It
seems that below a certain lin{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 model
with particle differences in the inner core and outer layer.
The center part always retains the intrinsic first-order mag-
netic transition of the bulk compound. However, the disor-
dered outer layer is more likely to undergo a second-order
transition, from the disordered state into the paramagnetic, as
has previously been noticed indirectiThe composition of
both transitions hides the presence of the first-order one. In
dhis way, the overall result in the smallest particles is a

transition. (b) Banerjee plot of a sample with particle size of 95 nm. The Second-order transition, although both contributions should
indication of a first-order transition through the negative slope in the curveshe present at the same time. This is a very interesting result,
is very soft.(c) Banerjee plot of a sample with particle size of 500 nm. Some because we are able to change the nature of an intrinsic prop-

of the curves show a negative slope. Thus the magnetic phase transition
this case is a first-order one. In all cases, the temperature intervals are t

same as those in Fig. 2.

r%ty of a material(like the magnetic phase transitioby

changing the particle size and the oxygen vacancies.
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5.5 , ' ‘ ' rect, but they seem to be related in some way. When the
5.0[\0 AH=10kOe ] particle size is decreased, intrinsic CMR follows the same
450 ] tendency and, eventually, disappears. A similar result was
= 4ol ] presented here for the MCE. Both results are associated with
ﬁM il ] the presence of the outer magnetically disordered layer in the
Qﬂ ’ particles. Its great effect progressively hides the intrinsic
= 30r properties of mixed-valence manganites. They are present,
4 2.5¢ but significantly diminished as the extrinsic contribution
2.0+ grows.

15 , . . .
0.000 0.004 0.008 0.012 0.016
-1 -1
D (nm)

IV. CONCLUSIONS

In this article we have studied the ferromagnetic to para-

FIG. 5. Linear relationship between the magnetocaloric effesti( Magnetic phase transition in 4gCa;sMnO; nanoparticles.

=10kOe) and the surface/volume ratio of the particlbs t). For the biggest particles, the transition is a first-order one,
just like in ceramic materials with grains in the micrometer
range. However, as the particle size diministeasd the con-

As a result of this evolution in the magnetic phase trandribution from a magnetically disordered outer layer in-
sition, some of the properties related to it are also modifiedreases the transition becomes more gradual and, for the
in a similar way. One of them is the magnetocaloric effectsmallest particles producéthose around 60 njnthe transi-
(MCE), that is, the magnetic entropy changkS,) in the  tion becomes a second-order one. The magnetocaloric effect,
phase transition produced by changes in the magnetic fielthich is closely related to the steep of the magnetic phase
applied to the system. This is only a consequence of minitransition, follows the same trend. Its value is reduced in an
mizing the transition as the grain size is made smaller. As w@lmost linear way as the surface/volume ratio of the particles
were able to see from the theoretical formulation, both propincreases.
erties are related.
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