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Curie temperature Te = 110 K. Around this transi
maxima. The maximum |AS,,| values are about 2-4 |- kg 'K, corresponding to relative cooling power
of 35-60 ]-kg ', for an applied field H =30 kOe. The assessments based on Banerjee’s criteria and con-
structing a universal curve for |ASy(T, H)| data indicate the samples having the nature of a second-
order phase trar@n. Also, the detailed analyses based on the Curie-Weiss law and magnetic-order

‘We used the mechanical milling to prepare orthorhombic Smy;2Cap gsMn0Oy samples with the average
crystallite size (d) changing from 100 to 139 nrn.ir magnetic and magnetocaloric properties were
then studied upon magnetization
revealed the samples undergoing the ferromagrsa@magnetic (FM-PM) phase transition at the

ersus the temperature and magnetic field, M(T, H). The results

the magnetic-entropy change (AS,) reaches the

exponent prove the existence of the Griffiths phase and magnetic inhomogeneity in the samples.
These properties would be changed by changing d.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Orthorhombic SmMnO; is an insolating A-type anti-
ferromagnetic (AFM) compound with the Néel temperature
T~ 60 K. Mn** moments are aligned ferromagnetically within
the ab plane, but antiferromagnetf&filly in the ¢ direction. It means
that its A-type AFM structure has spin canting along the ¢ 1].
The origin of the canting has been discussed in terms of the single-
ion anisotropy and Dzyaloshinskii-Moriya interactions [2,3]. Com-
paring with other manganite compounds, SmMnOz shows some
noticeable properties, such as magnetocapacitive effects and
temperature-induced magnetization reversal/negative magnetiza-
tion opposite to the magnetic-field direction [1]. The two latter
phenomena are ascribed to the canted Mn®** moments whose
direction is the opposite of the polarized Sm** moments, which
are usually observed in Néel's N-type ferrimagnetic compounds
with two or more magnetic sublattices [1,2].

However, with the doping of an alkaline-earth element into the
Ssm** site, such as Smy_x(Ca, Sr)xMn0O3; compounds, the canting is
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E-mail address: ptlong2512@yahoo.com (T.L. Phan).

Attp: [fdx.doi.org/10.1016/j.jmmm.2017.07.064
0304-8853/@ 2017 Elsevier B.V. All rights reserved.

gradually declined due to the additional presence of Mn*" ions.
This stimulates ferromagnetic (FM) and AFM interactions associ-
ated with Mn**-Mn**, and Mn**-Mn** and/or Mn**“*-Sm*" pairs,
respectively (besides pre-existing Mn**-Mn** and/or Mn**-Sm**
pairs in SmMnOs) [4], and the crystal-structure changes (for exam-
ple, the orthorhombic-monoclinic transition [5,6]). By varying dop-
ing content (x) in Sm, _,(Ca, Sr),MnOs3, their electrical, magnetic
and magnetotransport properties can be enriched as expected
[2,6-9]. It is worth noting that because both Mn and Sm ions con-
tribute magnetic interactions, much more intriguing and complex
properties have been found in these compounds, including the
A-, C-, G-, CE-type AFM, FM, paramagnetic (PM), spin/cluster glass,
charge ordering, orbital ordering, Griffiths phase, and so forth
[5.6,8-10]. Particularly, with suitable x content, it could be found
colossal magnetoresistance (MR) and magnetocaloric (MEERffects
[5,11,12]. Such phenomena are generated from strong interplay
between spin, charge, orbital and lattice degrees of freedom.
Together with double-exchange (DE) mechanism proposed for
Mn**-Mn** FM exchange pairs [13], Jahn-Teller distortions caused
by strong spin-lattice coupling have been also involved to explain
effectively the colossal CMR and MC effects [14,15].
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Concerning a magnetic phase diagram of Sm,_,Ca,Mn0s, it has
been found that the FM phase is dominant as 0 <x < 0.4, the CE-
andfor C-type AFM phases exist as 0.4 <x<0.8, and the G-type
AFM andfor FM phase appear as x > 0.9 [6,8]. Interestingly, in the
range of x =0.8-0.9, besides the C- and G-type AFM + FM phases
|6] and their transition around x = 0.85, there is the Griffiths phase
found for x > 0.85 [5.,6,10]. One can improve outstanding properties
of this material system upon the Ru doping | 16]. Though their elec-
trical, transport and magnetic properties were investigated care-
fully, the MC effect, FM-PM phase-transition nature, and the
crystallite-size influence on the magnetic property of these mate-
rial types have not been taken into account in detail yet
5,6,10,16,17]. Dealing with these problems, we have selected a
typical composition of Smy;2CaggsMn03 showing simultaneously
the FM and Griffiths phases, with T\(G) =T [5,10] and highest
magnetic moment [17], and then studied the influence of the crys-
tallite size (d) on its magnetic and MC properties. We point out that
the d change from 100 to 139 nm does not change the Tc, and the
nature of its second-order phase transition (SOPT). Besides the per-
sistence of the Griffiths phase, we also found an increase of mag-
netic disorder with decreasing d. This factor causes the gradual
reduction of the magnetization (M) and MC effect.

2. Experimental details

Three Smyp 12CapggMn0s samples with different d values&
prepared by solid-state reaction in air combined with high-
energy ball milling. First, a polycrystalline sample was synthesized
from high-purity powders (99.9%) of La;0;, Ca0, MnCO;, and
Sm,05. These powders were combined in nominal quantities of
Smyg 12CaggsMn0s, a ell mixed by using an agate mortar and
pestle. The mixture was then pre-annealed at 1200°C fom h.
After pre-annealing, the mixture was ground and pressed into a
pellet and annealed at 1300 °C for 48 h. The final pellet was divided
into small parts. Two parts were in turn ground for different times
(tm) of 10 and 20min (min) by using a mechanical milling
machine; the as-prepared sample is indicated as t,,=0 min. To min-
imize undesired impurities generated during the milling process,
we used a nonmagnetic grinding medium consisting of a zirconia
vial (45 mL volume) and two balls (~13 mm diameter) purchased
from SPEX-SamplePrep. A to-powder mass ratio of 5.5 was
fixed for each sample. The crystal structure of the final products
were checked by using an X-ray diffractometer (Bruker AXS, D8
Discover) working with a Cu-Kao, radiation source (/= 1.5406 A).
Before taking X-ray diffraction (XRD) patterns, a small Si amount
was mixed with the powder samples to limit errors caused by
the position cation of an X-ray incident beam. Magnetization
measurements were carried out on a physical property measure-
ment system (PPMS, Quantum Design), where the temperature
and magnetic field were tuned in the ranges T=5-300K and
H =0-30 kOe, respectively.

ﬂesuits and discussion

Fig. 1(a) shows powder XRD patterns of fabricated
Smg12CaggsMn0y samples. Our analyses demonstrate the single-
phase samples crystallized in the Pama orthorhombic structure,
corresponding to the Miller-indexed peaks. With increasing fy,
the diffraction peaks shift slightly (about 0.02°) towards smaller
angles. Concurrently, the enhanced linewidth () and reduced
intensity of the peaks are also found, as shown in Fig. 1(b) for
the (0 0 2) peak. This is related to the d reduction, and the increase
of lattice strain and defects [18]. Using the Scherrer equation
d = ki/ficosd, with the shape factor k =~ 0.9, we calculated average
d values to be about 139, 122, and 100 nm for the samples with
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Fig. 1. (a) Room-temperature XRD patterns, and (b) an enlarged view of the (00 2)
peak of the Smp2CapgsMn0s samples with ty, = 0, 10 and 20 min.

tm=0, 10, and 20 min, respectively, as shown in Table 1 and
Fig. 1(a). Hereafter, we use the values of d instead of t,,;, as talking
about the samples. Having carried out Rietveld refinements for the

patterns, we also obtained the lattice constants (a, b, ¢} and
unit-cell volume (V). As listed in Table 1, the values a=5.293 A,
b=5295A, ¢=7.481A and 9.66 A> obtained for the as-
prepared sample (d = 139 nm) are in good agreement with those
reported by Kim et al. [5] on Sm,_.Ca,MnOs; with x =0.8-0.92.
These parameters tend to decrease with decreasing d, which could
be due to the loss of oxygen ions, and lattice distortions caused by
th Iling process.

0 study the influence e d reduction on the magnetic prop-
erty, we first measured temperature-dependent magnetization,
M(T), for an applied field H=1000e. Fiz. 2(a) shows M(T)
data recorded under the zero-field-cooled condition, with
T=10-150K. M of all the samples gradually increases with
increasing T from 10 to-100K, and reaches the maxima at
~105 K. These phenomena are relatively popular in perovskite
manganites, and ascribed to the existence of FM clusters, magnetic
inhomogeneity, and or glassy state [10,19,20]. If increasing T above

K, M decreases quickly to zero, as a result of the FM-PM phase
ransition. It is wort ing that the feature of the M(T) curves
indicates the absence of the G-type AFM phase. This is due to the
dominancy of Mn**-Mn*" FM interactions in Smg2CapgsMnOs,
resulting in Ty(G) = T¢ [10]. By plotting the dM/dT versus T curves,
Fig. 2(b), we determined the T¢ values (=110 K) from their mini-
mum point. It appears that the d change from 100 to 139 nm
almost does not change the Tc. However, if more attention is given
to the inverse susceptibility, '(T) = H/M(T), Fig. 2(c), one can see
the ;(“(T} magnitudes of the samples in the PM region
(T>110K) are different and dependent on d. All the ¥ '(T) curves
exhibit the Griffiths phase (GP) like downturn below a certain
t rature, the so-called Griffiths temperature (T}, where there
is the deviation of the inverse susceptibility from the Curie-Weiss
(C-W) law. This phenomenon was also found in bulk
Smy_Ca,Mn0O; samples with x=0.85-0.92 [5,10]. As listed in
Table 1, Tg values are 126 K for d =122 and 139 nm, and 131K
ford=1 . In the temperature range T¢ < T < Tg, there is a large
correlated clusters within the globally PM phase, leading to the
temperature-dependent susceptibility that can be described by a

power function 7! o (T — T%)"*, where T%" is the random tran-
sition temperature lying between Tc and T, and /4 (with0 < i<1)
is a non-universal positive exponent [21]. The T increase demon-
strates more stimulated magnetic inhomogeneity when d reduces,
similar to the cases of SmgsSrpsMnO; [22] and Lagg;Srp,33Mn0;
[23]. Particularly, at temperatures T>Tg, the PM behavior of
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Table 1

Experimental values obtained for Smp, ;2CaggsMn04 samples with various crystallite sizes d = 100-139 nm.

fm d a b C

v Te Te o Pegy

{min) (nm) (A) (A) (A)

0 139 5.203 5.205 7.481
10 122 5.290 5.301 7475
20 100 5271 5.273 7.458

(A%) (K) (K) (K) tHm)

209.66 110 126 95 3.53
209,59 110 126 101 3.42
207.29 110 131 104 3.33

(a} —— d=139nm
-8 d=122nm
—he— d=1000m

M (emu/g)
... 8

(=]

i
;

boh
i
EER

S o
[ I & ]

dM/dT (emu.g’.K™)

(=]
8
8
g

6000_(0) W d=139nm

g/emu)
>
8
E

4000¢

2000¢

' (Oe

%

0 T P T T

) 30 60 ) 120 150
T (K)

Fig. 2. Temperature dependences of (a) M, (b) dMfdT, and (c) » ' for Smy,2Cagss-
Mn0Os samples with various d values in the field H= 100 O, where temperature-
increment steps were fixed at 5 K.
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Pt T)g be described well by the C-W law »(T) = Cf(T-0)), where C
and ¢ are the Curie constant and C-W temperature, respectively,
obtained from fitting the ;{"'(T) data at temperatures T > T;;. Using
the relation C = N(ugPeg)?/ 3ks [f8ere N = 6.023 x 10* mol ' is the
number o s, kg=1.3806 = 10 ?* J/K is the Bolzmann constant,
and pp=9.274 x 10! |IT is the Bohr magneton, we would calcu-
late the effective PM moment (Pey) values to be 3.55pg, 3.42 g,
and 3.33 uy for t mples with d =139, 122, and 100 nm, respec-
tively. These P.yand 0 values are listed in Table 1. In theory, in the
PM region without the orbital moment contribution, the spin
moments of Mn* (Per=4.9ug), Mn*" (Pur=39u) and Sm*
(Pegr= 5.5g) ions all contribute to the PM susceptibility of Smg -
CaggsMnOs, resulting in its theoretical Poy value of ~4.61pus.
Clearly, the experimental Pey values are smaller than the theoreti-
cal value. This could be due to spin-orbital coupling and/for disor-
der spins between magnetic moments existing in the
Smg 12CapgsMn04 samples. Previously, it has been found that the
d decrease to the nanoscale leads to the formation of magnetically
dead (spin-glass-like) surface layers. Their existence reduces the
FM correlation length and magnetization as well [23-26].

Such decreased magnetic order and enhanced magnetic inho-
mogeneity when d reduces would influence directly the MC effect
and FM-PM transition nature. To further understand these prob-
lems, we recorded field-dependent magnetization at different tem-

peratures, M(T, H), around the FM-PM transition. Fig. 3(a, b) show
M(T, H) data of typical samples with d =139 and 100 nm. At a
specific temperature T, the d decrease causes a gradual reduction
of M. Concurrently, M increases with increasing H due to the align-
ment of magnetic moments to the field direction. In the FM region,
M(H) curves are nonlinear, which become linear in the PM region.
A temperature increase from the FM region to the PM one reduces
gradually M. Particularly, a large gap between M(H) curves are
found around the FM-PM transition, where FM coupling is strongly
declined by thermal energy. This phase transition can be seen more
clearly if performing Hf/M versus M? plots, as shown in Fig. 3(c, d).
At low fields, the H{M-M? curves are driven to two opposite direc-
tions, which are characteristic of the FM and PM regions [27]. Par-
ticularly, their curvature is decreased quickly when T approaches
close to the Te. At all temperatl.m the slopes of the H/M-M? curves
are positive, This proves all the samples undergoing a second-order
phase transition (SOPT), according to Banerjee's criteria [28]. If
carefully considering the feature of the H/M-M? curves at temper-
atures T = T¢, Fig. 3(c, d), one can see that H/M-M* dependences are
relatively linear for the d = 139 nm sample (and d = 122 nm as well,
not shownFind nonlinear for the d=100nm sample. This is
ascribed ¢ong-range FM order in the d=122 and 139 nm sam-
ples, and short-range FM order in the d = 100 nm sample [27,29].
Based on the mean-field theory, Skomski showed that long-range
FM interactions could be established in complex spin structures
with two or more sub-lattices [30]. It is known that small changes
in the crystal structure, concentration of magnetic atoms/ions, and
chemical pressure can change remarkably FM order. For the case of
the as-prepared Smyg2CaggsMnO; sample (d = 139 nm) with the
mixed valence of Mn**“* and Sm>* ions, the FM interaction associ-
ated with Mn**-Mn** exchange pairs is strongest, resulting in
TW(G) = T [5,10]. Meanwhile, AFM couplings between Sm**, Mn**
andfor Mn®*, if possible, are weak. Long-range FM order is thus
ascribed to the Mn**-Mn?" FM double-exchange pairs. When d

40’(&) d =139 nm 85K (c) d=139nm 12800

12100

&

—
=]
(=]

H/M (Oe.glemu)

M (emu/g)

44000

8
8

42000

41000

[,
(=]

300 450
» )
M (emu/g)”

(=)
o
n
o
wl
o
(=]
@
(=]

Fig. 3. M(H), and H/M versus M? curves for typical Smg 2CagssMn0; samples with
(8, ¢)d=139 nm and (b, d) d =100 nm around their FM-PM phase transition, with
temperature increments of 4 K.
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decreases to 100 nm, there is the formation of magnetically dead
surface layers. It means that the AFM interactions increffjwith
decreasing d. Short-range FM order is thus established as a conse-
quence of strong interaction between the FM and AFM phases.

From the M(H, T) data, Fig. 3(a, b), we can assess the MC effect of
the samples based on the magnetic-entropy change (AS,,). For a
ferromagnet undergoing a SOPT, the calculation of AS,(T, H) can
be based on Maxwell's relations [31]

9\ (M
(@), = (&), o

H oM
ASn(T,H) = Su(T, H) = Sn(T, 0) = / (ﬁ) dH, @)
Jo H

where the magnetic-field interval varies from 0 to H. Fig. 4
shows the |AS,(T, H)| data of the samples with d = 100, 122, and
139 nm. In the studying T range, |ASy| increases with increasing
H from@: 30 kOe. It reaches the maxima (denoted by |ASmax|)
around the FM-PM transition, where the order-to-disorder trans-
formation of magnetic moments takes place strongly. Decreasing
d from 139 to 100 nm reduces quickly the values of |AS,| as
well as |ASyaxl. In our work, field dependences of |ASyaxl, with
H = 0-30 kOe, can be described by a power function [32]

|ASmax|otH", (3)

where n is a local order-magnetic parameter, with n=0.65,
0.70, and 0.72 for the d=139, 122 and 100 nm samples, respec-
tively, as shown in Fig. 5(a). For a ferromagnet with long-range
FM interactions, n is equal to ~0.67 [32]. A large deviation of n
from the theoretical value (~0.67) determined for the d = 100 nm
sample demonstrates the absence of long-range FM order. Particu-
larly, under an applied field span of H =30 kOe, we obtained the
|AS max] values for d =139, 122, and 100 nm to be about 4.2, 2.6,
and 2.0)kg "K', respectively. These values are smaller than
those recorded for SmgsgSrp.4:Mn0O5 with d = 96-280 nm (| AS ax|
=5~9]kg "K' for H=30kOe) [25]) and Lag7CagsMn0O; with
d =72-200 nm (|ASal = 4 ~ 9 J-kg~ K~ ! for H = 30 kOe) [33] hav-

d=139nm

L (a) ol

m

30 kOe

1AS | (Jkg' K"

5 kOe

@ 2 A

T(K)

Fig. 4. |AS,(T)| curves for the Smyg :CagpssMn0y samples with (a) d = 139 nm, (b)
d =122 nm, and (c)d = 100 nm around the FM-PM phase transition in field intervals
ranging from 5 to 30 kOe.

O d=139nm =0
4t @ d= 122 pm pa
o A d= 100 nm &
¥ q y=a+bH o
= n=070
E: = - S
S 2} P e ek
= o i n=072
£y A
9
0 i L L A
15 20 25 30
15} (0) e—= el © S i
o & 2 o ==
= & <
e g o 40 2
¥10 & A o2
- o & o
o
& 20 &
2 O-d=1390m O AT g d=1390m =
d=122pm A d=122nm
0 S d=100nm £ d=100nm o
10 20 30 10 20 30
H (kOe)

Fig. 5. (a) |ASq.d H)| data fitted to a power function of |AS,,x| = a + b-H", (b} 4T(H)
and (c) RCP(H) of the Smyg ;:Cay gsMnO; samples with d = 100-139 nm.

ing the first-order nature. However, for magnetic compounds with
the second-order nature, such as LagsCagsMnOs; with d=45-
54nm [33] and Lag;Capa «Ba,MnOy (x=0.025, and 0.05) with
d=40nm [34], their |ASmaxl values (2.2~44]kg "K' for
H =30 kOe) are comparable to our current work.

Together with magnetic-entropy change, the MC effect can also
be assessed upon the ive cooling power defined by RCP =
|ASmaxl x 6T, where T 15 the full-width-at-half maximum of a
|ASH(T)| curve, or upon the refrigerant capacity defined by
RC=- Ij']ff ASy(T)dT, where T, and T, are the celd and hot ends
of an ideal thermodynamic cycle [32]. Fig. 5(b, c) show tempera-
ture dependences of 6T and RCP for the samples in the fields H
ranging from 5 to 30 kOe. Similar to the variation tendency of
|ASmaxtH)], Fig. 5(a), both 8T and RCP decrease gradually with
decreasing d from 139 to 100 nm. For H= 30 kOe, RCP values are
about 60, 38, and 33 J-kg ! for d =139, 122, and 100 nm, respec-
tively. These values are about 10-20% higher than RC, depending
on the magnitude of H.

The above assessments pointed out that all the samples have
the SOPT nature, and FM order is declined with decreasing d from
139 nm to 100 nm. This influences directly the magnitude of M,
|ASmax/, and RCP (or RC). Recently, Franco et al. [32] suggested that
if a single-phase magnetic material is measured at different T and
H values, their |AS(T, H)| curves could be scaled into a universal
curve. The scaling is carried out by normalizing |AS, (T, H)| curves
to their respective peak (AS™Y ), AS? = |ASy (T, H)/ASE, with the tem-
perature axis rescaled into 0 = (T — T¢){(T; — T¢), where T, is the ref-
erence temperature corresponding to a factor f= ASy(T.)/ASmax
The choice of f does not affect the construction of the universal
curve. In Fig. 6, it shows the universal curves constructed for the
d=100-139 nm samples, where T, values were selected to fulfill
f=0.5. The results in Fig. 6 reveal that almost |AS,(T, H)| data
points fall into a universal curve. This is in good agreement with
the results shown in Refs. [32,35] and proves that our samples
are magnetic single phase and undergo the SOPT. Concerning mag-
netic order, one can assess upon a magnetic-order parameter (N),
which is calculated by using the following equation

dlIn|AS,|
dinH -~
For a ferromagnet undergoing the SOPFT and exhibiting long-

range magnetic interactions, N tends to 1, and is independent of
H as T« T It tends to 2 at temperatures T = T, and reaches a

N(T,H) = (4)
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Fig. 6. Universal curves for the magnetic entropy of Smg2CapssMnOs with (a)
d=139nm, (b) d =122 nm and (c) d =100 nm in magnetic-field intervals ranging
from 5 to 30 kOe.

minimum value equal to ~0.67 at T = T¢ [32]. The results shown in
Fig. 7 reveal N(T) values depend strongly on H. They tend to
decrease and less changes as H > 20 kOe, because most magnetic
moments were aligned to the H direction. The feature of the
N(T, H) curves also indicates the FM-PM transition separated by
the minima around the Te. Though the criteria for N in the T < T¢
and T > T regions are fulfilled, its minimum (N,,;,,) values of about
0.74, 0.76, and 0.79 for the d =139, 122, and 100 nm samples,
respectively (determined at the T¢ for H > 20 kQOe) are quite larger
than the theoretical value of ~0.67. Similar to the variation
tendency of n, Ny, also increases with decreasing d to 100 nm,

2.0t (a) d=139 nm

90 100 110 120 130
T(K)

Fig. 7. N(T. H) curves for Smg2CagssMn0O; samples with (a) d=139nm, (b)
d=122 nm and (c) d = 100 nm, where the field H varies in the range of 5-30 kOe.

%cating the decrease of long-range FM order. The difference
between the Ny, values and the theory value is related to the
absence of perfect long-range magnetic interactions and the mixed
phase of FM/AFM interactions in the samples with the existence of
the Griffiths phase. With decreasing d to 100 nm, this phase would
be widened.

4. Conclusion

We studied the magnetic and MC properties of the orthorhom-
bic Smy, ssMn0; samples with d=100-139 nm. The careful
analyses of the M(T, H) data based on the dM/dT versus T plots,
Banerjee's criteria, and universal entropy curves (S} revealed all
the samples exhibiting the SOPT nature, and undergoing the FM-
PM phase transition at Te = 110 K. The largest MC effect achieves
around the orresponding the |ASmax] and RCP values to be
about 2-4]kg "K', and 35-60]kg ', respectively, for
H =30 kOe. Particularly, based on the analyses of the C-W law for
the PM 3 '(T) data, the feature of H/M versus M? curves, and the
magnetic-order parameter N(T, H), we found the samples having
the existence of the Griffiths phase, and the transformation of
long-range to short-range FM order when d decreases from
139 nm to 100 nm. This decrease of d leads to the formation of
spin-glass-like surface layers, and reduces the FM correlation
length, consequently the magnitude of M, |AS,,..] and RCP (or
RC) as recorded.
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