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Abstract In this paper, we reported a detailed study
of magnetic properties and magnetic entropy change of
Lag 65Cag 35MnO3 nanocrystalline, which was prepared by
using the sol-gel method. The structural analysis shows that
the nanocrystalline sample crystalizes in orthorhombic per-
ovskite structure and the average size is about 30 nm. Based
on the measurements of magnetization, a larger effective
magnetic moment was obtained and an obvious devia-
tion of the inverse magnetic susceptibility was observed,
indicating the presence of Griffiths-like phase in param-
agnetic region. Around the temperature of paramagnetic—
ferromagnetic phase transition, the magnetocaloric effect
(as represented by the magnetic entropy change) was deter-
mined from isothermal magnetization and calculated with
Maxwell relation. Compared with bulk polycrystalline, the
obtained magnetic entropy change in nanocrystalline is
small. This result clearly reveals that the decrease of the
sample’s size to nanoscale is detrimental for the increase
of magnetocaloric effect of magnetic materials. Besides
the particle size and surface effect, the paramagnetic—
ferromagnetic phase transition driven from first to second
order should be a main reason for the small magnetocaloric
effect in Lag ¢5Cag 3sMnO3 nanocrystalline.
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1 Introduction

Magnetocaloric effect (MCE) is described as the isothermal
change of entropy or the adiabatic change of tempera-
ture induced by application and removal of magnetic field,
which has a great promise for domestic and industrial
use due to the advantages such as high-power efficiency,
low-energy consuming, and environmental friendliness,
compared to conventional vapor-compression refrigeration
[1-4]. The rare earth metal gadolinium (Gd) was
firstly considered as the most conspicuous material
which exhibits a large MCE near room temperature
(JAS,| = 102 Jkg Kat A H =50T, Tc = 294 K)
[5]. However, the mass production seems to be impossi-
ble due to its expensive cost price. Therefore, the pur-
suit of a new working substance for magnetic refrigera-
tor with a cheap price and large MCE becomes a main
research topic. At present, besides some possible candi-
dates, such as Gds5(Sij_,Gey)s [6, 7], MnAs;_,Sb, [8],
MnFeP_,As, [9] and Tb;_,Gd,Al; [10], the hole-doped
manganites should be one of the most promising materials
since its Curie temperature and magnetic phase transition
are strongly doping dependent and the magnetic refrigera-
tion can be realized at various temperatures [11].

The perovskite manganites with the form A;_, B,MnO3
(A=rare earth element, B=divalent alkaline earth element)
have been extensively investigated in the last years due
to their unique physical properties, stemming from the
close interaction of spin, charge, orbital, and lattice degree
of freedom [12-15]. The prototypal spin—charge-lattice-
coupled LaMnOs3 is an antiferromangnetic and insulating
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system [16, 17]. The introduction of holes (Mn4+) into
the Mn3* e, orbital generates the ferromagnetic double
exchange interactions which couples the magnetic system
with metallic conductivity. Therefore, with the decrease
of temperature, the hole-doping manganites Aj_, B,MnOj3
generally exhibit a paramagnetic—ferromagnetic (PM-FM)
and insulator-metallic (IM) phase transition. Up to present,
large MCE has been continually reported in hole-doping
manganites [18-22].

As we know, for bulk magnetic materials, their mag-
netic properties are size and shape dependent when the
size is reduced to nanometer scale. Therefore, the MCE
is inevitably tuned by the reduction of particle size. The
main reason is that the size reduction influences the
magnetic order and changes the coupling between spin
and lattice subsystem in the doped manganites. Sarkar
et al. [23] and Amirzadeh et al. [24] reported that the
grain size influenced the magnetostructural phase tran-
sition and magnetic homogeneity in Lag g5Cag.35MnO3
(LCMO). Recently, Lampen et al. [25] found the reduced
dimensionality tended to decrease the saturation magnetiza-
tion and broaden paramagnetic—ferromagnetic phase tran-
sition in the optimal doping manganite Lag7Cag3MnOs3.
In this paper, we synthesize the nanocrystalline sample
Lag 65Cag 35MnO3 (LCMO), and study its magnetism and
MCE by the measurement of temperature dependence mag-
netization and isothermal magnetization. Consistent with
the previous observation, the nanocrystalline process weak-
ens the sharp PM-FM phase transition in the prototype bulk
sample. As a result, its maximum magnetic entropy change
has been distinctly decreased. The intrinsic reason is that the
reduced size induces more spin disorder which decreases
magnetic coupling among domains and drives the mag-
netic phase transition from first order to second order in the
samples.

2 Experiment

The LCMO nanocrystalline sample was prepared by the
sol-gel process with high-purity Lag¢5Cagp35MnO3 and
MnCOs3. They were first converted into nitrates by adding
nitric acid with a molar ratio of La/Ca/Mn = 13:7:20. After
stoichiometric mixing of the precursor metal nitrate solu-
tions, citric acid was added as a polymerizing agent and the
gel was obtained after gradual evaporation of the solvent at
75 °C for 10 h. The gel was dried at 100 °C for 24 h and then
preheated to form a black porous powder at 400 °C for 6 h
to remove the remaining organic and decompose the nitrates
of the gel. Finally, the power was annealed at 800 °C for 4 h.
Phase purity and crystal structures were identified by x-ray
diffraction (XRD) using Cu Ko radiation at room temper-
ature. The microstructure was identified by field-emission
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scanning electron microscopy (FESEM). The magnetic
measurements were carried out using a commercial super-
conducting quantum interference device magnetic property
measurement system.(SQUID VSM-Quantum Design, Inc.)

3 Results and Discussion

Figure 1 shows the XRD patterns of LCMO nanocrystalline,
which suggests that the sample are a single phase with the
orthorhombic (Pnma) structure. The XRD peaks are broad
with large full width at half maximum (FWHM), indicat-
ing the formation of LCMO nanocrystals. As shown in the
insert of Fig. 1, the size of LCMO particles is homoge-
neous and the average diameter is about 30 nm estimated
through FESEM. Moreover, the average particle size d can
be calculated with the Scherrer’s formula

_ ka
"~ Bcost

ey

where k = 0.89 is the particle shape factor, considering
the spherical shape in the present nanocrystalline sample,
A = 0.15406 nm is the wavelength of Cu Ko radiation,
and 6 are the full width at half maximum of XRD (110)
peak and the diffraction angle of this peak, respectively. The
calculated average particle size is about 25.6 nm, basically
consistent with the observation from the FESEM.

Figure 2 shows the temperature dependence of magneti-
zation (M-T) of LCMO measured in the magnetic field of
100 Oe (left hand axis), which exhibits a PM-FM transition.
The PM-FM transition temperatures (7¢) is about 235 K
obtained from the peak of dM/dT curves (not shown here).
The right axis of Fig. 2 presents the inverse magnetic sus-
ceptibility as a function of temperature and the fitting results
according to the Curie-Weiss Law (dashed lines) and Grif-
fiths model (solid lines), respectively. The Curie-Weiss law
is presented as x = C/(T — 0p), where C is the Curie con-
stant and 6p is the Weiss temperature. As shown in Fig. 2,
obviously, the Curie-Weiss law is not satisfied with the
experimental curves in the whole PM range. The deviation
of the inverse susceptibility x ~! from the high-temperature
straight line implies the onset of the FM interaction between
magnetic moments above T¢. The phenomenon allows us to
argue the possible appearance of Griffiths singularity which
is characterized by a susceptibility exponent between less
than unity; that is, x (7) ™! o (T — Tg)' ™, where Tg is the
temperature for the Griffiths phase formation [26]. The solid
line in Fig. 2 is the fitting result and the corresponding fit-
ting parameters A and 7 are 0.375 and 270 K, respectively.
The Griffiths phase is some FM clusters formed in the PM
phase matrix, which commonly is observed in doped man-
ganites. [27, 28] The observed Griffiths-like phase in this
sample is related to the local FM fluctuations, which might
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Fig. 1 (Color online) The x-ray
diffraction patterns of (1 1 0)
Lag.65Cag.35MnO3. Insert SEM
micrographs of
Lag 65Cao35MnO3
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be ascribed to the random spatial variation in magnetic
exchange interactions. The local FM interactions above
Tc can be further evidenced from the effective magnetic
moment (uegr). It can be deduced from the inverse mag-
netic susceptibility with pefr = 2.82+/C. The obtained Jeff
value is 5.674 up. which is larger than the calculated value
using the spin-only moment of the free Mn ions in LCMO
(3.87 wp for Mnt* and 4.90 up for Mn3*). Therefore,

20 (degrees)

the larger effective magnetic moment implies the possible
existence of FM coupling in PM region.

In order to further testify the existence of Griffiths phase,
the isothermal magnetization (M-H) are measured at two
selected temperatures. One is above T and the other is
below T¢. Panels a and b of Fig. 3 shows the correspond-
ing magnetic hysteresis loops at 7 = 265 K and T =
275 K, respectively. It is clear that the magnetization are

Fig. 2 (Color online) Left axes 14 40
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Fig. 3 (Color online) Magnetic 10
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unsaturation and there are no magnetization hysteresis to
be measured. One typical PM behavior can be observed
for both temperatures. However, a slight difference between
them is easily found in the low magnetic field region. At
T = 275 K, higher than T, its magnetic hysteresis loop
keeps a completely linear variation with the magnetic field
up to 3.0 T. On the contrary, at T = 265 K, lower than
T:, its magnetic hysteresis loop is not an absolute linear
curve but shows a perceivable inflection, indicating the exis-
tence of FM character. Similar to the present results, the
Griffiths phase has been also observed in Lag 5Cag 35MnO3
nanoparticles by Lu et al. [29] where they found the Grif-
fiths phase disappeared as the nanoparticle size increases
above 51 nm. Generally, quenched disorder is prerequisite
for formation of the Griffiths phase. Even though perovskite
manganites are generally thought to be an intrinsically
disorder system due to the ionic random distribution on
A-site sublattice. However, the Griffiths phase has never
been reported in bulk polycrystalline LCMO counterpart.
Moreover, nanocrystalline derived by sol-gel method has a
better ionic homogeneity than polycrystalline obtained by
solid-state reaction method. Therefore, the reason for the
formation of the Griffiths phase is different from the general
situation. We proposed that as the spatial size was decreased
to nanoscale, the increasing surface spin could weaken the
inner magnetic coupling, similar to the doping method to
break the long-range FM interaction. Thus, the localized FM
state can appear earlier than that in buck sample and the
Griffiths phase occurs in the nanomaterials above its Curie
temperature.

Apart form the above analysis on the magnetiza-
tion, we will focus on the investigation of MCE in
Lag 65Cag 35MnO3 nanocrystalline in the following section.

@ Springer

In order to evaluate the magnetic entropy change in the sys-
tem, as shown in Fig. 4, a series of isothermal magnetization
curves from 110 to 300 K were measured. The isothermal
magnetic entropy change A Sy, as a function of temperature
can be calculated with Maxwell relation as follows:

H aM(T, H)

AS(T,H):SM(T,H)—SM(T,O)=/( YT — (2)
0 aT

In practice, the magnetic entropy change |ASy| can be
evaluated from the isothermal magnetization measured with
small temperature intervals, where ASy/ (T, H) can be
approximated as

[ASy| = Z’—l“

Tiv1—T;

where M; and M are the experimental data of the magne-
tization at 7; and T;j41, respectively, under a magnetic field
H;. By using (3), the magnetic entropy change vs tempera-
ture under different magnetic fields are presented in Fig. 5a,
and the obtained maximum magnetic entropy change are
0.25, 0.55, 0.80, 1.06, 1.34, 1.56 J/kg for 0.5, 1.0, 1.5,
2.0, 2.5, 3.0 T, respectively. The value of magnetic entropy
change increases with the increase of magnetic field. From
Fig. 5a, one can find that AS); distributes over a wide
temperature range, and the maximum Sy, is much smaller
than that of bulk sample. Here, the small magnetic entropy
change obtained in nanocrystalline clearly indicates that the
size reduced to nanoscale is detrimental for the increase of
MCE of magnetic material.

Beside magnetic entropy change, the value of cool-
ing power is also another important parameter for actual
application in magnetic refrigeration. The cooling power is

AH; 3



J Supercond Nov Magn (2014) 27:2779-2786

2783

Fig. 4 (Color online)
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characterized with refrigerant capacity power (RCP). The
large RCP indicates more heat to be transferred from the
cold end to the hot end of the refrigerator in one thermody-
namic cycle. RCP is generally calculated by integrating the
(A Sy — T) curves over the full width at half maximum with
the relation:

RCP = — ASvmax$ TrwHM 4)

Where 6 Trwnm is the FWHM of the magnetic entropy
change curve. As shown in Fig. 5b, the obtained RCP values
increase with the applied magnetic field indicating that RCP
is strong field dependent. In fact, RCP depends on mag-
netic field H as RCP = aH?” [30]. By using it, as shown

in Fig. 5b, the fitting value of b is ~1.06. On the other
hand, from the critical analysis point of view, the value of
b is satisfied with the following relationship: b = 1 + %,
where & is one of critical exponents and associated with
the critical magnetization isotherm at Tc(My—7. oc H'/%).
The value of § can be obtained by fitting M (H) curves. As
shown in Fig. 5c, the fitting value of § is 3.46. Therefore, the
value of b is 1.29, which approximates to the experimental
results.

In order to study the origin of MCE, a simple theoretical
model based on the magnetoelastic couplings and electron
interaction was introduced in manganites. Based on the Lan-
dau theory, the Gibbs free energy can be expressed in terms

Fig. 5 (Color online) a
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of the order parameter M in the following form neglecting
higher order parts:

1 1
G(T, M) = Gy + EAM2 + ZBMQ - MH (5)

Where the coefficients of A and B are temperature-
dependent parameters. For the condition of equilibrium, i.e.,
energy minimization, g—(T;:O, the magnetic equation of state
is obtained as

H
M:A—FBMZ (6)

Thus, the relationship of M 2 yvs (H/M) should be shown as
a linear behavior around 7¢. According to the criterion pro-
posed by Banerjee [31], the order of magnetic transition can
be determined from the slope of a straight line. The posi-
tive slope corresponds to the second-order transition while
the negative slope corresponds to the first-order transition.
Figure 6 is an Arrott plot of M? vs (H/M). Clearly, in the
present case the positive slope of M? vs (H/M) curves indi-
cates that the phase transition is a second-order PM-FM
phase transition. The parameters A and B are also deduced
from the linear fitting of the Arrott plot (shown as insert of
Fig. 6). One can find that parameter A varies from negative
to positive values with increasing temperature. As parameter
A equals to zero, the corresponding temperature is just 7c.
Parameter B is correlated with the elastic and the magnetoe-
lastic terms for magnetic entropy change in manganites [35,
36]. However, different from the variation of B in bulk poly-
crystalline where the B value always keeps decreasing when
the temperature approaches to 7¢ from high temperature
[37], here, it first increases and then decreases. Therefore,
in the nanocrystalline sample, other factors including the

particle size and surface effect also impact on the value of
parameter B.

Obviously, based on the second-order PM-FM phase
transition in the current LCMO, we study its magnetism
and MCE. However, Franco et al. thought that it is not
completely accurate for judging the second-order phase
transition only from the Arrott plot [32, 33]. Recently, they
proposed a phenomenological model to demarcate the order
of PM-FM phase transition. Franco et al. [34] According
to the method, the rescaled ASy; vs T curves under dif-
ferent magnetic fields collapse into a single curve only for
the second-order materials. Therefore, the order of phase
transition in the present system should be further clari-
fied by utilizing this method. First, two points are selected
from each ASy vs. T curves. One(T}1) is below Tpeax and
the other (7;2) is above Tpeak. Both of them should satisfy

the relation ASy (Tr1) = ASy(Ty) = kASR;ak(Tpeak),

where ASﬁfak is the maximum value of the selected A Sy,
vs T curves and k is the relative value of the entropy
changes at two reference temperatures 7,1 and 7,,. Gener-
ally, the selection of k value is arbitrary but k value is always
between 0 and 1. Here, we choose the k = 0.7 to construct
the “universal master curve.” Two reference temperatures
are used here and the temperature axis is rescaled as:

0 = {9— = (Tpeak =T)/(Tr — Tpeak), T < Tpeak
0y = (T — Tpeak)/(TrZ - Tpeak), T > Tpeak

As shown in Fig. 7, all the ASy, vs. T curves collapse
into a single curve. Therefore, the PM-FM phase transition
in LCMO was confirmed to be second order. At present,
there are different methods to drive the magnetic phase
transition from first to second order. The applications of
magnetic field and pressure are the most frequent means.

)

Fig. 6 (Color online) Isotherms
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Fig.7 (Color online)
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For the bulk polycrystalline LCMO, it’s PM-FM phase tran-
sition belongs to the first order. As it becomes the present
nanocrystalline, the PM-FM phase transition changes to sec-
ond order. For the first order materials, it’s magnetic entropy
change is generally very large. On the contrary, the mag-
netic entropy change of second order materials is very small.
Therefore, the main reason for a relatively small magnetic
entropy change to be observed in LCMO nanocrystalline
is due to the PM-FM phase transition changed from first
order to second order. Other possible reasons are due to the
increasing surface spin in nanocrystalline which weakens
the magnetic coupling among domains. As a result, the PM-
FM phase transition process is broadened and it brings a
small % in formula (2). Moreover, the particle size and
particle boundaries are also considered to affect magnetic
entropy change in nanocrystalline materials.

4 Conclusion

In summary, we have studied magnetocaloric effect and
Griffiths-like phase of LCMO nanocrystalline. The experi-
mental results indicate that when the grain size is reduced
to 30 nm the Griffiths-like phase occurs. From the calcu-
lation of magnetic entropy change, one can find that the
obtained magnetocaloric effect of LCMO nanocrystalline
is very small, indicating the nanocrystallization decreases
the magnetocaloric effect in magnetic materials. Based on
the scaling analysis, the present PM-FM phase transition
belongs to the second order, which is the main reason for
the small magnetic entropy change obtained in the present
LCMO nanocrystalline.
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