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Lag gCap,MnOj particles with the sizes from 17 to 43 nm have been prepared using the sol-gel
method and the magnetic properties are systematically studied. The existence of the blocking of the
superparamagnetism (SPM), freezing of super-spin-glass, and surface-spin-glass is evidenced. It is
found that a core-shell structure can be responsible for the magnetism behavior of the
nanoparticles. The phase transition from paramagnetism (PM) to ferromagnetism (FM) is modified
from first order to second order as the particle size reduced. The magnetocaloric effect (MCE) thus
is modified by the changed magnetism. The observed temperature interval of the magnetic entropy
change broadens as the particle size reduced. The magnetic entropy change of superparamagnetic
particles has been calculated based on the core-shell model. The relative cooling power (RCP) can
be tuned dramatically by particle size due to the change of spontaneous magnetization of the core
and the changed ratio of the shell and surface, which shows different behavior in magnetization.

© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3699037]

. INTRODUCTION

In the past few decades, mixed valence manganites have
been investigated experimentally and theoretically due to the
interesting and rich electronic and magnetic properties.’
The colossal magnetoresistance (CMR) is closely related to
the ferromagnetic-paramagnetic (FM-PM) phase transition.
The nature of the magnetic phase transition in manganites
and the relationship with their physical properties are still
unclear. For example, in the optimally doped compound
Lay;3A13MnO; (A =alkaline earth ion) it has been found
that the FM-PM phase transition is of first order for
Ca,>* but of second order for Sr.°

Beyond the CMR some manganite systems exhibit also
a relatively strong magnetocaloric effect (MCE) around the
first order FM-PM transition temperature. Magnetic refriger-
ation, based on MCE, has received increasing attention as an
alternative to the well-established compression-evaporation
cycle for room-temperature applications since it is higher in
cooling efficiency, environmentally friendly and can be
more compactly build as the solid substances are the working
materials.®” Several alloy materials have been found to ex-
hibit large MCEs, such as La(Fe;_Siy);3, MnFeP,As;_, and
Ni, Mn;_,Ga Heusler alloys. However there are several dis-
advantages in these promising materials, such as large ther-
mal and/or field hysteresis and expensive production cost,
which are not beneficial for the actual magnetic refrigerant
application.®® Manganites with small thermal and magnetic
hysteresis and relatively low cost make them a promising
material for refrigeration since the large MCE was found in
Lay gCap,MnOj5 single crystal.10 Another advantage of their
potential applications is the broad working temperature
ranges due to easy controlling of the Curie temperature by
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doping routes. The disadvantage of the first-order transition
of manganites is the sharp FM-PM phase transition that
induces a narrow interval of the magnetic entropy change
and hence small relative cooling power (RCP), while
recent researches reported that the MCE can been tuned
by the grain size. With a decrease in the grain size of
La,Ca;_ .MnOj particles to a few ten nanometers, the FM-
PM phase transition has changed into second order and the
MCE has also been greatly changed.''™'® Thus it is signifi-
cant to study the size effect on MCE. It is still not quite
clear about the physical origin of the change of magnetic
properties with the grain size.'* Hueso et al. assumed that
this property is due to the differences between core and sur-
face,!! but the details of the transition as well as how it acts
on MCE are under debate.

As reported by some authors, nanoscaled magnetic par-
ticles usually exhibit a number of outstanding physical prop-
erties such as superparamagnetism (SPM), super-spin-glass,
and surface-spin-glass behaviors.'>™'7 The particles become
single domain as the size reduced to a value smaller than the
critical radius r..."® In an isolated noninteracting single domain
particle ensemble it shows a SPM behavior since each particle
can be considered as a large magnetic dipole, which behaves
like a paramagnetic atom, proposed by Néel'® and Brown.?
If the magnetic dipole interaction between particles are strong
enough the super-spin-glass dominates the magnetism of the
nanoparticles.'”?"*? On the other hand as the particle size
decreased the number of surface atoms can be comparable
with inner atoms, thus the magnetic behavior is mainly domi-
nated by spin disordered nonmagnetic surface. Lowered satu-
rate magnetization and enhanced surface-spin-glass can be
observed in a various small particle systems.*>**

In this study, we present a systematic investigation of
magnetic characteristics of LaygCa,MnO3; manganite asso-
ciated with the finite-size effects, and evidenced SPM,

© 2012 American Institute of Physics
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FIG. 1. X-ray diffraction patterns of the samples annealed at various

temperatures.

super-spin-glass, and surface-spin-glass existing in the nano-
particle sample. The FM-PM phase transition was found to
change from first order to second order as particle size
decreases. The cause of this change was investigated and a
core-shell model was suggested to explain the magnetic
characteristics of nanoparticles. Tuning of the magneto-
caloric property thus can be obtained through modifying the
size of the particles and this tuning is likely to be applicable
for other magnetocaloric materials.

Il. EXPERIMENTAL DETAILS

Analytical grade La,0O; and CaCO; weighed accurately
were dissolved in nitric acid and mixed with Mn(NO3), solu-
tion in de-ionized water to obtain a clear solution with mole
ratio of La:Ca:Mn = 0.8:0.2:1. Citric acid (HOOCCH,C(OH)
(COOH) CH,COOH) with a molar ratio of citric acid/total
metal ions being 1.2 were weighed, and added to the mixed
solution. Ammonia was used to adjust the ph value to 7. A
suitable amount of polyethylene glycol was added to the solu-
tion and stirred vigorously obtaining a transparent viscous

J. Appl. Phys. 111, 063922 (2012)

TABLE I. Particle size D of LaygCap,MnO3; sample annealed at different
temperatures 7,,cqr-

T annear (°C) 600 700 800 900 1000

D (nm) 17.0 19.5 28.0 355 43.0

solution. After achieving complete dissolution, the resultant
solution was heated at 110 °C for 8 h in order to evaporate the
excess solvents and promote polymerization. The solution
became highly viscous, with a change from yellow to orange,
and finally it is gelled to a glassy resin. The gel was further
heated in a box furnace at 250°C, and brown precursor was
obtained. This powder was divided into several parts and
annealed at 600 °C, 700 °C, 800 °C, 900 °C, and 1000 °C for 8
h, respectively, and black LajygCap,MnO; powders were
obtained.

The X-ray diffraction (XRD) with Cu-K« radiation (Phi-
lips X’pertPro) was used to determine the crystal structure,
lattice parameters, and crystallite sizes. XRD patterns were
analyzed by the Rietveld method. The magnetization meas-
urements were carried out by using a Quantum Design super-
conducting quantum interference device (SQUID) in the
temperature range of 5-380 K. The surface morphology of
samples was studied by field-emission scanning electronic
microscopy (FE-SEM).

lll. RESULTS AND DISCUSSIONS

The XRD patterns of nanocrystalline LaggCag,MnO3
particles were shown in Fig. 1. The diffraction peaks can be
indexed in the orthorhombic setting of the Pnma space
group. The average crystallite sizes D calculated by using
the Debye-Scherer equation were shown in Table I. The
SEM graph in Fig. 2 confirmed the calculated size generally.
For the sample annealed at 600 °C the size observed on SEM
graph is larger than that derived by XRD pattern mainly due
to the aggregation of small particles.

FIG. 2. SEM micrograph of samples annealed at vari-
ous temperatures of (a) 600°C, (b) 700°C, (c) 800°C,
and (d) 1000 °C.
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Figure 3 presents the temperature dependence of the dc
magnetization via zero-field-cooled (ZFC) and field-cooled
(FC) processes with an applied field of 0.01 T. The M-T data
suggests that all these samples undergo a PM to FM transi-
tion upon cooling. The critical temperatures T are 234, 252,
214, 237, and 236 K for 17, 19.5, 28, 35.5, and 43 nm sam-
ples respectively. The T¢ is defined as the valley of dM/dT in
the M (T) curves. The ZFC magnetization at low tempera-
tures shows a gradual increase in the relatively small parti-
cle. The ZFC magnetizations of the 17, 19.5, and 28 nm
samples in Fig. 3 exhibit a maximum at 83 K, 76 K, and147
K, respectively, while the ZFC and FC curves begin to
diverge at 218, 244, and 253 K well above the temperature
corresponding to the maximum magnetization. Both of the
two characteristics may indicate the SPM existing in these
samples. In the M-T curves the temperature corresponding to
the maximum magnetization (7),) is defined as blocking tem-
perature 7), and the temperature where the ZFC and FC
curves begin to diverge is defined as irreversible temperature
T;.~. Moreover from the FC curves of the 17, 19.5, and 28
nm samples, plateaus can be seen as the temperatures are
lowered mainly indicating the freezing of spin-glasses state.

To confirm the SPM or the spin-glass of the samples, we
have investigated the H dependence of T, by measuring the
temperature dependence of ZFC magnetization of the 17 nm
samples recorded for wide range of applied magnetic fields
as shown in Fig. 4. Thus dependence of T, on H can be
derived as shown in Fig. 5. The enlarged plots of T,,-H curve
at low and high fields are shown in the insets of Figs. 5(a)
and 5(b), respectively. The figures show that T, shifts with H
following three types of patterns. T}, decreases very quickly
with increasing applied field for H < 0.05 T and decreases
slowly with further increasing field for 0.05 T < H < 0.1 T.
For H > 0.2 T it decreases very slowly compared with that at
low fields. These three types of T, may arise from the differ-
ent magnetic states dominating under different applied fields
as discussed below.

The glassy or SPM system in the mean-field approxima-
tion can survive in the presence of certain magnetic fields
below so called Almeida-Thouless (AT) line in H-T phase

10
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FIG. 4. Temperature dependence of ZFC magnetization of the 17 nm sam-
ple in different applied magnetic fields.

diagram.”>° AT-line in this case corresponds to the phase
boundary between SPM and spin-glass like phases and can
be written as

TP = Tf[l - (H/Ha)a]v (D

where Ty is freezing temperature at H =0 for glassy system,
and for SPM Trdenote T), at H=0; H, = 2K / pM presents
the critical field below which the SPM or the spin-glass
phase can survive, and above which the SPM phase or
spin-glass phase disappears since at this critical field the T,
was suppressed to 0 K. K4 is effective anisotropy constant,
M saturation magnetization, and p density of the sample. Pa-
rameter oo depends on the interaction strength. For SPM
a=2,"" while for super-spin-glass and surface-spin-glass
this parameter is close to 2/3.25

By fitting this expression to the experimentally obtained
data, good agreements are achieved for the 17 nm sample
with different parameters as shown in the insets of Figs. 5(c)
and 5(d): «=2, H,=0.096 T, and T;=83.4 K under the
applied field of H < 0.05 T; «=2/3, H,=0.29 T, and
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FIG. 3. Temperature dependence of magnetization recorded in the ZFC
(open symbols) and FC (solid symbols) modes under an applied magnetic
field H=0.01 T. Inset shows the first derivative of M-T curve in FC model
for the 17 nm sample.
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FIG. 5. H dependence of T, (solid line to guide the eye). Inset: (a) T), vs H
for H < 0.1 T; Dashed curve is the fitting SPM curve extrapolated to the
field higher than 0.05 T. (b) ), vs H for 0.2 T < H < 4.5 T. (c)-(d) Fitting
AT line to the experimentally obtained data (circle points). A good agree-
ment was achieved by using parameters: « =2 for H < 0.05 T o =2/3 for
006 T<H<O01T,andx=2/3for02T <H<45T.
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T;=281.0 K under the field of 0.06 T < H < 0.1 T; a=2/3,
T;=26.5 K, and H,= 48.8 T under the field of H > 0.2 T.
The obtained fitting value o =2 indicates the presence of
SPM at the applied field lower than 0.05 T and o =2/3 indi-
cates the super-spin-glass or surface-spin-glass phase exist-
ing in this sample, which always present in the nanoparticle
samples. Since for both super-spin-glass and surface-spin-
glass phases, o =2/3, it is difficult to distinguish whether or
not the system behaves as a super-spin-glass or surface-spin-
glass. Nevertheless, in super-spin-glass system, the low tem-
perature spin-glass phase is very sensitive to the magnetic
field and the application of a low field can make it disap-
pear.25’30 While for surface-spin-glass-sample, the spin-glass
phases can survive at a very high field**! due to the large
K induced by the surface anisotropy. In our sample we can
see that for 0.06 T < H < 0.1 T, the obtained fitting value of
H,=0.29 T, that is to say the spin-glass phase can survive
only at a field lower than 0.29 T, which indicates the super-
spin-glass dominates the shifting of T}, under an applied field
of 0.06 T < H < 0.1 T. While for the case of H > 0.2 T,
H,=48.8 T. That is to say the spin-glass phase can remain
at a very high field, indicating the surface-spin-glass presents
under an applied filed of H > 0.2 T. Thus the coexistence of
SPM, super-spin-glass- and surface-spin-glass was identified
by the AT line fitting. the Ty of surface-spin-glass and super-
spin-glass is defined as Ty; and T, respectively.

It can be seen from the fitting data that all of the three
fitting H, are higher than a certain low field, which means
that all these phases can survive at a low field. On the other
hand we can see from the fitting values that Ty, < Tp, < T},
thus we can deduce that the sample undergoes surface-spin-
glass, super-spin-glass, blocked SPM, SPM, and PM state,
respectively from the low temperatures to the high tempera-
tures under a ZFC warming procedure at a low applied field
(0.01 T, for example). However actually there is only SPM-
induced T}, at 83 K can obviously be seen at the ZFC proce-
dure at an applied field of 0.01 T. It seems that no evidence
of surface-spin-glass and super-spin-glass can be seen in the
ZFC curve. But we can see two sudden increases of the mag-
netization at 43 K and 75 K, respectively from the FC curve.
We can more clearly find such two sudden increases by the
observation of two valleys existing in the dM/dT curve at
Tr; =43 Kand Tr, =75 K, respectively (see the inset in Fig.
3). The sudden increase in FC curve is induced by the onset
of freeing of spin-glass state, which is a little higher than the
spin-glass freeing temperature Tf.28 As we extrapolate the fit-
ted data to 0.01 T for the super-spin-glass line and surface-
spin-glass line shown in Figs. 5(c) and 5(d), the freezing
temperatures of surface-spin-glass and super-spin-glass are
26.2 K and 71.5 K, respectively. We can see that Tr; =43 K
is a little higher than the super-spin-glass freezing tempera-
ture of 26.2 K. Therefore Tr; could be considered as the tem-
perature of onset of freeing of the surface-spin-spin-glass.
Moreover it can be seen from the FC curve of 17 nm sample
in Fig. 3 that the M (T) curve becomes a plain plateau below
26 K indicating the complete freezing of the surface-spin is
achieved at this temperature, which is perfectly consistent
with the extrapolating derived freezing temperature of 26.2
K. Similarly T, =75 K is a little higher than the value of
Tp= 71.5 K derived from fitting super-spin-glass line. So

J. Appl. Phys. 111, 063922 (2012)

we may conclude that Tx; is the temperature at which the
freezing of super-spin-glass begins to emerge. The fitting
values of Ty and T, are perfectly consistent with the T; and
Tr> confirms our fitting is correct. Therefore the super-spin-
glass and surface-spin-glass indeed coexist in our sample.

Since there are SPM, super-spin-glass, and surface-spin-
glass existing in the 17 nm sample, a core-shell structure in
our sample can be considered: The core is a single domain
ferromagnetic particle with SPM or super-spin-glass behav-
ior at certain temperature while the shell is spin-disordered
surface layer with the surface-spin-glass behavior at low
temperatures (below 26.5 K according to the fitting parame-
ter Tp). Moreover because the surface-spin-glass and SPM/
super-spin-glass exist at the surface shell and inner core,
respectively, the magnetization of the surface-spin-glass will
be superimposed on that of the SPM/super-spin-glass in
inner cores. That is to say the surface behavior is independ-
ent with the inner core behavior. On the other hand in the
inner core the SPM and super-spin-glass also exist independ-
ently. The evidence is the sudden increase in FC curve at
75 K at 0.01 T, which is well consistent with the T), derived
from the dependently fitting data of super-spin-glass.

As discussed above the SPM-induced peaks dominate
the magnetization maximum in ZFC curves at a low applied
field. With the increasing field the SPM-induced peak shifts
to 0 Kat H= 0.096 T (that is to say the blocked SPM is sup-
pressed by increasing field and should disappear above field
larger than H,). But actually starting from 0.06 T the shifting
of the peak does not follow the SPM model but follow the
super-spin-glass model instead. Assuming the SPM model is
followed at fields larger than 0.06 T the peak should follow
the dashed curve which lies below the super-spin-glass
induced peak as shown in inset of Fig. 5(a). It seems that the
SPM-induced peaks are smeared by the super-spin-glass
induced peak since the later lies at higher temperature. When
at the even higher field (larger than 0.29 T) the super-spin-
glass was suppressed to 0 K and disappears. Thus the peaks
shift following the surface-spin-glass model. Above this field
both the blocking of SPM and the freezing of super-spin-
glass disappear. In other word for an applied field higher
than 0.29 T, the magnetic behavior of our sample is domi-
nated by the magnetization of superparamagnetic core and
surface-spin-glass shell. This conclusion is important for dis-
cussing the MCE of our samples as will be discussed latter.
We also investigated the 7, dependence of H of the 28 nm
sample. The result is quite similar to that for 17 nm sample
and shows the coexistence of the SPM, super-spin-glass and
relatively weak surface-spin-glass.

The SPM and super-spin-glass exist in various magnetic
nano-systems, which is usually termed an interacting super-
paramagnets or interacting nanoparticles assembly.**?
When interparticle interactions are negligible the system
possesses superparamagnetic behavior where superspins
oscillate between their easy directions of magnetization and
freeze along these direction below blocking temperature T,
In the case of sufficiently strong interaction among super-
spins, usually high degree of their frustration is also present
due to the existence of certain distribution of particles size
and shape, interparticle distances, etc. The dipole interaction
of powder sample has been confirmed and the magnetic
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property has been changed evidently compared with dis-
persed non-interacting samples.” This situation causes the
creation of the super-spin-glass state below certain freezing
temperature T In case where two nanoparticle systems dif-
fer only in the strength of interparticle interactions (diluted
and concentrated particles), the common situation is that 7,
< Tf30 since contribution of interparticle interactions super-
imposes on the blocking process. While in our 17 nm powder
sample T}, > T, mainly because the distances between par-
ticles induce weaker dipole interaction. In our 17 nm sample,
the moment in each particle is very large (about 30000 p
derived from the spontaneous magnetization of the sample
considering the particles as spherical magnetic dipoles. Two
magnetic dipoles with moment m; and m, separated by a dis-
tance r have the potential energy>*

Homyny

E =
473

(@)

If we assume the particles are closely packed, the magnitude
of the dipolar potential energy of two moments can be esti-
mated by this equation. In ground state m = 30000 pz, and
r=17 nm, It turns out to be E=2.5 X 1072 J, which is
equivalent to about 183 K in temperature. According to the
reports of Markovich et al. the 18 nm Lag gCay,MnO5 sam-
ple, which was compacted under pressure into cylinder sam-
ples with the density about 60% of the density of the bulk
crystal, has the Tr about 188 *+ 31 K,* which approaches the
calculated potential energy of 183 K. In our 17 nm sample,
the Ty 81 K, which is much smaller than the compacted 18
nm sample and the calculated potential energy. This may be
due to the weakened dipole interaction induced by the inter-
spaces between particles in powder sample.

Considering the Mn® © -Mn* " double-exchange mecha-
nism is mainly responsible for the magnetism and conduc-
tion of the doped magnetite LaggCay,MnO3, the origin of
the surface-spin-glass layers formation in the nanoparticles
may be due to the existence of broken bounds at the surface
and the translational symmetry breaking of the lattice, gener-
ating randomness in the double exchange interactions.”® The
Mn environment at the surface is not the same as that inside
the grains, inducing disordered spins at the grain surface. In
other words, a core-shell type structure can be proposed:>’
the core is metallic and FM while the shell is insulating and
spins are disordered. Although it is difficult to directly assert
that disorder is confined in a well delimited surface layer or
a progressive disorder process from the inner part of the par-
ticles to the surface, the core-shell structure model is suitable
for the Laj gCap,MnO3 nanoparticles. The existence of a dis-
torted structure at the surface of the magnetite nanoparticles
has also been indirectly supported by the observation of sur-
face phonon,®® which was seen from the oxygen isotope
infrared spectra for La,;3Ca;;3MnO3; samples with small
grain size.

As seen in Fig. 3 the behavior of the 19.5 nm sample is
similar to that of the 17 nm sample except for the enhanced
magnetization, which is caused by more core spins. For the
28 nm sample the ZFC magnetization blocked at 158 K
much higher than that of the 17 nm samples, which is due to
their volume of a single domain particle containing larger

J. Appl. Phys. 111, 063922 (2012)

magnetic movement in the 28 nm sample. As discussed
above, the samples with small particles (17, 19.5, and 28
nm) are of single domain. The magnetic behavior of the core
is dominated by SPM and the super-spin-glass while the sur-
face behavior was dominated by surface-spin-glass. There-
fore the slop of transition is not as steep as the bulk
counterpart as shown in Fig. 3.

On the other hand the magnetization of the 35.5 and 43
nm samples show very sharp transition, which is much simi-
lar to the case of the bulk sample. It indicates that both of the
two samples are no longer single domain but multi-domain.
Meanwhile the surface spin can be ignored compared to the
core spin; therefore the surface effect cannot be observed in
both the samples.

Isothermal M-H curves of the 17, 28, and 43 nm samples
were measured in the applied fields up to 4.5 T at small tem-
perature intervals and the results are shown in Fig. 6. The
magnetization of the 43 nm sample saturates at high field
and behaves like the bulk materials, but for the 17 nm and 28
nm samples the magnetizations do not saturate. According to
core-shell structure the magnetizations of 17 nm and 28 nm
samples can be expressed as M(H) = M. ore + M1, Where
M., is the superparamagnetic magnetization that saturates
at field less than 1 T following a Langevin-like function
More = NugL(o), where L(o) = coth(a) — 1/o, o= ’j;f U 1s
the magnetic moment of the a single domain particle decided
by spontaneous magnetization of the core, which can be
derived from the linear extrapolation of M-H curve from
H>1Tto0T,H is the applied field, & is Boltzmann con-
stant, and 7T the temperature. M., is magnetic disordered
shell component, which is approximately linear after the lin-
ear contribution (yH).* In Fig. 6(d) we plot M., versus H
(black point) at 220 K after the linear contribution yH was
subtracted using Langevin-like function and the curve was
shown as solid line. The discrepancy may be due to the size
distribution of our sample and the nonlinear M(H) behavior
of the shell at low field. According to the above discussion

N

M (emu/g)

-

(o =)

0 05 10 15 20
H(T)

FIG. 6. (a)-(c) Initial magnetization isotherms M (H) for the 17, 28, and
43 nm samples at different temperatures around magnetic transition temper-
ature (T¢). The red curve is the data measured at T¢; (d) Magnetization as a
function of applied field at 7= 220 K (solid squares) associated to the Lan-
gevin behavior (red curve) of 17 nm sample.
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we can conclude that at low field the ferromagnetic core
dominates the magnetism, which behaves as SPM. While in
high field (H > 1 T), the core saturates but the nonmagnetic
shell does not saturate inducing the slowly increased
magnetization.

As we can see from Fig. 6(c) some of the curves exhibit
a kink that is commonly associated with the first-order mag-
netic phase transitions in the 43 nm sample. While the iso-
therms of the 17 nm and 28 nm samples in Figs. 6(a) and
6(b) are almost equally spaced and it is difficult to distin-
guish the critical point.

In order to check the nature of the magnetic transitions,
we have used the Banerjee criterion®* to plot the H/M ver-
sus M? curves in the critical region. The slope of the result-
ing curves denotes whether a magnetic transition is of first or
second order. From a thermodynamic point of view it can be
deduced that, if all the curves have a positive slope, the mag-
netic transition is of second order. On the other hand, if
some of the curves show a negative slope at some point, the
transition is of first order. For the larger grain-size sample
(43 nm sample for example), some of the curves show a neg-
ative slope, which is the sign of a first-order magnetic phase
transition (see Fig. 7(c)). For the small and intermediate
grain-size sample (17 and 28 nm samples), the second-order
characters are present (see Figs. 7(a) and 7(b)).

We also investigated the temperature dependence of
spontaneous magnetization M in order to check the phase
transition behavior of the inner magnetic core. Figure 7(d)
shows the spontaneous magnetization M, versus temperature
for the 17 nm, 28 nm, and 43 nm samples. M was derived
from the linear extrapolation of M-H curve from H > 1 T to
0 T. That is to say the linear term of the shell is subtracted
therefore the derived M, is of the magnetic core. In fact the
magnetization of the shell is not exactly linear especially at
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low field but it can be ignored according to fitting the sub-
tracted value to the Langevin function. We can see that the
M of the 17 nm sample is much lower than that of the 43 nm
sample and increases linearly with decreasing temperature
indicating the presence of second order phase transition,
while for the 43 nm sample it has an abrupt increase below
Tc indicating the presence of first order phase transition.
This result shows that the intrinsic magnetization of the sam-
ple changed with particle size. In the case of Heisenberg spin
clusters, the temperature dependence of magnetization
including finite size effects is given by a power law of the
form™*!

M, = Mo(1 — BT"), 3)
where M, is the spontaneous magnetization at O K, and B is a
constant related to the exchange integral, J (B ox 1/J'/%).
Equation (3) is known as the Bloch T2 law with ¢=3/2,
which has been verified experimentally for most of the bulk
magnetic materials. A fitted magnetization data using Eq. (3)
is present in Fig. 7(d) (solid lines) with M, =39.338 emu/g,
B=2.00828 x 10™* K™', and £=1 for 17 nm sample. For
the 28 nm sample M, =79.1654 emu/g, B=8.8139 x 10~/
K %%, and &¢=2.3905. For the 43 nm sample M, = 96.69
emu/g, B=5.08746 x 10~° K%' and ¢=3.25501. The
magnetizations therefore do not follow the Bloch’s law. For
fine particles and clusters some theoretical calculations as
well as experimental results*? have shown rather a wide
range of the values of ¢ between 0.3 and 2.

As a result of this evolution in the magnetic phase tran-
sition, some of the properties related to it is also modified in
a similar way. One of them is the magnetocaloric effect, that
is, the magnetic entropy change (ASy,) in the phase transition
produced by changes in the magnetic field applied to the
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§oaf ] |
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e
= 72K
0.2 . 4
0.0 : : 0.00H FIG. 7. (a)-(c) Arrott plots (H/M vs M?)
o) 500 1000 1500 0 2000 4000 6000 of the 17, 28, and 43 nm samples. The
2 2, 2 2 2, 2 red curve is the data at magnetic transi-
M*(emu'/g’) 100 M (emu'ig’) tion temperature (7¢); (d) Spontaneous
T T T ] T T — magnetization as a function of tempera-
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system. The basis of the relationship between magnetic
measurements and the change in entropy follows the Max-

well equation®~*°
os oM
(), Gr), @

Integrating and making an approximation suitable for dis-
crete measurements, we obtain

M, —M,
n 7 Pl A

ASy =X
M Tn+l - Tn ’

®)

where M,, and M,, , | are the magnetization values measured
in magnetic field H at temperatures T, and T, ., respec-
tively. From Eq. (5), ASy associated with the magnetic field
and/or temperature variation has been calculated from the
measured M (H) curves. The calculated AS), are plotted as a
function of temperature with different magnetic field
changes of AH = 0.5-4.5 T as shown in Figs. 7(a)-7(c). As
expected from Eq. (5), the peak of AS); may occur around
Tc where the variation in magnetization as a function of tem-
perature is the sharpest. Obviously, for the 28 nm and 43 nm
samples, the peaks of AS), are around T, while for the 17
nm sample it locates at a temperature much lower than T.
Moreover, as shown in Fig. 8(a), the peak of the temperature
dependence of AS); broadens with a decrease in particle size.
This is because of the gentle decrease in magnetization close
to the FM-PM transition of the continuous second-order
phase transitions. The details will be discussed later.

For a first-order transition, there is a singularity close to
Tc mentioned above and the discontinuous magnetic entropy
change around the transition should be taken into account.
The ASy™ of the 43 nm sample for the field changes 0.5,
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1.0, 2.0, 3.0, and 4.5 T are about 2.30, 4.73, 6.41, 7.46, and
8.63 J/kgK, respectively. With decreasing particle size the
ASY™ decreases due to the change of phase transition from
first order to second order transition as discussed in details
later in this article.

The magnetic cooling efficiency of a magnetocaloric
material can be evaluated by considering the magnitude of
|ASy| and its full-width of half maximum (T rwrm).” The
so-called relative cooling power (RCP) can be expressed as
product of AS}™ and the 6T pwum

RCP = |ASmaX| X 5TFWHM~ (6)
Figure 8(d) shows the H dependence of RCP of 17, 28, and
43 nm samples. It is found that the maximum RCP value of
350 kJ/kg is obtained in the 28 nm sample with AH =4.5 T.
This RCP value is much larger than the 17 and 43 nm sam-
ples because it has the relatively large AS};** as well as broad
0T rwhy- The result indicates that the RCP can be maximized
by adjusting the particle to a suitable size.

For 17 and 28 nm particles as discussed above M(H)
= M ore + Mo, SO we can write Eq. (5) as

ASM = ASrm‘e + ASshell

o OM oo OM shent

n, (%) e, (%)

2/ OL(at) H
[ )dHh RET

Hsh . T B na T
@)

where n; and n, are the content ratio of core and surface and
N is the number of particles. The AS), of single domain par-
ticles (the 17 and 28 nm samples) is composed by two parts:
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the superparamagnetic core induced term (for example, in 17
nm sample it is superparamagnetic at any temperature if the
applied field is larger than 0.29 T, since for the field larger
than 0.29 T the blocking of SPM and freezing of super-spin-
glass both disappear as the fitting data of AT line shows) and
disordered surface induced term. L(o) = coth(”k‘f )—1/ ("k‘f )
is the Langevin function, and y; is the moment of a single par-
ticle. As expected from Eq. (7) the derivative of L(x) is de-
pendent on y, which can be decided by spontaneous
magnetization (small M, and gentle change of M both induce
low ASy; but induce broad 3T rypy, as expected from Eq. (7)).

For the magnetic core the M, becomes lower and the
change of M with T becomes gentle with the decreased par-
ticle size (the PM-FM phase transition is changed from first
order to second order as particle size decreases), thus low
ASy and broad 0T pwyy can be induced. On the other hand
the shell is nonmagnetic therefore as the particle size
decreases the number of the surface atoms increases and the
number of the core atoms decreases. Thus the M| of the core
decreases and induced low ASy; and broad 6Trypy with
decrease in particle size. Meanwhile magnetization of the
shell is less dependent on T (the M (H) curves at different
temperatures are nearly parallel to each other as shown in
Fig. 6 indicating the magnetization of the shell is nearly in-
dependent on T), thus the shell induced AS), is small and
have a very broad peak. According to the discussions above
the entropy change AS), decreases but the peak of the tem-
perature dependence of AS), broadens with a decrease in par-
ticle size. Therefore the maximum of RCP can be obtained
in a particle system with intermediate size.

The magnetic core follows the Langevin-like function as
discussed above. Therefore the entropy change of the core
can be expressed as

ASy = Ny, JHZ ( OL(2) >HdH

H oT
"2 O[coth(e) — 1/0f
ZNH.YJ <—) dH (8)
H, oT "
Np> N k =
— |2 Hcschzoc—i—ﬁcothoc—l——lnH .
kT? T U H,

Letting H; =0 and H, = AH,

a2 2AH  Npg  pAH  k
ASy = Np,"AH csc h T + T coth—kT + o In(AH).
)

For the large particles (43 nm, for example), the PM-FM
transition is of first order, the cores are not superparamag-
netic as the particle size is larger than the critical single do-
main value and the atoms at surface can be ignored
compared with atoms in core. The sample behaves like bulk
materials and has a large and abrupt variation of AS), there-
fore the peak of AS), is narrow, which induces lower RCP.

IV. CONCLUSIONS

In summary, the magnetic properties have been investi-
gated for LajygCay,MnO; nanoparticles with average
particle size from 17 nm to 43 nm. The results show the exis-
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tence of superparamagnetism, super-spin-glass, and surface-
spin-glass in fine particles. The existence of these states
depends on the applied magnetic field. The core-shell struc-
ture model is suitable for explaining the magnetic behavior
of LaggCap,MnO5 nanoparticles: The ferromagnetic cores
are surrounded by nonmagnetic surface shells. It is found
that the transition from paramagnetism to ferromagnetism
has been changed from first order to second order as particle
size reduced. The temperature dependence of magnetization
has been greatly changed with decreasing particle size due to
the change of intrinsic magnetization of the inner core.
Therefore the magnetocaloric effect was greatly changed by
the particle size. The relative cooling power can be tuned
dramatically by particle size due to the changed ratio of the
shell and surface, the change of spontaneous magnetization
and the superparamagnetic behavior of the core. The results
indicate that the optimized relative cooling power can be
obtained as the particle is of a suitable size.
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