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Abstract

In this paper, we have investigated the physical properties of SmFey sMng 503 complex per-
ovskite samples, synthesized by means of combustion reaction method. X-ray powder diffrac-
tion indicates the formation of single phase perovskite with orthorhombic structure. Low
magnetic field measurements shows remarkable transition at 234 K related to spin reorienta-
tion. The magnetocaloric effect shows two peaks related to magnetic behavior changes, at 18
K and at 234 K. The transition about 234 K presents inverse magnetocaloric effect. The en-
tropy variation from magnetocaloric effect shows power law as function of applied magnetic
field with maximum entropy change 5.6 J/kg K with field variation of 70 kOe. Critical ex-
ponents extracted from AS vs. H presents a remarkable sharp peak near antiferromagnetic
to weak ferromagnetic transition temperature.
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1. Introduction

*Corresponding author .
Email address: nomoreno@ufs.br (N. O. Complex metal oxides such as mangan-

Moreno) ites and orthoferrites are interesting because
their rich set of compounds, properties and
structures. During the last decades, system-
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atic studies on manganites containing rare
earth and alkali earth ions have shown that
these systems possess a wide range of physical
phenomena including multiferroicity, colossal
magnetocapacitance and colossal magnetore-
sistance [1, 2, 3].

Studies carried out in orthoferrites indi-
cate that these compounds have Néel tem-
perature between 620 K and 740 K.[4]
Due to the anisotropy effects associated
with rare earth and Fe®™ magnetic inter-
actions, this family of compounds exhibits
spin reorientation.[5] The spin reorientation
in orthoferrites commonly is processed by
switching from I'y canted antiferromagnetic
reducible representation to the I'y antiferro-
magnetic ordering.[6, 7] The known exception
is DyFeO3 which spin reorientation is per-
formed from I'y, at high temperature, to I'y,
a coplanar antiferromagnetic phase [8, 9].

Systems possessing multiples magnetic
phases present interesting entropy variation
as function of temperature and magnetic
field, mainly close to the magnetic transi-
tion temperature, exhibiting magnetocaloric
effect [10, 11].

The magnetocaloric effect can be defined
as the thermal response of magnetic materi-
als due to changes of applied magnetic field.
[12, 13, 14] Its discovery in metals along with
the adiabatic cooling, proposed by Debye and
Giauque, promoted the magnetocaloric effect
(MCE) as a mean of reaching low tempera-
tures [15, 16, 17, 18]. However, this effect
is not only important in applications such as
magnetic refrigeration, but it is also an useful
tool for fundamental physics because it can
hint on the nature of magnetic phases and

transitions [19, 20, 21, 22].

Taking into account the usefulness of mag-
netocaloric, a study conducted on SmMnOj3
perovskite indicated the presence of mag-
netocaloric effect with maximum entropy
change 8 J/kgK for an applied field variation
of 0-70 kOe at transition temperature.[23]
Investigations have also been directed to
study magnetocaloric effect in more complex
perovskites such as the ordered perovskite
BagFel_xCeroOﬁ, Ba2F61+xM01_xO6 and
SI‘QF@MOl_;UWxO@ [24, 25, 26]

Single crystals of DyMng5Cop503 and
Lag ¢Prg.1CagsMnOg  disordered perovskite
have MCE value as compared to that for Gd
(27, 28].

In this work, we investigate the mag-
netic  behavior of complex perovskite
SmFey sMng 503 synthesized by combustion
reaction, and its behavior in terms of mag-
netocaloric effect at various intensities of
magnetic field variation.

2. Experimental Details

2.1. Sample Preparation

Polycrystalline SmFey5sMng 503 samples
were produced by the combustion re-
action method.[29] A solution containing
the stoichiometric quantity of high qual-
ity grade reagents Sm(NOj3)3.6H,O (Aldrich
99.98%), MnCly:4H,O (Aldrich 99%) and
Fe(NO3)3.9H20 (Aldrich; 99.9%) was formed
by diluting them in distilled water. The solu-
tion was subjected to vigorous stirring with a
magnetic stirrer at temperature about 120°C



for one hour in order to remove water ex-
cess. During the stirring and evaporation
process a stoichiometric amount of urea or-
ganic fuel, calculated according to propel-
lants chemistry, was added [30].

After removal of most of water, the for-
mation process of a sol-gel takes place. The
backer containing the sol-gel is placed on a
hot plate with temperatures above 300°C for
few minutes in order to start the spontaneous
combustion reaction with intense flame and
expressive output of gas.

The resulting product is a sponge contain-
ing very fine powder. The product obtained
from the combustion reaction is ground in
agate mortar and then subjected to a heat
treatment at 1300°C for 12 h in air atmo-
sphere.

2.2. Ezxperimental Apparatus

The crystal structure of samples, as well as
its purity were analyzed by using a Rigaku
Inc. X-ray diffractometer with Cu Ka ra-
diation and Bragg-Bretano geometry. X-ray
diffraction data were collected in the range
20° — 80° in steps of 0.02° at room temper-
ature. Magnetic measurements using fields
up to 7 T, in the range 2 K - 400 K, were
performed in a commercial Quantum De-
sign MPMS Evercool 7 T magnetometer with
SQUID sensor.

2.3. Magnetocaloric Effect Calculations

The magnetocaloric effect can be obtained
indirectly from a set of magnetic measure-
ments as a function of temperature and mag-
netic field. The magnetic entropy variation
due to the magnetic field application can be

calculated through the well-known integral
which follows from the differential Maxwell
thermodynamic relations, expressed in the
equation (1) [14, 24]:

s [ () o

The expression of equation (1) can be dis-
cretized in order to be used with experimental
magnetization isothermal data. The entropy
variation can be calculated from experimen-
tal data according the expression [24]:

M; — M4

—ASy =
4 T — T,

AH (2)
where M;y; and M; are the magnetization
values measured at magnetic field H and at

temperatures 7}, 1, T}, respectively.

3. Results and discussion

X-ray diffraction (XRD) measurements
carried out at room temperature showed the
formation of single phased SmFeqs;Mng 503
sample without indication of impurity phases
at least in the sensitivity range of our experi-
mental apparatus. The diffraction peaks have
been easily indexed according to structure be-
longing to the orthorhombic Pbnm (62) space
group. The indexed peaks were compatible
with the diffraction pattern cataloged in the
crystallographic database under ICSD 27279
[31].

Through the Rietveld refinement, the lat-
tice parameters have been estimated using



the Topas software [32]. The parameters val-
ues obtained from refinement with GoF =
1.22, are listed in Table 1. Fig. 1 shows the
x-ray diffraction pattern of SmFeysMng 503
powder sample taken at room temperature.
The inset shows the main peak profile and
its fit quality.
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Figure 1: X-ray diffraction pattern for

SmFeg 5Mng 503 at room temperature. The
open circles represent the observed patterns; con-
tinuous lines represent calculated and difference
patterns. The tick marks correspond to the position
of the allowed Bragg reflections. The inset shows the
main peaks profile.

The  magnetic ~— behavior  of  the
SmFeysMng 503 can be seen in the M/H
vs. temperature curves for various magnetic
fields as shown in Fig. 2.

The magnetization has strong field depen-
dence in all range of temperature resulting in
different shapes of curves. The magnetiza-
tion can be described in three different parts
according to its behavior.

Table 1: The Rietveld refinement parameters of
orthorhombic SmFep 5sMng 505 (Pbnm) with a =
5.3615(A), b = 5.6253(A) and ¢ = 7.5189(A) at
T = 293 K obtained by the combustion method.

AtomWyc.  x/a y/b z/e  Oce.
Sml 4c 0.9802(8)0.0662(2) 0.25 1.0
Fel 4b 0.0 0.5 0.0 0.5
Mnl 4b 0.0 0.5 0.0 0.5
01 4c 0.0945(2)0.4033(7) 0.25 1.0

02 8d 0.6702(0)0.3137(0)0.0582(4) 1.0
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Figure 2: M/H as a function of temperature for mag-
netic fields in the range of 100 Oe and 70 kOe. The
inset shows the low-T" data of H/M vs. T'. The solid
line is a fit to Curie-Weiss law.

At high temperatures, from 300 K up
to 400 K, the M/H curves present small
non overlapping behavior probably related to
reminiscent short-range magnetic interaction
near to Néel transition.

Below 300 K, the system experiences a

magnetic ordering with a increasing of mag-
netization up to 234 K where an abrupt re-



duction is observed. The peak formed in this
range of temperature is better visualized with
low magnetic field measurements.

For smaller temperatures, down to 18 K,
the magnetization intensify itself forming a
paramagnetic like tail with intensity rise asso-
ciated to the magnetic contribution provided
by the Sm3* ions. This type of magnetic con-
tribution is often found in perovskites con-
taining magnetic rare earth ions [23, 33]. Be-
low 18 K, the magnetization deviates from
paramagnetic behavior as shows the inset of
Fig. 2.

The magnetization behavior on such sys-
tems can be understood taking into account
different interactions involving Fe3*, Mn3*+
and Sm3* ions. It is known that the SmFeOs
transits from paramagnetic (PM) to weak-
feromagnetic (WFM) at 670 K. The WFM
phase is followed by a spin reorientation
switching from [001] to easy axis [100] direc-
tion at temperatures below 480 K [34, 35, 36,
37].

The formation of the perovskites contain-
ing Fe3* and Mn3" in the center of octahedra
induces additional complexity, mainly resul-
tant from the intricate interactions between
the sublattices, Jahn-Teller activity of Mn3™,
single ion anisotropy ete. [38].

The substitution of Fe?™ (S = 5/2) by
Mn®*t (S = 2) weakens the Fe3™Fe?T in-
teraction, reducing the critical temperature
[38]. Other effect of Mn?* presence is the in-
creasing of temperature of WEM-AFM spin
reorientation. The Mn3* content promotes
changes in environment, mainly in the effec-
tive anisotropy resulting to shift of spin re-
orientation to higher temperatures. Such ef-

fects: the increasing of spin reorientation and
decreasing of Néel temperature were also ob-
served in SmFe;_,Mn,Os z = 0.0 — 0.3 sam-
ples [39]. Similar results have been obtained
by researches on isomorphic DyFe;_,Mn,O3
[33]. In fact, DyFe; ,Mn,O3 have similar
magnetic behavior containing PM - WFM
and WFM — AFM transitions. Similarly, the
increasing Mn content leads to decrease the
PM — WFM transition temperature whereas
the spin reorientation temperature increases
(33, 38].

Below the temperature of spin reorienta-
tion (Tsg), it is known that the principal con-
tribution to the magnetization of the ortho-
ferrites comes from the rare-earth ions [40].
Commonly, the magnetic long-range order of
rare earth ions in orthoferrites is established
at low temperature (close liquid-helium tem-
perature). However, in SmFeOs there is ev-
idence of magnetic coupling between Sm?**
and the canted spin Fe3t at T < Tgp =
480 K [34, 41, 42, 43]. 1In this situation,
the magnetic moment of Sm®** forms an an-
tiparallel order with the canted spin resul-
tant from the Fe3* sublattice. However, it
is known that the rare earth can also form
an parallel arrange with weak ferromagnetic
component [5]. Based on the arguments men-
tioned above, we suggest that deviation from
paramagnetic-like behavior observed at 18 K
(see the inset of Fig. 2) may be related to a
consequence of the interplay between Sm-4 f
and (Fe, Mn)-3d electrons [44, 45, 46].

The magnetization behavior as a function
of magnetic field for some temperatures is
shown in the Fig. 3.

At 2 K, the magnetization shows nonlin-
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Figure 3: Magnetization as a function of applied mag-
netic field for SmFeq sMng 503 obtained at 2 K, 200
K and 300 K. The inset shows the low-field behavior
at 2 K and 200 K.

ear behavior with irreversibility in the low
field range presenting remanent magnetiza-
tion Mr ~ 0.10up/ f.u. Extracting the para-
magnetic contribution, the saturation of mag-
netization was estimated with value Ms o~
0.70up/ f.u. These small values of remanent
magnetization and saturation suggest the
existence of weak ferromagnetic component
even at low temperature. Measurement taken
at 200 K, just below the abrupt WFM — AFM
transition, presents a linear magnetic behav-
ior as a function of the magnetic field with-
out irreversibility. The curve taken at 200 K
can be visualized in the inset of Fig. 3. This
behavior is compatible with AFM ordering
type.

The magnetocaloric effect curves, obtained
according procedure explained elsewhere[24],
are plotted as a function of temperature and
magnetic field as shows the Fig. 4.

Figure 4: Magnetocaloric effect as a function of
temperature and magnetic field for SmFeg s Mng 503.
The inset shows presence of inverse magnetocaloric
effect close to AFM-WFM transition.

The change of magnetic entropy increases
for high variation of applied field. This
behavior is expected since higher magnetic
fields easily align the magnetic moments, thus
reducing the entropy.

About 234 K, a small asymmetric peak is
observed. This peak is associated to effect on
entropy from AFM — WFM transition. The
inset in the Fig. 4 shows the details varia-
tion of entropy in the range of temperature
in which the AFM — WFM transition occurs.
This transition leads to the presence of in-
verse magnetocaloric effect (IMCE) charac-
terized by the depression centered in 222 K.
The depression, shown in the inset of Fig. 4
increases with applied field, until a critical
field is reached and the IMCE is suppressed.
Some Ca, Sr doped LaMnQOj3 samples present
similar IMCE, and it is often associated to



the stabilization of antiferromagnetic order
[47, 48]. The entropy variation curves for our
sample are close compatible to the curves ob-
tained theoretically by von Ranke et al., on
antiferromagnetic type transition [49].

Below 220 K, —AS increases up to a maxi-
mum variation of 5.6 J/kg K at 18 K. The
peak about 18 K indicates that the sys-
tem may be experiencing changes in mag-
netic configuration. The value of entropy
change for AH =10 kOe is rather small
(0.2 J/kg K) specially in comparison to
magnetocaloric effect observed in other Sm
based perovskites such as Smg 5251rg.45MnO3
that possesses 5.9 J/kg K for AH=10 kOe
and Ndo_ﬁLaerMMnOg that exhibits 3.14
J/kg K for AH=15 kOe [50, 51]. In fact,
Smg 50910 4sMnO3 have been reported as pre-
senting higher magnetocaloric effect in com-
parison to others known rare earth based per-
ovskite oxides.

The value of magnetocaloric effect of our
sample is in the same order in comparison to
manganites samples as Lag gPbg1MnO3 for 10
kOe of magnetic variation [52, 53]. The inten-
sity variation of entropy is generally related
to the magnetic field as power law according
the equation (3) [54, 55];

|AS| = aH", (3)

where a, and n are normalization constant
and power exponent respectively.

For magnetic systems with single mag-
netic transition, mean field calculation states
that the exponent n varies with temperature,
reaching values close to 1.0 for low tempera-
tures (far from transition temperature), 2/3

at the critical temperature and 2.0 for para-
magnetic temperatures [54].

It was also found that our SmMng 5Feq 503
sample presents power law for all |AS| vs.
H curves at temperatures in the range of
2 K - 270 K. Fig. 5 shows the behavior of
magnetocaloric effect in relation to the mag-
netic field. It can be easily adjusted to fit
a power law. This behavior is found in sev-
eral measurements at different temperatures.
The monotonic increasing of entropy varia-
tion as a function of magnetic field presents
smaller exponent at 18 K with value about
n ~ 1.5. This temperature is coincident with
the maximum of second peak on entropy vari-
ation seen in the Fig. 4.

5L -AS at 18 K
Fit |aS|~H"®

~AS (J/kgK)
w

0 1I0 2I0 3I0 4IO 5IO 6IO 7I0 80
Magnetic Field (kOe)

Figure 5: Variation of entropy as a function of mag-
netic field at T = 18 K. The solid line is the fitted
curve by a power law.

We noted that the exponent n as a function
of temperature, shown in the Fig. 6, presents
different values in comparison to those esti-
mated by mean field [54]. This result is not



surprising because our system present mul-
tiples magnetic transitions and interactions
that are not well modeled by mean field the-
ory.
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Figure 6: Power law exponent as a function of tem-
perature for SmFeq 5Feg 503.

At T = 2 K, the exponent is close to
2.2. Increasing temperature, the exponent
decreases finding its minimum at 18 K with
n ~ 1.5. This temperature is coincident with
change of slope observed in H/M (see Fig.
2). Above 18 K, the exponent increases re-
maining constant with n ~ 2 up to 180 K.
At higher temperatures, the exponent has a
strong anomaly peak at 218 K with n ~ 4.6 in
the same range that occurs IMCE (see Fig.4).
From 240 K up to 270 K, the exponent sta-
bilizes with n ~ 1.66.

The exponent values for some manganites
are well behaved in comparison to the expo-
nent estimated for our sample. In a man-
ganite, for example, the value of exponent is
n =~ 2.0 changing effectively only in measure-
ment with high magnetic fields [56]. The val-

ues of exponent for our sample differs from
this behavior due to SmFegsMng 503 multi-
ple transition and nature of interactions.

High field measurements indicate that the
entropy variation at 18 K increases propor-
tionally to the field not presenting any trend
to exhaustion even for high field as 70 kOe.
This fact can be related to contribution from
rare earth ion [57].

4. Conclusions

Polycrystalline  SmFegsMngsO3 sample
was successfully synthesized by the com-
bustion synthesis method. X-ray diffrac-
tion measurements indicate formation of pure
phase sample with orthorhombic symmetry.
Magnetization vs.  temperature measure-
ments in the range 2 K-400 K have two mag-
netic transitions: one at 234 K related to
WFM — AFM spin reorientation and another
at low temperature related to the interplay
Sm-4f and Fe, Mn-3d electrons. At higher
fields, the peak at 234 K is virtually sup-
pressed suggesting elastic processes. Mag-
netocaloric effect curves were obtained from
various measurements of the magnetization
as a function of temperature and magnetic
field. The magnetocaloric effect presents two
peaks related to magnetic transitions and
events at 18 K and 234 K. AFM - WFM
transition at 234 K leads to inverse mag-
netocaloric effect with fingerprint depression
centered at 222 K.

At low temperature, the magnetization is
influenced mainly by the contribution of Sm
effecting Mn, Fe sublattices, while at high
temperature the main contribution is related



to ions in B —site at the time that Sm behaves
paramagnetically. The Sm presence induces
the spin reorientation.

The variation of entropy scales as power
law as function of magnetic field. However,
variation of entropy power law presents un-
usual exponent values as function of temper-
ature with remarkable sharp peak near AFM
— WFM spin reorientation transition temper-
ature.
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