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Study of physical properties of a ferrimagnetic
spinel Cu; sMn4 504: spin dynamics,
magnetocaloric effect and critical behavior
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The present work reports a detailed study of the spin dynamics, magnetocaloric effect and critical behaviour
near the magnetic phase transition temperature, of a ferrimagnetic spinel Cu;sMn;sO4. The dynamic
magnetic properties investigated using frequency-dependent ac magnetic susceptibility fitted using
different phenomenological models such as Neel-Arrhenius, Vogel-Fulcher and power law, strongly
indicate the presence of a cluster-glass-like behavior of CujsMn; 50,4 at 40 K. The magnetization data
have revealed that our compound displays an occurrence of second-order paramagnetic (PM) to
ferrimagnetic (FIM) phase transition at the Curie temperature Tc = 80 K as the temperature decrease. In
addition, the magnetic entropy change (ASw) was calculated using two different methods: Maxwell
relations and Landau theory. An acceptable agreement was found between both sets of data, which
proves the importance of both electron interaction and magnetoelastic coupling in the magnetocaloric
effect (MCE) properties of Cu; sMny sO4. The relative cooling power (RCP) reaches 180.13 (J kg™3) for an
applied field at 5 T, making our compound an effective candidate for magnetic refrigeration applications.
The critical exponents 8, v and ¢ as well as transition temperature Tc were extracted from various
techniques indicating that the magnetic interaction in our sample follows the 3D-Ising model. The
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1. Introduction

There is a category of double oxides of general formula AB,O,
which includes two types of arrangements. In the first possible
distribution, known as normal spinel, the A>* cations occupy the
tetrahedral interstitial sites and the B** cations occupy the octa-
hedral sites. This distribution is indicated as (A**)[B,*"]0, where
the parentheses designate the tetrahedral, and the brackets, the
octahedral positions. A second possible arrangement, (B*')
[A*>"B*"]0, known as perfectly inverse spinel, is characterized by B
cations occupying all of the tetrahedral and half of the octahedral
sites, while the other species (A) occupies the remaining (half of
the) octahedral sites. Prototypical examples of normal and
inverse spinels are MgAl,O, (space group Fd3m) and MgGa,0,
(space group P4,22), respectively."* Otherwise, there are many
possible intermediate distributions represented by the formula
(A1_"B")[A”"B,_"]04, where i denotes the inversion degree.
Magnetic spinel oxides have been extensively investigated owing
to their physical properties.* They exhibit various magnetic,
dielectric, and optical properties, according to their structures,
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validity of the critical exponents is confirmed by applying the Windom scaling hypothesis.

compositions and cation distributions.**® Several cations can be
placed in tetrahedral A and octahedral B sites to adjust the
magnetic properties. They can present paramagnetic, ferrimag-
netic, spin glass and antiferromagnetic behavior, depending on A
and B site cations.”® Besides, nonmagnetic ions occupying the A
or B sites will lead to magnetic frustration, so that one new
magnetic phase will be detected, such as semi-spin-glass (SSG),
re-entrant spin-glass (RSG) and spin-glass (SG).>** The existence
of the SG comportment is closely associated with the magnetic
frustration,”" concluding therefore, that system with lowest
energy tend not to be stable."* In recent years, magnetic materials
have attracted increasing interest among a wide range of
researchers whose concern has been grown with the investigation
of the potential use in various applications, including but not
limited magnetocaloric refrigeration,’ magnetically guided drug
delivery," magnetic resonance imaging (MRI) enhancement,'”
ferrofluid technology,” and high-density information storage.*
Fe;0, or magnetite, is the most-studied spinel ferrite. Recently,
the magnetotransport of magnetite has attracted much attention
due to the discovery of giant magnetoresistance (GMR) effective
in this material.*® Raman spectroscopy has proven effective in
studying the elementary excitation of material. A physical expla-
nation of the enhanced electron-electron correlation in the
presence of a magnetic field is proposed to be responsible for the
GMR mechanical in magnetite material.** The dynamics of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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magnetic superparamagnetic particles have been a subject of
intense study in fundamental physics research.”>>* Cluster glass
are kind of spin glasses. In CG groups of spins are locally ordered
creating small domains which interact between each other
similar to single spins in simple spin glass. To distinguish simple
SG from CG few points are considered: relative shift per
frequency decade of freezing temperature is much lower for
CG,*?° the temperature where ZFC magnetic susceptibility reach
maximum (Ty.x) and a value of magnetic susceptibility
maximum (xmax) strongly depend on applied magnetic field,” the
monotonic increase of FC (x(7) for field-cooling) line with
decreasing temperature is characteristic for CG compounds,*”**
whereas, in simple spin-glass small cusps in the FC behaviour is
often visible. The study of magnetic spin behavior is still very
limited, which needs to be explored. To our knowledge, until
now, no report was available which deals with the relaxation
studies of a Cu;sMn,;;0, in a single nanostructure. Many
researches have been devoted to the critical behavior of magnetic
materials with the aim of reporting a detailed description of the
interactions between the spins. Theoretical researches demon-
strate that magnetic behavior was described by short-range
interactions.”>*® Other researchers have identified that critical
exponents are in accord with a long-range exchange interaction
model.** The study of the critical properties has been reported for
the first time in the mean field theory.*” But currently, there are 4
different theoretical models that can describe the magnetic
interactions. The mean field model (8 = 0.5, y = 1 and 6 = 3)
describes long-range exchange interactions neglecting critical
fluctuations in the vicinity of the Curie temperature T¢.** The 3D
Heisenberg model (8 = 0.365, v = 1.336 and ¢ = 4.80) describes
short-range exchange interactions at the occurrence of spin
fluctuations near T¢.** In the 3D Ising model (8 = 0.325, v = 1.240
and 6 = 4.82), the spins interact with their neighbors that are
usually arranged in a lattice, and their magnetic dipolar moments
that can be in one of the two states +£1.** Finally, the tricritical
mean field model (8 = 0.25, v = 1 and 6 = 5) proposes that the
sample's composition should be close to a tri-critical point in the
phase diagram of the used material.** Recently, there has been
a swell of interest in materials containing copper and manganese
oxides with spinel structures owing to their interesting magnetic
properties.**** Cu; sMn, 50, is a typical example, crystallizing
with a spinel structure, with cationic distributions [Cu'],[-
Cuos”"Mn, ;50 Cu" of [Ar]3d"® electronic configuration
occupies the tetrahedral site A while Cu** ([Ar]3d°) and Mn*" ([Ar]
3d*) occupy the octahedral site.***® For the Cu; sMn, 50, system,
both the valance states of Cu ions (Cu'*/Cu®") and Mn ions (Mn*")
and their site occupancies at the tetrahedral (A site) and octa-
hedral (B site) sites have large flexibilities and hence the affecting
magnetic properties, it can be justified by superexchange
coupling between the sublattices, and the fact that the local
ferrimagnetic order of Mn** ions on B sites can be disturbed by
Cu®" on the same sites.

The present paper reports that ac susceptibility shows the
cluster glass behavior of Cu,; sMn, 50, compound. We identified
the magnetic properties of ferrimagnetic spinel Cu; sMn; 50,.
The study of magnetocaloric properties has a twofold objective.
Firstly, from a fundamental point of view, our sample offers an

© 2021 The Author(s). Published by the Royal Society of Chemistry
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opportunity to investigate the MCE associated with a magnetic
transition. Secondly, from an application point of view, it's
considered as a good candidate for the cooling system based on
magnetic refrigeration. Furthermore, we will determine the
critical exponents 8, ¥ and ¢ in order to identify the model
describing the nature of the magnetic interaction in our sample.
To date, no research papers have been devoted to study these
properties associated with such compound.

2. Experimental techniques

Cu; sMn; 50, compound were synthesized by the sol-gel
method described in our previous study.** Low-field ac-
susceptibility measurements were made at various frequencies
in a temperature range of 20 to 122 K. Magnetic measurements
were recorded using a SQUID magnetometer. The magnetiza-
tion measurements were carried out according to the zero field
cooling (ZFC) and field cooling (FC) protocols under 500 Oe and
in a temperature range of 20 to 122 K. The isothermal magne-
tization M (T, H) was recorded for different temperatures under
a magnetic field up to 5 T.

3. Results and discussions
3.1 Magnetic measurements

Fig. 1a illustrates the variation of the magnetization as a func-
tion of temperature for Cu; sMn,; 50, the magnetic measure-
ments of which were carried out under 500 Oe according to the
zero field cooling (ZFC) and field cooling (FC) protocols. The
magnetization presents two different regions as a function of
temperature. At high temperature, the two curves correspond to
superimpose and reversible common part. The other at low
temperature, in which a maximum in the ZFC magnetization
can be observed below the magnetic irreversibility temperature
(Tir)- The magnetic behavior is irreversible revealing the
magnetic anisotropy.*® For the Cu,; sMn,; s0, compound, the
obvious bifurcation between the FC and ZFC M-T curves occurs
in the irreversible temperature (Tj.,). This phenomenon, known
as low temperature glassy magnetic state, could be a spin
glass,** a canonical spin glass*™** or a cluster glass.*® The
magnetic transition temperature (7¢ = 80 K) has been deter-
mined using the magnetization derivative dM/dT curve (inset
Fig. 1a). A similar behavior was observed in the case of
CuMn,0, system.*>**4>

Aiming to achieve a better understanding of the magnetic
behavior of Cu; sMn; 50, we have plotted the variation of the
inverse of magnetic susceptibility as a function of the temper-
ature in the PM region. Fig. 1b display a parabolical variation
above 80 K, suggesting the existence of ferrimagnetic behavior
(Tc = 80 K and fcw = —72 K) due to the anti-parallel order of the
magnetic moments of the nearest neighbor of unequal magni-
tude.*® This result is significantly different from the reported
results of Cu; sMn, 50,.*” The synthesized system, using the
one-step self-assembly pathway, exhibit ferromagnetic transi-
tion phase at room temperature. Therefore the preparation
method and the annealing temperature affecting magnetic
phase transition.
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Fig.1 Magnetization of Cuy sMn; 50O, after zero-field cooling (ZFC) and during field cooling (FC) acquired under a field of 0.05 T, the inset shows
the dM/dT curve as a function of temperature (a). Temperature dependence of the inverse magnetic susceptibility x~HT), the solid line is the
linear fit to the susceptibility data according to Curie—Weiss law in paramagnetic regime (b).

Table 1 Comparison of magnetic parameters of our sample with several copper manganese mixed oxide spinel

Material Tc (K) C (emu K mol ™) Ocw (K) werf (us) Ref.

Cuy sMn, 50, 80 3.198 —72 5.058 This work
CuMn,0, (tetragonal) 76 2.43 —76 4.37 35
CuGaMnO, 21 3 —16 4.8 50
CuMn,0, (cubic) 73 2.027 —77.4 — 34

The inverse magnetic susceptibility curve above 80 K has
been fitted by the Curie-Weiss law:**

-1 T - 0CW

(1) = —=

whereby, fcw is the Curie-Weiss paramagnetic temperature and
C is the Curie constant.

The obtained fitted parameters values for Cu; sMn, 50, are
fcw = —72 K and C = 3.198. The obtained value of .y is
negative, confirm the FIM character of our compound.

The experimental effective moments can be calculated (in
unit of Bohr magneton ug) from the Curie constant using the
following relation:*

1)

Na

2,2
T 3 Metf MB

3Kpup® @

whereby Ny = 6.0231 x 10** mol ' is Avogadro number.

In Gaussian CGS units ug = 0.9274 x 10 2! is the Bohr
magneton and Kz = 1.38016 x 10 '° erg. K is Boltzmann
constant.

In this case uSf is written:

exp __

3Kz C
Mepr = —BZIU«B = V8- Cug

Napg G

The obtained values of ucif is found to be equal to 5.058 ug.
From the cationic distributions [Cu']s[Cuy.s>*Mn; 5*]504,
the theoretical effective magnetic moment is given by:

25666 | RSC Adv, 2021, N, 25664-25676

the

pthe — \/0.5 X pherr? (Cu”™) + 1.5 X pre? (Mn*) (4)

The value of u¥ is 4.899 ug. This ul¥ is very close to our uSP.

The obtained values of T, C, fcw and ugef for our sample are
compared with different copper manganese, mixed oxide
spinel***>* listed in Table 1.

3.2 Ac susceptibility

The present research paper seeks to gain a better comprehen-
sion of the magnetic order state and the dynamic behavior in
our sample. We, therefore, commenced by carrying out ac
susceptibility measurements under low magnetic fields ranging
from 5 Hz to 950 Hz. Fig. 2a exhibits the real part (x') of ac
susceptibility as a function of the temperature in an ac field of
10 Oe of Cu; sMn, 50, compound. The curve at each frequency
suggests a clear peak at a specific temperature Ty, which is
usually taken as the freezing temperature. The magnetic
susceptibility x/(T) presents a clear correlation with the
frequency, which is accompanied by a decrease in the intensity
of the peak and a shift towards high temperatures as the
frequency increases. Such behavior of (') is a typical feature of
the spin glass, cluster glass and super paramagnetic systems>
caused by the intra-particle surface spin disorder or by strong
magnetostatic interparticle interactions.***?

We first calculated the phenomenological parameter C
(Mydosh parameter), representing the relative shift of the peak
position with respect to the frequency, being a new indicator to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(b) Neel- Arrhenius law
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Fig.2 Temperature dependence of magnetic susceptibility (x') at different frequencies with an a.c. field of 10 Oe (a). The best fit of the relaxation
times () to the Neel-Arrhenius law (b) the Vogel-Fulcher law (c) and the power law (d) for the nanoparticles Cu; sMn; 5O04.

distinguish the observed spin dynamic process® as per the
following equation:

C = L (5)
TrA(logyo f)
whereby AT; is the shift of the freezing temperature (7%) at
frequency f.

Generally, for spin glass and interacting particle systems C is
located between 0.005 and 0.08,** for clustered glass, C is about
0.03-0.08,>* for non-interacting superparamagnetism (SPM) C is
between 0.1-0.13.>* In the present case, it is found that C is
equal to 0.08, which supports spin-glass and/or cluster glass
freezing. Hence, the superparamagnetism is blocked.

In order to verify the interaction between clusters and their
influence on the fluctuation dynamics, different phenomeno-
logical models such as Neel-Arrhenius, Vogel-Fulcher and
power law are examined. For non-interacting isolated SPM
compound, we try to fit the experimental data of the relaxation
time (7) vs. freezing temperature (7;) by the Néel-Arrhenius law
without any critical behavior:*

E,
T =Ty eXp ( X, Tf> (6)

where 7, is the characteristic time of the system, E, is the acti-
vation energy required to overcome the barrier of the reversal of
the magnetization, Kg is the Boltzmann's constant and Tt the
freezing temperature. For SPM relaxation, 7, depends on the
gyromagnetic precession time, usually in the range of ~10'% to
10"% 5. As indicated in Fig. 2b, the best fit of our data gives 1, =
3.3 x 107" s <« 10", excluding as such the possibility of the

© 2021 The Author(s). Published by the Royal Society of Chemistry

SPM property of particles. The value of E,/Kg obtained from the
best fit of Cu; sMn; 50, sample is equal to 1711.1 K.
Accordingly, the relaxation behavior in the Cu;sMn; 50,
compound is described either by spin glass or cluster glass. The
relaxation behavior in Cu; sMn; 50, compound is described
either by spin glass (SG) or by cluster glass (medium interac-
tion). To further distinguish the state of relaxation behavior of
copper manganite sample, we used Vogel-Fulcher's law, with an
additional term T, to deal with the interaction between

clusters:*®
E,
) o)

e <W

whereby T, is the characteristic SG transition temperature,
which explains the interaction between particles, and its value
is between zero and the freezing temperature T;. The parame-
ters 1o, E./Kg and T, obtained from the best fit of the data in
Fig. 2¢ with eqn (7) are 9.6 x 10 % s, 223.9 K and 40 K, respec-
tively. Theoretically, 7, is between 10™° and 10~ "' s for non-
interacting particles and 10°® and 10 '° for cluster glass
while for SG system 1, is within 10~ to 10~"* 5.>* The value of 7,
= 9.6 x 10™% s deduced from the adjustment confirms the
cluster glass behavior.

On the other hand, the parameter proposed by Tholence oy,
related to the Vogel-Fulcher method is generally used to iden-
tify the type of spin interaction:*®

It - T

o = ———-° 8
m= (5
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Table 2 The 61, values obtained at different frequencies

f(Hz) S
5 0.31
50 0.34
250 0.39
950 0.42

Generally, d1y, is equal to 1 for the non-interacting particles
(SPM). For the cluster glass system (weak interaction regime),
the value of ér, must range between 0.3-0.6, while for spin-glass
(SG) system (the medium to strong interaction regime), it's
within 0.07-0.3.>* The 0, values obtained at different
frequencies (see Table 2), characterize a weak interaction
mechanism between the magnetic entities. This implies the
existence of cluster glass state in the Cu; sMn,; 50, sample.

Finally, the critical spin dynamics, described by the
conventional power law model, was exploited to eliminate the
possibility of the spin glass behavior in the particle:*

Tf —zv
T=T7 ﬁ*l

where 7, is the characteristic time of the system, Tt the freezing
temperature, Tsg is the critical glass temperature and zv a crit-
ical exponent. The parameters 7, Tsg and zv obtained from the
fitting of experimental data (Fig. 2d) are 1.2 x 10~ °s, 51.2 K and
4.8, respectively. Souletie and Tholence reported, that for the
spin-glass state system, 17, is between 107" to 10~** s and zv
within 4 and 13.>” The 7, values obtained from Vogel-Fulcher
and power law confirm that the spin-glass properties do not

)

originate from atoms, but are related to clusters of atoms and
therefore we would recognize it as a cluster glass. These values
are significant and comparable to the results reported for some
cluster glass systems.> The above results show that
Cu, sMn, 50, compound exhibit cluster glass behavior at 40 K
due to the interaction between surface spins and ordered core
spins, indicating that this material could be a promising
candidate for some applications such as hypothermia and
contrast enhancement agents for magnetic resonance imaging
(MRI).SS’SQ

20K
60
‘g 40 ° @
X s 3 : 3 3
~ ? ? M ? b4 :
E A
< E s o o s 2 1
= 20§ s 3 8 2 ; §
; ]
E 122K AT=3K
2 4 5
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Fig. 3
M?2) isotherms (b).
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Fig. 3a presents isothermal magnetization curves recorded
in the temperature range of 22-122 K in a magnetic field up to 5
T with temperature step 3 K. Below T, the magnetization M
increases rapidly and reaches saturation for low applied field
values (0.5 T). This rapid increase corresponds to a rapid rear-
rangement of the Weiss domains in the direction of the applied
magnetic field. This confirms a characteristic of FIM mate-
rials.®* Above T¢, a decrease of M(uoH) is observed with an
almost linear behavior, which is typical for PM materials.>*
Fig. 3b demonstrates the Arrott plots (H/M vs. M*) for
Cu, sMn, 50, which are derived from the isothermal magneti-
zations. All curves in the Arrott graph show nonlinear behaviors,
even in the high field region, indicating that critical behavior of
Cu, sMn; 50, cannot be described by the conventional Stoner
model. All the H/M vs. M*> curves show a positive slope.
According to the criteria proposed by Banerjee,® it suggests the
occurrence of second-order magnetic transition. However, the
non-linearity of the H/M vs. M> indicates that the classical Arrott
graph is invalid for Cu; sMn; 50,.

3.3 Magnetocaloric properties

In order to better elucidate the utility of our compound in
magnetic refrigeration systems, the magnetic entropy change
(ASy) induced indirectly from the isothermal magnetization
curves, can be calculated using the approximated Maxwell
equation.®* Therefore, the variation of the magnetic entropy can
be computed numerically based on this equation:**

ASM (T7 :u'OHmax) =

ZMHI (Ti+1> ﬂOHmax) - Mi(Ti» ,u(JHmax)

A Hm'x
T — T, Holma

(10)
where, M;, M;, are experimentally magnetization measured
under the application of the field uoH of the temperatures
respectively T; and Tjy;.

Fig. 4a illustrates the temperature dependence of the
magnetic entropy change (—ASy(7)) under different magnetic
fields for Cu; sMn; 50, compound. The magnitude of —ASy
increases as applied magnetic field increases and reached

a maximum of 1.54, 2.52, 3.3, 3.97 and 4.58 J kg™' K,

04F

122 k

(b)

uHM(T.(Am’ kg™)™")

1000 2000 3000

M*(A.m%kg™)?

Isothermal magnetization curves for Cu; sMny 504 nanoparticles measured at different temperatures around Tc. (a). Arrott plot (uoH/M vs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Temperature dependence of the magnetic entropy change (—ASy) under applied fields ranging from 1 to 5 T (a). Variation of (RCP) as
a function of (uoH) (b). Specific heat change (AC,) as a function of temperature at different applied magnetic fields (c) and normalized entropy
change (ASw/ASM™) as a function of rescaled temperature () for Cu; sMn; 504 nanoparticles (d).

distribute around the Curie temperature T¢, for an applied
magnetic field of 1, 2, 3, 4 and 5 T, respectively. To evaluate the
cooling efficiency of our sample in the magnetic refrigeration
field, we should calculate the relative cooling power (RCP)*
corresponding to the quantity of the heat transfer between the
cold and hot sinks in the ideal refrigeration cycle, expressed as:

RCP = —ASnl\}[ax X 6TFWHM (11)

whereby, ASy™ is the maximum entropy change obtained at 7=

Tc and 6Tewuw is a full width at half maximum.

The RCP dependence of temperature at under different
applied magnetic fields is displayed in Fig. 4b. It should be
noted that gadolinium (Gd) is the best material that can be used
in magnetic refrigeration at room temperature.** The obtained
values of (—ASy™) and (RCP) for our compound Cu; sMn; 50,4
are compared with the Gd as a reference and other magnetic
spinel under 4 and 5 T presented in Table 3. The (—ASy™) and

max

Table 3 Comparison of (—AS®) and (RCP) values for our compound
Cu15Mn; 504 with several materials under 4 and 5T

Material —ASE™*(Jkg'KY)  RCP(Jkg™')  Ref.
Magnetic field 4-5T 4-5T

Gd 9.5 410 64

Cu, sMn, <0, 3.97-4.58 143-180.13 This work
CuMn,0, 2.24-2.75 40.2-50.13 34
NiCeFeO, 0.35-0.43 52.5-70.4 65

© 2021 The Author(s). Published by the Royal Society of Chemistry

(RCP) values correspond to about 48.21 and 44% of those
observed in pure Gd at 5 T. It is worth noting that the (RCP)
value is high.**®® Thus, our compound can be considered as
active magnetic refrigerants.

Fig. 4c displays the predicted results of the specific heat
change (ACp) versus temperature under different field calcu-
lated by using the following formula:

6ASM]
or |,.u

AC, = T{ (12)
whereby, ASy; the magnetic entropy change and uyH the applied
magnetic field.

The (ACp) presents a negative value below T¢ and a positive
one above T¢ that can strongly modify the total specific heat,
which affects the heating or cooling power of the magnetic
refrigerator.®®

To further investigate the order of the magnetic phase
transition in the sample, Franco et al® have suggested
a phenomenological universal curve of the temperature
dependence of the magnetic entropy AS, measured for
different fields. Their suggestion is based on the assumption
that, in the case of a second-order phase transition, all curves of
the variation of magnetic entropy measured under different
applied magnetic fields should collapse into one single new
universal curve. While, in the case of a first order phase tran-
sition, the scaled curves do not obey a universal behavior.®® The
construction of the phenomenological universal curve was
performed by normalizing all the magnetic entropy change
curves ASy; with respect to their peak ASy™ (ASy/ASH™) with
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Fig. 5 Experimental and theoretical magnetic entropy changes for
Cuy sMn; 504 nanoparticles under 3 T applied magnetic field, the insets
display the temperature dependence on Landau's coefficients a(7),
b(T) and c(T).

the redimensioning of the temperature axis using two addi-
tional reference temperatures in a different way below and
above T¢ as follows:*

6 = { _(T - TC)/(Trl - TC);
(T —Tc)/(T, — Tc);

whereby, ¢ is the rescaled temperature, Ty; and Ty, are the
temperature of the two reference points of each curve that, for
the present study, Ty, and T, have been selected as tempera-
tures corresponding to ASy; (Tv1,2) = (1/2)ASy™.

Fig. 4d unveils the universal curves of the magnetic entropy
change of the Cu,;s;Mn,;s0, compound measured for the
applied fields ranging from 1 up to 5 T. It is evident that all the
normalized entropy change curves are reduced to a single curve,
verifying the second-order FIM-PM phase transition for our
material and displaying, therefore, a good agreement between
Banerjee criterion and the Franco approximation.

Concerning the theoretical modeling of the magnetocaloric
effect (MCE), Amaral et al. suggested a model based on the
Landau theory of phase transition that takes into account the
interaction between electrons and the magnetoelastic coupling
effects in manganites.”®”* The magnetic energy M(uoH) has been
included in the expression of the Gibb's free energy.”” Based on
the equilibrium condition at the Curie temperature, the ob-
tained relation between the magnetization and the applied field
can be written as:

T=Te¢

T> T (13)

poH _

i a(T) + b(T)M* + (T)M*

(14)

Landau's parameters a(7T), b(T) and ¢(T) and their depen-
dence on temperature determined from a polynomial fit of the
experimental isothermal magnetizations (u,H/M vs. M?) as
illustrated in the inset (Fig. 5). We can notice that a(7) is always
positive’””® with a minimum at the Curie temperature T cor-
responding to a maximum of the susceptibility, the sign of the
Landau coefficient b(T) indicates the order of magnetic phase
transition and includes the magnetoelastic and elastic contri-
butions, b(Tc) can be negative, zero, or positive. If b(T¢) is
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negative, the transition is a first order; otherwise, it is a second
order. Therefore, the magnetic transition in our compound
Cu, sMn, 50, seems a second order. The magnetic entropy
change is theoretically obtained by applying the differentiation
of the free energy with respect to temperature, which has been
given by the following equation:™

aG
—ASv(ugH, T) = {—}
T, i
1, 1, 1,
:Ea(T)Mz—i-Zb(T)M“—i—gc(T)Mﬁ (15)

where a'(T), '(T) and ¢'(T) are the temperature derivatives of the
Landau coefficients.®

Fig. 5 exhibits a comparison between the magnetic entropy
behavior obtained from the Maxwell relation integration of the
experimental data from a magnetic field uoH = 3 T and that
calculated using Landau's theory. The theoretical and experi-
mental curve of our sample shows some difference, especially
below Tc. Furthermore, the observed deviation of theoretically
calculated AS from experimental results can be ascribed to
magnetic disorder in the majority FIM phase. The existence of
magnetic disorder inside the structure increases magnetization
values for high-field values due to the unsaturated behavior of
M(uoH) isotherms, resulting in small shifts of Landau coeffi-
cients.” These shifts will certainly affect theoretical AS values
below Tc. In our case, we are mainly interested in the use of the
Landau theory to determine the maximum value of the
exchange magnetic entropy and of T, to compare them with the
experimental. A good agreement is found between the experi-
mental magnetic entropy change and the theoretical one in the
vicinity of T, which proves that both electron interaction and
magnetoelastic coupling can account for the MCE proper-
ties,””’¢ and determine the phase transition of this sample
without taking into consideration either the Jahn-Teller
distortion or exchange interaction.®

We determined the spontaneous magnetization (Msg) in our
Cu, sMn; 50, compound from the magnetic entropy ASy:"""°

3 Ky

ASM) =2 B
S(M) 2 Ng2ug?J(J +1)

(M? + Ms?) (16)
whereby, N is the number of spins, K is the Boltzmann
constant, J is the spin value and g is the Landé factor.
According to eqn (16), the plot of the isotherms (—ASy) vs.
M? is depicted in Fig. 6a. All the experimental data exhibit
a linear variation. By fitting the (—ASy,) vs. M> data for T < T,
the value of Mg can be calculated through the intersection of the
straight lines with the M* axis. For T > T, the (—ASy) vs. M*
curves start at a null M value. On the other side, the linear fit
applied in the linear regions of (H/M) vs. M> allows us to
determine the values of Mg vs. T in Fig. 6b. Fig. 6¢ displays the
spontaneous magnetization (M) as a function of temperature.
We notice that the temperature decreases as, the spontaneous
magnetization increases, indicating that the system is
approaching a spin ordering state at lower temperature. A good
agreement was noticed in the behavior of Mg vs. T estimated
from (—ASy) vs. M curves (blue symbols) and the uoH/M vs. M>
Arrott curves (red symbols). This confirms the validity of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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from the extrapolation of the isothermal (—ASy vs. M?) curves and from the Arrott plots (uoH/M vs. M?) (c).

change in magnetic entropy to determine the spontaneous
magnetization values Mg(T) of the Cu; sMn; 50, compound.

3.4 Critical behavior study

In accordance with the scaling hypothesis, a second-order
magnetic material, near the Curie temperature T, is charac-
terized by a set of critical exponent g3, v, and 6,* for instance, are
associated with the spontaneous magnetization Mg below T¢,
the magnetic susceptibility x, ' above T¢ and the critical
magnetization isotherm at M(H, T = T), respectively. The
magnetization measurements are linked to these exponents as
per the following asymptotic relations:*"*

My(T < Te¢, poH — 0) = Mole|® (17)
h
xo (T > Tec, poH —0) = —"OW (18)
1
M(T = Tc,puoH) = D(pgH)? (19)

whereby, ¢ = (T — T¢)/Tc is the reduced temperature, Mg the
spontaneous magnetization, Yo ! the initial susceptibility,

and M,, ]\70 and D refer to the critical amplitudes.
0

In order to determine the Curie temperature T as well as the
critical exponents, various methods were used, such as the
modified Arrott plot method “MAP”, the Kouvel-Fisher method
“KF” and the critical isotherm analysis “CIA”. In the present
study, to determine the most adequate model leading to correct

© 2021 The Author(s). Published by the Royal Society of Chemistry

exponents and a set of reasonably good parallel straight lines.
Data analysis was carried out using a modified Arrott-plot
“MAP” expression.®

Fig. 7a-d demonstrates the modified Arrott plots (MAP) at
different temperatures of the Cu; sMn, 50, compound obtained
through diverse models: the mean-field model (8 = 0.5, vy = 1
and ¢ = 3), the 3D Heisenberg model (8 = 0.365, v = 1.336 and
6 = 4.80), the 3D Ising model (8 = 0.325, vy = 1.240 and ¢ = 4.82)
and the tri-critical mean field model (8 = 0.25, y =1 and 6 = 5).
We observe at high fields, quasi-straight and nearly parallel
lines, that seems difficult to differentiate the satisfactory model
explaining the magnetic behavior for our compound.

In that case we calculate the relative slope (RS), as a new
indicator to identify the best model, from the following
equation:

S(T)

RS = S(Tc)

(20)

whereby (7) and S(7¢) is the MAP curve slope around and at T,
respectively.

The most satisfactory model is that which have an RS close to
1 (unit).®

Fig. 8 showcase the RS versus T curve of our compound for
the four models. It can be observed that the 3D-Ising model is
the most suitable model to describe the magnetic interactions
inside Cuy sMn; 50, compound.

According to the “MAP”, the linear extrapolation of the
curves at high field region of the isotherm makes to determine

RSC Adv, 2021, 11, 25664-25676 | 25671


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03732c

Open Access Article. Published on 26 July 2021. Downloaded on 11/26/2025 3:16:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

59K

/,4 Mean-Field model
- . p=05

2x10°

m2.Kg)

= 1x10°

M2 (A

3D-Ising model

f= 0325
y=124

0.0 0.1
(1o H/M) " (T.(A.m2.Kg™ ")) VY
1

0.2

1 H
Fig. 7 Modified Arrott plots isotherms (MAP) M# versus (MI‘\)/I

View Article Online

Paper
(b) 59 K
4.0x10% F /(r.,w{r" 3D Heisenberg model
a >
< v B=0.365
2 Eet et 7=1336
x
£ 2.0x10*
<
o
E -~ -
0.0 O e i = 101K
. g ,m*_,nx_’i_....-f )
0.0 0.1 0.2
(o H/M)Y (T.(A.m2.Kg "))
6.0x10° | (d) 59 K
< «*Tri-critical mean field model
= -«
5 Vo
4.0x106 - ' ~ p=025
5 {/( Rl =1
<
S 2.0x10°
2
0.0

0 0.1
(moHM)VY (T(A.m2.Kg "))

)7 for Cuy sMn; 504 nanoparticles, with mean-field model (8 = 0.5, ¥y = 1) (a), 3D

Heisenberg model (8 = 0.365, y = 1.336) (b), 3D Ising model (8 = 0.325, y = 1.240) (c) and tri-critical mean field model (8 = 0.25, y = 1) (d).

the values of the spontaneous magnetization (Ms) and the
inverse of the initial paramagnetic susceptibility (1/x). The
variations of Mg(T) and x ~(T) versus temperature are reported
in Fig. 9a. The fitting of these plots as per eqn (17) and (18) gives
us the values of the § and y exponents as well as the value of T¢
(for details on the fits values, please see Table 3). We notice that
the obtained critical exponents are very nearby to those asso-
ciated with the best models obtained from RS curves.

A second method was exploited for more accurate determi-
nation of the critical exponent and T¢ value, known as Kouvel-
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Fig. 8 Relative slope (RS) as a function of temperature for

Cu1.5Mn; 504 nanoparticles.
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Fisher “KF” method.** This procedure is based on the following
expressions:

mr) () - T (1)
w i) (Hg) =TT 22)

Referring to eqn (21) and (22),

Ms(T) (dMS(T)> B and y,7(T) <M) B versus tempera-

we have plotted

dr dr

ture. The plots follow a linear behavior with the slopes 1/8 and
1/v, respectively, and the intersections on the temperature axis
give the values of T¢.**

The KF plot has been presented in Fig. 9b. The values of the
critical exponents as well as the Curie temperature are gathered
in Table 4. We can notice that the obtained values of § and vy
exponents as well as that of T¢, calculated using both proce-
dures, are consistent with each other. This suggests that the
Arrott-Noakes and KF method are both feasible and effective to
study the critical properties.

Fig. 10 presents the critical isotherm curve M(H) at To = 80 K.
Using eqn (19), we can determine the third critical exponent
¢ from a linear adjustment of the M(H) at high field plotted on
a log scale at the Curie temperature (see the inset of Fig. 10).

The exponent ¢ can be also calculated from Widom scaling
law given by:*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of critical exponents of Cu; sMn; 504 nanoparticles with the different theoretical models®

Model/sample Technique Tc (K) 53 v 0 Ref.

Mean field model Theory 0.5 1 3 31

3D Heisenberg model Theory 0.365 1.336 4.80 31

3D Ising model Theory 0.325 1.240 4.82 31

Tri-critical mean field model Theory 0.25 1 5 31

Cu, sMn; 504 MAP 78.65 £ 0.4 0.313 £ 0.003 1.21 + 0.037 This work
KF 78.93 £ 0.462 0.33 £ 0.011 1.18 £ 0.043 This work
CIA(exp.) 4.54 £ 0.002 This work
CIA(cal.) 4.86 This work

“ CI - critical isotherm, exp. - experimental, cal. - calculated and MAP - modified Arrott plots.

b=1+ (23)

Using this expression, the ¢ value is 4.86. This value is
comparable to that obtained by the magnetic isotherms at Tc.
The obtained values are summarized in Table 3. Consequently,
these results ensure the reliability of the obtained g and 7y
values.

40}
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Fig. 10 Critical isotherms of (M vs. uoH) for CuysMn;sO4 nano-
particles. The inset displays the same curve on log—log scale.

© 2021 The Author(s). Published by the Royal Society of Chemistry

In order to test the reliability of the obtained critical expo-
nent values, we have used the scaling hypothesis, assuming that
both magnetization and internal magnetic field should obey the
universal scaling law established by the following expression:®®

M(uoH, &) = l¢l’f. (;‘ WH) (24)

120 T>Tc R
> : e
2~100 d e ead
'm -« —* T < TC
> o
= 80
E 00 T>Tc
s 60 iy & < >
@ o
2 40 /
= 1 & T<Te
20
1 10 100 1000
HoH.Je[™*®
o 1 1 L 1
0 200 400 600 800
P«oH-|s|-(Y+B)

Fig. 11 Scaling plots indicating two universal curves below and above
Tc for CuysMny 504 nanoparticles. The inset presents the same curve
on a log-log scale.
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where, f, for T > T and f_ for T < T¢ are regular analytic
functions.

We have plotted in Fig. 11 the evolution of M |¢| * as a function
of uoH |¢| ¥ for the temperature range around T¢, using values
of 8, v and T deduced from the “KF” method. By applying the
logarithmic scale (in the inset of Fig. 11), we have carried out two
independent branches, with the first one for temperature values
below T and the second one for temperature values above T¢. As
a result, these two universal curves confirm the agreement of the
scaling hypothesis, suggesting the suitability of the obtained
values of the critical exponents defining our model. The latter
explains the magnetic interactions in compound.

4. Conclusion

In summary, the present research study examined the spin
dynamics, the magnetic properties, the magnetocaloric effect
and the critical behaviour near the magnetic phase transition
temperature of Cu,;sMn,;s0, compound. The frequency-
dependent ac susceptibility (x') data fitted with various
phenomenological models such as the Neel-Arrhenius, Vogel-
Fulcher and power law, suggests that the cluster glass state is
formed in Cu; sMn; 50, sample. The magnetic measurements
display a second order paramagnetic (PM)/ferrimagnetic (FIM)
phase transition at Curie temperature. We have as well inves-
tigated the magnetocaloric effect MCE using Maxwell relation
and Landau theory for Cu; sMn; ;0,. A good agreement was
found between the experimental and theoretical calculations of
(—AS) values of a magnetic field of 5 T, which reveals the
importance of magnetoelastic coupling and electron interaction
in the MCE properties of manganite systems. The relative
cooling power (RCP) was predicted, which indicates that our
material could be a good candidate for certain applications,
including but not limited to refrigeration application. The
magnetic entropy curves are found to follow the universal law,
confirming the second-order ferrimagnetic (FIM) to para-
magnetic (PM) phase transition at T¢ for our material. There-
fore, a good agreement has been shown between Banerjee
criterion and the Franco approximation. The spontaneous
magnetization values estimated from the magnetic entropy
change ((—ASy) vs. M?) are in excellent agreement with those
determined from the classical extrapolation of Arrott curves (H/
M vs. M?). By analyzing the isothermal magnetization around
the Curie temperature T and using several techniques such as
modified Arrott plot (MAP), Kouvel-Fisher (KF) method and
critical isotherm analysis (CIA), the values of 8, v, 6 and T are
estimated.

The obtained results are coherent with the 3D-Ising model
for Cu; sMn, 50, compound. In addition the reliability of the
critical exponent values was confirmed by Widom law, as well as
the scaling hypothesis.
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