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In this paper, we present a detailed study on the critical property around the ferromagnetic (FM)-paramagnetic phase transition
of Pr_¢Srp.4MnOj3 nanoparticles (NPs) with different crystallite sizes (d = 39-88 nm), which were synthesized by the combination of
the solid-state reaction and mechanical milling methods. The magnetic results show that the samples undergo the second-order phase
transition. The values of the Curie temperature (7¢) slightly decrease from 291 to 286 K while the saturation magnetization (Mg)
decreases from 89.7 to 76.3 emu/g and the coercivity (Hc) increases from 322 to 585 Oe with decreasing d from 88 to 39 nm,
respectively. Based on the modified Arrott plot method and the isothermal magnetization data around 7c, we have determined
the values of critical exponents (8, y, and §) and T¢ for the samples. The critical exponents 8 = 0.486 — 0.495, y = 1.009 — 1.042,
and § = 3.038 — 3.118 obtained are close to those expected for the mean field theory (8 = 0.5,y =1, and § = 3). This proves
that long-range FM interactions are present in the NPs. Furthermore, § values are smaller than 0.5, indicating the existence of
magnetic inhomogeneity in the NPs. Besides the investigation into the critical behavior, the magnetocaloric effect of the NPs is also

investigated.

Index Terms— Critical behavior, ferromagnetic (FM) interactions, manganite nanoparticles (NPs).

I. INTRODUCTION

N RECENT years, perovskite-type manganites (REMnO3

with RE = rare-earth elements) have attracted consider-
able interest due to their complex magnetic and transport
properties. Though REMnOs is an antiferromagnetic (AFM)
insulator, substituting the RE site by a divalent alkali earth
element (A) in order to form RE{_;A,MnO3 compounds
usually exhibits unusual magnetoelectro effects, such as
colossal magnetoresistance [1] and magnetocaloric (MC)
effects [2]. Basically, a close interplay between the
magnetic and transport properties in RE|_, A, MnOs3 materials
is ascribed to the competition between Mn>* and Mn** FM
double-exchange (DE) interactions and AFM superexchange
interactions of Mn3t-Mn3* and Mn**—Mn** pairs. The
magnetic property of RE;_yA,MnO3 compounds strongly
depends on the strength of DE interaction. The doping at
the RE/A and/or Mn site is of great importance in modify-
ing the DE strength [1], [3]. In addition, when the particle
size of the manganites is reduced to the nanometer scale,
a number of outstanding physical properties (such as
surface spin-glass behavior, exchange bias effect, super-
paramagnetism, low saturation magnetization, and large
coercivities) will appear [4].

Previous reports have shown some materials exhibit-
ing the giant MC effects with the large magnetic
entropy changes (AS,,), which are related to structure
changes. This phenomenon is known as a first-order phase
transition (FOPT) [5]. Nevertheless, the FOPT materials have
two important drawbacks, namely, the narrowness of the
phase transition region and the presence of the thermal
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and magnetic hysteresis, which limit their applicability [6].
Some magnetic materials with a second-order phase
transition (SOPT) do not exhibit such large AS,, values,
but their refrigerant capacity (RC) values can be larger than
those for FOPT materials due to a wide phase transition.
In addition, the hysteresis in the SOPT materials is very small
or negligible.

To further understand the magnetic properties in manganite
nanoparticles (NPs), it is necessary to consider the influence
of the crystallite size (d) on the FM order and the correlation
between the MC effect and the critical behavior near the
SOPT. In this report, we present a detailed study on the
critical properties around FM-paramagnetic (PM) phase
transition of PrggSrg4MnOsz (PSMO) NPs with different
crystallite sizes. We point out the existence of a long-range
FM order in PSMO NPs, and their AS,,(T, H) data follow
a master curve behavior.

II. EXPERIMENTAL DETAILS

To prepare the PSMO NPs, first, a polycrystalline PSMO
bulk was prepared by the solid-state reaction method.
High-purity powders (3N) Pr,O3, SrCO3, and Mn combined
in stoichiometrical quantities were ground and mixed, and
then calcinated at 1200 °C for 24 h in air. The obtained
mixtures were reground and pressed into pellets and sintered
at 1300 °C for 48 h in air. The obtained product was ground
in powder, and then used for the mechanical ball milling (used
the zirconia-grinding medium of balls and a vial supplied
by SPEX-SamplePrep). The milling time (f,,) was chosen to
be 10, 20, and 30 min to achieve three samples of PSMO
NPs with different crystallite sizes. The ball-to-powder mass
ratio was maintained at 4.1. Before milling, the coating was
carried out to minimize the unexpected impurities generated
from the vial and the balls. The crystal structure of all PSMO
samples were checked by an X-ray diffractometer (Bruker
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Fig. 1. (a) M(T) curves at H = 100 Oe. (b) M(H) curves at 10 K for

PSMO NPs. Inset: Mg and Hc at 10 K versus a1

AXS, D8 Discover) using a Cu-K, radiation source (1 =
1.5406A). Magnetization versus temperature and magnetic-
field measurements were performed on a superconducting
quantum interference device magnetometer.

III. RESULTS AND DISCUSSION

The room temperature X-ray diffraction (XRD) patterns
(not shown) indicated that all the samples are single phase
with orthorhombic structure, belonging to the space group,
Pbnm, without any trace of secondary phases. Based on the
XRD data, the lattice parameters calculated (¢ ~ 5.48A,
b~ 5.47A,c ~ 7.75/°X, cla = 1.41) are almost unchanged
with increasing f,,, from 10 to 30 min. However, with increas-
ing t,,, the diffraction intensity gradually reduces while the
linewidth of the diffraction peaks enhances remarkably. This
is due to the reduction of the crystallite size and to the increase
of lattice strain (¢) and surface defect density. According to
the Williamson—-Hall method [7], the average values of the
d and ¢ can be obtained from the intercept and the slope of the
following relation fBscosf = (K A/d) + 2¢ sin 6, respectively,
where fg is the full-width at half-maximum (FWHM) of
an XRD peak, 6 is the Bragg angle, and K = 0.9 is the
shape factor. The average values of d and ¢ are found to be
d = 88, 59, and 39 nm and ¢ = 0.017, 0.029, and 0.037 for
tm = 10, 20, and 30 min, respectively. Following the contents,
we shall only use the parameter d instead of using the milling
time t,,.

Fig. 1(a) shows the temperature dependence of the
magnetization, M(T), under an applied magnetic field
H = 100 Oe. All these data were recorded during the warming
after zero-field-cooling down to the lowest temperature. One
can see that all the samples undergo a FM—PM transition when
the temperature increases. The Curie temperature (T¢) was
determined from the minimum of the dM/dT versus T curve.
Tc slightly decreases from 291 K for d = 88 nm to 286 K
for d =39 nm.

To get more information related to the magnetic properties
of PSMO NPs, we have recorded their magnetic hysteresis
loops at 10 K [Fig. 1(b)] and isothermal magnetization M (H)
curves at temperatures around the FM—PM phase transition T¢
[Fig. 2(a)—(c)] in magnetic fields up to 30 kOe. One can see
that the hysteresis loops for PSMO NPs exhibit their soft
magnetic behavior with the coercivity (H¢) ~322-585 Oe.
While the Hc¢ value increases, the magnetization (M)
decreases gradually with decreasing d. It is well-known that
the magnetization reduction in the smaller particles is ascribed
to the nonmagnetic layer or spin disorder on the particle
surface, which lead to the weakening of the Mn>*—Mn** DE
interaction strength [8]. In our case, the value of saturation
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Fig. 2. (a)-(c) M(H) and (d)—(f) M? versus H/M curves for PSMO NPs.
(a) and (d) d = 88 nm. (b) and (e) d = 59 nm. (c¢) and (f) d = 39 nm.

magnetization (Mg) obtained at 10 K is reduced linearly
with d~! [see the inset in Fig. 1(b)], which confirms that the
magnetization is actually influenced by the particle surface.

The M(H) curves around FM-PM phase transition for
PSMO NPs [Fig. 2(a)~(c)] show that the magnetization
increases most abruptly in weak applied field (H < 4 kOe)
and then approaches to saturation for above 5 kOe. The
saturated magnetization decreases with increasing temperature
and proves the purely FM behavior of the samples at T < T¢.
The nonlinear M(H) curves in the FM state (T < T¢)
become linear when the material is in the PM state (T > T¢)
due to the FM-PM transformation. This FM-PM phase
transition would be clearer if performing Arrott plots of
M? versus H/M [9], see Fig. 2(d)—(f). Clearly, the nonlin-
ear parts in the low-field region at the temperature below
and above T¢ are driven toward two opposite directions,
revealing the FM—PM phase separation. The positive slope of
the H/M versus M? curves (not shown, coordinate axes are
the inverse of Arrott plots) reflects all samples undergoing the
SOPT, according to Banerjee’s criteria [10].

To further understand the nature of FM interactions in
PSMO NPs, we have investigated their critical behavior using
the modified Arrott plots (MAPs) method [11]. According
to the scaling hypothesis, the critical behavior of a continu-
ous phase transition at near the critical temperature T¢ can
be characterized by set of critical exponents f,y, and J,
corresponding to the spontaneous magnetization, Ms(T), the
inverse initial susceptibility, y, ! (T), and the critical isotherm,
respectively, obeying the relations [12]

Ms(T) = My(—t)?  fort <0 (1)
1o (T) = (ho/Mo)t” fort >0 )
M = DH'/? fort =0 (3)
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Fig. 3.  (a)-(c) Mg(T) and )(O_I(T) data (symbols) fitted to (1) and (2)
(solid lines), respectively. (d)—(f) M/|t|ﬂ versus H /|t|ﬂ +7 plots in the
log-log scale for PSMO NPs. (a) and (d) d = 88 nm. (b) and (e) d = 59 nm.
(¢) and (f) d = 39 nm.

where t = (T — T¢)/Tc is the reduced temperature, and My,
ho, and D are critical amplitudes. Physically, f describes
how the ordered moment grows below T¢, with smaller
values indicating faster growth; y describes the divergence
of the magnetic susceptibility above T¢, with smaller values
yielding sharper divergence; and ¢ describes the curvature
of M(H) at T¢, with smaller values reflecting less curvature
and slower saturation. According to the MAP method [11],
with the correct values of f and y, the performance of
MYFP versus (H/M)'/7 curves is a set of parallel straight
lines, and the straight line passes through the origin at the
critical point T¢.

The values of Mg(T) and X(;l(T) = (H/M)(T) are
determined from the intersections of the linear extrapola-
tion line (for high-magnetic field parts) with the M'/# and
the (H/M)'/7 axes, and are then fitted to (1) and (2), respec-
tively, to achieve new £, y, and T¢ values. These newly found
values of B, y, and T¢ are continuously used for the next
MAP until getting the stable values of f,y, and T¢. The
Ms(T) and yx, 1(T) data fitted to (1) and (2), respectively,
with the optimal values of the critical parameters obtained at
final step are shown in Fig. 3(a)—(c), with f = 0.486-0.495,
y = 1.009-1.042, and T¢ = 285.6-290.6. Clearly, the value
of T¢ obtained from the MAP method agrees well with that
obtained from the M(T) curve.

For the value of J, it can be determined directly from the
critical isotherm M (H, T¢) following (3). In our case, the
value of d have been determined by fitting the M(H, T =~ T¢)
data to (3). The ¢ values are, thus, found to be 2.934, 2.952,
and 3.095 at T = 290, 288, and 286 K for PSMO NPs
with d = 88, 59, and 39 nm, respectively. However, critical
exponents (f3, y, and J) derived from static scaling analysis are
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related by Widom scaling relation 6 = 1 + y/f [12]. Using
this relation and the obtained values of § and y from MAP
above, we have calculated 6 = 3.038, 3.118, and 3.098 for
PSMO NPs with d = 88, 59, and 39 nm, respectively. These
results are very close to those estimated by critical isotherm
M(H,T =~ T¢) analysis.

The reliability of the obtained critical exponents and 7T¢ val-
ues can be checked by the scaling hypothesis. According to the
prediction of the scaling equation, in the asymptotic critical
region, the magnetic equation can be written as [12]

M(H, 1) =t? fL(H /P77 (4)

where fy for T > T¢ and f_ for T < T¢ are regular
analytic functions. Equation (4) implies that M/t)F as a
function of H/|t|#*7 falls into two universal curves, one for
T > T¢ and the other for T < T¢. For our case, the
M/|t|F versus H/|¢t|Pt? curves in the log—log scale are plotted
in Fig. 3(d)—(f) using the critical exponents and T¢ values
obtained from MAP above. It can be clearly seen that all
the M(H,T) data points fall on two universal branches for
above and below T¢. This result confirms the values of the
critical parameter S, y, and T¢ obtained as described above
are believable. However, there is a small deviation of the
M(H,T) data from the universal curves at the fields
below 3 kOe. This result is related to the rearrangement
of magnetic domains, where magnetic moments are not
completely aligned to the field.

As mentioned above, the critical exponents for PSMO NPs
with d = 88, 59, and 39 nm found are f = 0.495, 0.492,
and 0.486; y = 1.009, 1.042, and 1.028; and 6 = 3.038,
3.118, and 3.098, respectively. It can be clearly seen that these
exponents are quite close to those expected for the mean field
theory (f = 0.5,y = 1, and 0 = 3) [12]. This means that
there exists long-range FM order in the PSMO NPs. However,
all the p values obtained are smaller than 0.5, indicating
the existence of magnetic inhomogeneities and/or AFM phase
on the surface layers of PSMO NPs. Furthermore, the value
of f slightly decreases with decreasing d. It reflects that
PSMO NPs become more magnetically inhomogeneous when
the crystallite size is decreased. This result is ascribed to the
increase of surface/volume ratio with decreasing d.

Based on the M(H) data shown in Fig. 2(a)—(c), the MC
effect of PSMO NPs can be also assessed via the A S, and RC,
which are shown in Fig. 4(a)-(c) and Fig. 4(d), respectively,
where AS;, is calculated using the Maxwell relation

H rom
AS, (T, H):/ — dH 5)
0 oT ) g
and RC = |ASmax| - 0TrwaM, Where |ASmax| and 6TrwaM

are the maxima value and the FWHM of the —AS,(T)
curves, respectively. One can see that, —AS,, reaches the
maxima around T¢, and an H increase enhances —AS;,. The
variation of the |A Smax| versus H is also plotted in the inset
of Fig. 4(d). For each H value, the value of |A Spax| decreases
while J0Trwpm increases remarkably with decreasing d.
Therefore, RC reaches the maximum values on the sample
with d = 59 nm [Fig. 4(d)]. Namely, under H = 30 kOe, the
values of | A Spax| are found to be 3, 2.6, and 2.1 J-kg~! - K1,
corresponding to RC = 93, 124, and 103 Jokg_1 for d = 88,
59, and 39 nm. These values are comparable with those of
some maganites [2], [13], [14] in the same magnetic field
change, suggesting that the PSMO NPs can be used for room
temperature magnetic refrigeration.
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versus 6 for PSMO NPs. (a) and (¢) d = 88 nm. (b) and (f) d = 59 nm.
(c) and (g) d = 39 nm.

Fig. 4(e)-(h) shows the normalized entropy change
for PSMO NPs measured at different temperatures and
field changes as a function of the rescaled temperature
0 = (T — Tc)I(T, — Tc), where T, is the reference tem-
perature corresponding to a certain fraction k that fulfills
ASy (T))/ASmax = k. The choice of k does not affect the
actual construction of the universal curve, as it implies only
proportionality constant [15]. In this paper, 7, values have
been selected as k = 0.6. Clearly, all the AS,,(T) data points
are collapsed onto a single master curve, revealing universal
behavior in PSMO NPs. The existence of the universal curve
of AS;,(T) under different applied magnetic field changes
is an additional confirmation of the general validity of the
treatment in SOPT materials. Furthermore, this result also
implies that our samples have the same nature of phase
transition and follow the same universality class (namely, the
f,7, and 0 values are very close to those expected for the
mean field theory [12]), as described above [15], [16].

IV. CONCLUSION

We have studied carefully the critical behavior and
MC effect of PSMO NPs with d = 88-39 nm. The experi-
mental results indicated that the samples are soft FM materials
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and belong to the SOPT type. Using the MAP method, the
critical exponents of samples were obtained. This suggests the
existence of the long-range FM order in the NPs. However,
the existence of magnetic inhomogeneity in NPs is also
observed. The existence of magnetic inhomogeneity together
with the decrease of Mg value in NPs are thought to surface-
related effects and distortions, which lead to the weakening
of the Mn3*-Mn*t DE interaction strength. Though the
Mg and |AS,,| values decrease with reducing d, the phase-
transition region and JTgwpm enhance remarkably and,
thus, widen the working range of PSMO NPs. In addition,
a universal master curve for AS,(T) data measured at
different H have been constructed in the whole temperature
range. It would provide important information to understand
how their MC effect evolves in desired temperature and
magnetic-field ranges.
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