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The main goal of this work is to study the critical behavior in the annealed LaFei1.0Co¢.7Si1.3 al-
loy in the vicinity of the critical temperature Tc. The second order phase transition from the ferro-
to paramagnetic state was confirmed by the positive slope of the Arrott plots. Critical exponents
(B, v, and §) have been revealed using the Kouvel-Fisher method. Moreover, the Kouvel-Fisher analy-
sis revealed the detailed Curie temperatures for all investigated samples.
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1. Introduction

At this time, the magnetocaloric effect (MCE)
is the cooling technique with the highest effi-
ciency. Moreover, such technique is environmentally
friendly, which is extremely important nowadays.
MCE is observed as heating or cooling of magnetic
material placed in an external magnetic field [1].
Relatively cheap magnetocaloric materials with rel-
atively good magnetic properties are alloys of the
La(Fe,Si)13 type. This group of alloys bases on the
face centered cubic NaZnjstype structure [2]. For
many years, the La(Fe,Si)13 type alloys have been
modified by Co [3], Ni [4], Al [5], Ga [6] in order to
tune the Curie temperature. The partial substitu-
tion of La by Ce [7], Pr [8], Nd [9], Er [10], Ho [11]
or Dy [12] had an important role as it contributed
to a change of the order of phase transition and
change the magnetic entropy change (ASys). For
the LaFeqq1.0Cog.7Si1.3 alloy, the magnetic entropy
change was 14.6 J/(kg K) with the Curie point at
267 K and under the change of the external mag-
netic field up to ~ 5 T. In the previous paper [12],
the carried out Arrott plots and scaling analysis
showed the presence of second order phase transi-
tion.

2. Experimental section

A detailed description of the sample preparation
is provided in [12]. The thermomagnetic properties
(Tc and ASjyy) were investigated using a Quantum
Design MPMS XL-5 system working in the temper-
ature range (2-400 K) and in a magnetic field of up
to 5 T. Critical exponents were investigated using
the Kouvel-Fisher technique [13].
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3. Results and discussion

The nature of the phase transition was prelim-
inarily checked by constructing the Arrott plots
shown in the previous paper [12]. The Arrott plots
revealed a series of parallel lines. The construction
was done using the critical exponents correspond-
ing to the mean-field theory (8 = 0.5, v = 1). The
positive slope of the M? = f(H/M) isotherms con-
firmed the second order nature of the phase transi-
tion, according to the Banerjee criterion [14]. It was
clearly visible that the results were nearly linear and
linear extrapolation was done to known the values
of spontaneous magnetization and inverse suscepti-
bility.

The second order phase transition can be mathe-
matically described by the system of critical expo-
nents and the relations between them. These expo-
nents [, v and § are strongly correlated to such pa-
rameters as: spontaneous magnetization Mg, initial
susceptibility xo or critical magnetization isotherm
at the Curie temperature, respectively. The defini-
tions of the exponents are given by following math-
ematical equations [13]

Mg(T) = My (—¢)?, <0, T <Tg, (1)
H

xo(T) ™ (°> e, €>0,T>Tg, (2)
My

M=DHY ¢=0,T=Tc, (3)
where e = (T — T¢) /T means the reduced temper-
ature, My, Hy and D are the critical amplitudes,
H is the applied magnetic field, and M is the mag-
netization.

Linear extrapolation of high field regions of the
M? vs (H/M) isotherms allowed to determine the
spontaneous magnetization Mg and the inverse
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Fig. 1. The temperature dependence of sponta-

neous magnetization Ms and inverse initial suscep-
tibility Xgl of the LaFe11.0Co0.75i1.3 alloy.

initial susceptibility x ! from the intersections of
the linear extrapolation with M? and (H/M) axes,
respectively. The dependence Mg vs T and the de-
pendence x, ! ys T are depicted in Fig. 1.

The analysis of the temperature dependence of
Mg and x, L allowed us to determine more detailed
values of the Curie point. We considered two differ-
ent approaches through the critical point: (i) from
the ferromagnetic state (FM) one has Tc = 267.4 K
(ii) and from the paramagnetic (PM) region T¢
is 266.5 K. The revealed values are in agreement
with value reported in [12].

A relatively simple way to determine the criti-
cal exponents was proposed by Kouvel and Fisher
in [13], and today it is called the Kouvel-Fisher
method. This method guarantees relatively high ac-
curacy and is based on the relation (1) and (2),
modified to the following form, respectively

Ms(T) T —Te
o] 7 ’
and
xo |(T) 7T*Tc' (5)
Y

{dxi;(T)} N

Taking into account (4) and (5), the critical expo-
nents 8 and v can be revealed directly from the
slopes of the linear fitting for Mg(T)/[dMs(T)/dT)
and xo ' (T)/[dxg * (T)/dT], respectively.

Now, (4) and (5) allowed to construct the Kouvel-
Fisher plots depicted in Fig. 2. On the grounds of
these plots, the Curie temperature was found based
on the intersections of fitted lines with the temper-
ature axis.

The dependency analysis in Fig. 2 revealed the
values of # and v, which were 0.524 and 1.053, re-
spectively. Calculation of the critical exponent ¢ was
proposed by Widom [14] using the scaling relation

§=1+1.
1+ﬁ (6)

177

5] T=(267.3£0.1)K
10
44
] $=0.524:0.006
8
E -10 6 E
@ 44
5" 141 L
48.] 4=1.05310.006 ,
184 T=(267.2+ 0.1)K
20 D S O . I . SV S T IO 0
258 260 262 264 266 268 270 272 274 276 278
TIK]
Fig. 2. Kouvel-Fisher plots for calculating the

critical exponents [ and «y for the LaFe;1.0Co¢.7Si1.3
alloy.
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Fig. 3. The field dependence H of magnetization

Mon a log-log scale collected at 266 K for the
LaFe11.0Co¢.75i1.3 alloy. The red line is the best lin-
ear fit according to (7).

The value of § calculated using (6) is 3.01. Addi-
tionally, taking into account (3), it is possible to
determine the § exponent by the logarithm of this
relation. After such operation, (3) can be written
as

In(M) =In(D) + % In(H). (7)

In the vicinity of the critical point (the Curie tem-
perature), the exponent § is hardly related to the
M vs H curve. As mentioned above, the value of the
Curie point, determined based on Kouvel-Fisher
plots, was 267.3 K. The M vs H isotherms were
collected in the range of temperatures from 258 to
278 K with temperature step 2 K. The M vs H
curve collected at 266 K is relatively close to the
Curie temperature. This curve on a log—log scale
was shown in Fig. 3. The exponent ¢ was calcu-
lated as the inverse of the slope of the linear fit of
In(M) = f(In(H)). The value of § is 3.125, which
is slightly higher than this delivered by the Widom
scaling relation.
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Fig. 4. Scaling plots revealed for the
LaFe11.0Co0.7Si1.3 alloy (a) and the same data on
a log-log scale (b).

The validation of the calculated exponents was
carried out using the following test based on the
magnetic equation of state [23], i.e.,

H

M) =<t (). 5)
where fy are the regular functions; f, for the para-
magnetic (T' > T¢) region and f_ for the ferromag-
netic (T' < T¢) region. Note that (8) describes the
dependence M(H,e)e=# vs He= (A7) and two in-
dependent universal curves are generated. The first
one is constructed for temperatures higher than T,
and the second one for temperatures lower than T¢.
The M vs H isotherms measured at temperatures
higher or lower than the Curie point collapse into
these two universal curves. The determined critical
exponents were used to construct universal curves
in the vicinity of the critical point T¢ and plotted
in Fig. 4a. For better visibility, the same curves were
shown in Fig. 4b on a log—log scale.

Figure 4 shows that all data collapses onto two in-
dependent curves. The first universal scaling curve
is constructed for temperatures lower than the
Curie point, and the second for temperatures higher
than T¢. Such behavior confirms validity of the de-
termined values of the critical exponents and the
Curie point.

The values of the revealed critical exponents are
comparable to those reported in [15]. Our results in-
dicate the presence of long-range ferromagnetic in-
teractions, and the mean-field theory describes well
produced material.
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As it was shown in the previous paper [12], the
magnetic entropy change increases with an increase
of external magnetic field. Franco et al. [16] pro-
posed the phenomenological formula describing the
field dependence of ASj; according to

ASy = C (Bmax)", (9)
where C' is a constant depending on temperature
and n is the exponent related to the magnetic
state of specimen. The analysis carried out for
the LaFej1.0Cog 7511 3 alloy revealed the value of n
equals 0.67. This value is the same as theoretical
value. Taking into account the critical exponents
calculated in this paper, the value of the exponent
n was equal to 0.64 and 0.65 for the critical expo-
nents, which were revealed using the Widom scaling
relation and the linear fitting from (7), respectively.
Importantly, the determined values are close to the
theoretical value.

4. Conclusions

In the present paper, the critical behavior of the
LaFe11.0Coq. 7511 3 alloy was studied in the vicinity
of the Curie point. The Kouvel-Fisher method was
used in order to determine the values of the critical
exponents and the more precise value of the Curie
point. The calculated values of the 3, v, d expo-
nents are reliable and reasonable, which was proved
by the construction of the scaling plots based on
the M—H isotherms. Such modified isotherms col-
lapsed into two independent universal curves higher
and lower than the Curie temperature. The calcu-
lated critical exponent values indicate long-range
ferromagnetic interactions described by the mean-
field theory, which is typical for this type of alloys.
The calculated values of the exponent n correspond
well with theoretical value.
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