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ABSTRACT

The magnetic phase transition and magnetic entropy change (—ASy) in the
Lag.40Ndo30Sr0.30Mng 70Cro 3003 perovskite were investigated by measuring the magnetization as a
function of temperature. The ferromagnetic transition temperature Tc and the critical exponents 8 and
y, determined by analyzing the Arrott plots, are found to be Tc=191K, f=0.433, y=1.053 and 6 =3.486.
These values for the critical exponents are close to the mean-field values. In order to estimate the
spontaneous magnetization M;(T) at a given temperature, we use a process based on the analysis, in the
mean-field theory, of the magnetic entropy change (—ASy) versus the magnetization data. An excellent
agreement is found between the spontaneous magnetization determined from the entropy change
((—ASp) vs. M?) and the classical extrapolation from the Arrott curves (1oH/M vs. M?), thus confirming
that the magnetic entropy is a valid approach to estimate the spontaneous magnetization in this system

and in other compounds as well.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, magnetic materials with large magnetocaloric
effect (MCE) have been extensively studied both experimentally
and theoretically due to their great potential applications in mag-
netic refrigeration [1,2]. The MCE manifests itself as the isothermal
magnetic entropy change (ASy) or the adiabatic temperature
change (AT,;) when a magnetic material is exposed to a vary-
ing magnetic field [3]. The MCE can be estimated via the magnetic
entropy change ASy(T,uoH) as a function of both temperature (T)
and magnetic field (ugH), being usually recorded as a function of
temperature at a constant poH.

Significant advances have been made in interpreting the magne-
tocaloric properties of materials. In fact, the large magnetic entropy
change in perovskite manganites is believed to originate from the
role of spin-lattice coupling in the magnetic ordering process [4].
Due to strong coupling between spin and lattice, significant lat-
tice change accompanying the magnetic transition in perovskite
manganites has been observed [5-7]. The use of phenomenolog-
ical theories has given us valuable insight in this matter [8-11].
The Landau theory for phase transitions is applied to describe the
MCE in ferromagnetic systems with magnetoelastic and magneto-
electronic couplings [12-14]. Moreover, the mean-field theory has
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established direct relations between magnetic entropy change and
magnetization. Whereas, the theory of critical phenomena justifies
the existence of a universal magnetocaloric behavior in materials
presenting second-order magnetic phase transitions [15,16]. Many
experimental studies of critical behavior have been made on some
manganites [17-19]. Thus, the critical exponents can supply some
useful information about the PM-FM transition.

Therefore, in order to understand the nature of the magnetic
transition in Lag49Ndg30Sro.30Mng70Crg3003, we performed the
investigation of the critical behavior of this sample, where the car-
rier concentration Mn3*/Mn** and Mn3*/Cr3* are fixed at a ratio of
4/3.In our previous work [20], the magnetic measurements showed
a small magnetization of the Lag 40Ndg 39St 30Mng 70Crg 3003 sam-
ple, in which the moment of Nd3* ions did not contribute to the
total moment compared to the total moment of the ferromag-
netic (Mn/Cr) network. Consequently, in mean-field model, we
utilize the isothermal magnetic entropy change (—ASy) in the
Lag.49Ndg 30Sr0.30Mng 79Crg 3003 perovskite, obtained fromisother-
mal magnetization measurements, to estimate the spontaneous
magnetization of the sample. The results of this approach are com-
pared to results obtained from classical analysis (extrapolation
from Arrott curves [21]).

2. Experimental

Polycrystalline Lag 40Ndg 30Sr030Mng 70Cro 3003 was synthesized by the conven-
tional solid-state reaction method in air [20]. Identification of the crystalline phase
and structural analysis were carried out using “PANalytical X'Pert Pro” diffractome-
ter with filtered (Ni filter) Cu radiation (Acy ka1 =1.54056 A) in Bragg angle range
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Fig. 1. Isothermal magnetization of Lag4oNd30Sro30Mng70Cro3003 measured at
given temperatures.

20° <26 < 120°. The data were analyzed by the Rietveld method. Magnetization (M)
versus magnetic field (£oH), varying from 0 to 5T at different temperatures (T), was
measured using a MPMS-XL5 Quantum Design SQUID Susceptometer.

3. Results and discussion

Identification of the phase and structural analysis by X-ray
diffraction were reported elsewhere [20]. The Rietveld refinement
at room temperature revealed the presence of two phases. The
major phase, corresponding to Lag49Ndg30Srg30Mng70Crg 3003
(98.38 wt.% fraction), crystallizes in the orthorhombic structure
with Pbnm space group. The minority phase (1.62 wt.% fraction),
Ia3 space group, was related to the presence of unreacted Nd,03.
Lattice parameters of the perovskite phase are a=5.4912(1)A,
b=5.4517(1)A, c=7.7056(2) A, and a cell volume of 230.68(6) A3.

The temperature dependence of the magnetization of the field-
cooled (FC) and zero-field-cooled (ZFC) modes has been reported
by us elsewhere [20]. They show a transition from a ferromag-
netic (FM) to a paramagnetic (PM) state at a Curie temperature
Tc. Fig. 1 shows the magnetic field dependence of the isothermal
magnetization curves M(T,uoH) at various temperatures, from 2
to 260K. In order to get a deeper insight of the magnetic transi-
tion, the so-called Arrott plots of poH/M versus M? are presented
in Fig. 2. All Arrott plots exhibit a positive slope, indicating that the
transition between the ferromagnetic and paramagnetic phases is
a second-order transition [22].

In order to understand the nature of the second-order mag-
netic phase transition near the Curie point, we used Arrott plots to
determine the Curie temperature and the critical exponents in the
vicinity of the phase transition temperature. The exponents 8 and
y can be obtained from spontaneous magnetization (M;) and initial
susceptibility (o), below and above T, respectively, while § is the
critical isotherm exponent. Those exponents from magnetization
measurements are given below [21,23]:

Ms(T)=Mglel®, e<0, T<Tc 1)
h
-1 0
Xg(T) = (1\70) &, £>0, T>Tc )
M=DHYS  e¢=0, T=Tc (3)

where ¢=(T—T¢)/Tc is the reduced temperature and My, (hg/Mp)
and D are the critical amplitudes.

From the Arrott plots in Fig. 2, the curves below and above T¢ can
be extended smoothly into the poH/M axis to yield reliable values

Fig. 2. Arrott plots (woH/M vs. M?) of isothermal magnetization of
Lag.40Ndo 30S10.30Mng 70Cro:3003.

of the M(T,0) and xal (T). The exponent § is obtained from the slope
of the log(M) versus log(oH) plot at Tc.

By extrapolating the Arrott plots to uoH/M=0 for T<T¢ and
M?=0 for T>Tc, the spontaneous magnetization My(T) and the
inverse initial susceptibility (X(‘,](T)) values have been recovered.
These results are displayed in Fig. 3. By fitting these data to Eqgs. (1)
and (2) we obtain Tc=191K, =0.433 and y =1.053.

In Fig. 4, the critical isotherms M versus uoH are plotted on a
log-log scale at T=190K, which is close to the T¢. According to Eq.
(3), this should be a straight line in the high-field region with the
slope 1/4. This gives the & value of 3.486.

The critical exponents from this static scaling analysis are
related to the Widom scaling relation §=1+y/B [24]. Using this
relation and the estimated values of 8 and y (obtained above) from
the mean-field method, we obtain é = 3.432. This result is around to
the estimated & = 3.486 value obtained from the critical isotherms
at 190K. Thus, the Widom scaling relation is a good tool to check
the reasonability of the critical exponents from the experimental
data. Moreover, we can note that these values for the critical expo-
nents are close to the mean-field values (8=0.5,y=1and 6 =3)[15].
Hence, we believe that the mean-field model applies very well to
our experimental data.

Fig. 3. Spontaneous magnetization and inverse initial susceptibility of
Lag.4oNdo30Sro30Mng70Cro3003, deduced from extrapolation of the Arrott
plots (;toH/M vs. M?) to ptoH =0 and M? =0, respectively. The solid lines are the best
fits to Egs. (1) and (2) in the text.
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Fig. 4. Critical isotherm on a log-log scale for Lag4oNdg30Sro30Mng70Cro3003 at
190K.

An attempt to a theoretical modeling of the spontaneous magne-
tization issued from a mean-field analysis of the magnetic entropy
change was done by Amaral et al. [25]. The dependence of the mag-
netic entropy S(o’) on the relative magnetization can be described
in the mean-field theory by [25,26]:

sinh(((2J + 1)/2))B; (o)) »
+B] (o)

S(@) =N Sinh((1/2)8, ()

(4)

ln(2j+1)—ln<

where N is the number of spins, J the spin values, kg the Boltz-
mann constant, o the relative magnetization (o = M/(gug/N)) [10]
and By the Brillouin function for a given J value.

From a power expansion of Eq. (4), ASy, is proportional to M2
and, from the mean-field model, for small M values [25,27]:

3
T2J+1

Furthermore, the compound has a spontaneous magnetization
below T (ferromagnetic state) and consequently the o =0 state is
never attained. Explicitly, and considering only the first term of the
expansion of Eq. (4), this corresponds to:

—S(o) Nkgo? + 0(c?) (5)

= 3 FNkao? - 02) (6)

Such result shows that the isothermals (—ASy,) versus M? in
the ferromagnetic region exhibit a linear variation. By fitting the
(—ASy) versus M2 curves to M2 =0 for T< T, the spontaneous mag-
netization Mg(T) values have been obtained while, for T>Tc, the
(—ASy) versus M2 plots start at a null M value. Moreover, the slope
of (—ASpy) versus M2 is independent of temperature and is equal to
1/2 of the inverse Curie constant C (C = (Ng2u2J(J + 1))/3kg) [28].

On the other hand, by estimating the accompanying magnetic
entropy change, ASy;, commonly found through the use of the well
known Maxwell relation, it can be assessed:

_AS(o)

moH 7 am
ASw(T, 1toH) = S(T, 1toH) — S(T, 0) = / () HodH  (7)
0 H

oT
This approach utilizes the same isothermal magnetization versus
applied field data of Fig. 1.

From the magnetization and the (— ASy;) data (— ASy;) versus M2
plots are obtained (Fig. 5), showing a clear linear dependence with
an approximately constant slope throughout the ferromagnetic
region. The obtained slope is approximately 32.8, corresponding
to a Curie constant of 0.0152 (emuKT-!g-1). The spontaneous
magnetization (Ms(T)) is then estimated, and compared to the
results obtained from the Arrott curves, as shown in Fig. 6. The

Fig. 5. Isothermal (—ASy) vs. M? curves for Lag4oNdo30Sro30Mng70Cro3003. Solid
lines are linear fits to data.

Fig. 6. Spontaneous magnetization of Lag4oNdg30Sro30Mng70Cro3003, estimated
from the extrapolation of the (—ASy) vs. M? curves (closed circles), and from the
Arrott plots (oH/M vs. M?) (open circles).

excellent agreement between the two methods allows to confirm
the validity of this process to estimate the spontaneous mag-
netization using a mean-field analysis of the magnetic entropy
Change in the Lao_40Nd0'3051‘0_30Mn0_70C1‘0_3003 system. The same
results are obtained in the case of LagggsEug o35Sr930Mn0O3 and
Lag g3gEug 032Cag33Mn03 systems [25]. The magnetic behavior of
those compounds is well described by the classical mean-field the-
ory and might be strong correlated systems.

4. Conclusions

In this work, an excellent agreement was obtained between
two different approaches to estimate the spontaneous magneti-
zation of the Lag 49Ndg 30Sr9.30Mng 70Cro3003 perovskite, by using
the isothermal data of the magnetization versus applied magnetic
field. The estimated critical exponents confirm that the experimen-
tal data agree well with the mean-field model. The methodology
based on the analysis of the magnetic entropy change (—ASy;) ver-
sus M2, compared with the classical extrapolation of the Arrott
curves (uoH/M vs. M?), confirm that the magnetic entropy change
is a valid method to determine the spontaneous magnetization of
the Lag 40Ndg.30Sr0.30Mng 70Crg.3003 system and eventually of other
compounds.
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