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The critical exponents of the alloy have been determined with the Kouvel-Fisher method to predict
the field dependence of the magnetic entropy change ASy,. The nonlinear fit of ASy,(H) to a power
law provides a field exponent in perfect agreement with the predictions of the relevant scaling laws
using the obtained critical exponent values. It is shown that possible discrepancies between these
two methods for determining the field dependence of ASy; might arise due to a poor resolution in
the temperature of the experiments. © 2011 American Institute of Physics. [d0i:10.1063/1.3535191]

The magnetocaloric effect and magnetic refrigeration at
room temperature are gaining increased scientific attention
due to the larger energy efficiency of magnetic refrigeration
and its smaller footprint on the environment when compared
to conventional compression/expansion of gases.' To be of
broad use, magnetic refrigerators should operate at low or
moderate magnetic fields (in the 1-2 T range). Therefore, it
is important to properly describe the field dependence of the
magnetic entropy change AS,,. There has been recent work
which correlate this field dependence with the critical expo-
nents of the ferroparamagnetic transition of the material,>™
which are now being applied to a variety of materials
groups.”® And for those cases in which standard techniques
(like the Kouvel—Fisher method”) do not work properly, scal-
ing laws for the magnetic entropy change have been pro-
posed as alternative methods for determining the critical
exponents of a material.® Moreover, the scaling laws and the
universal curve for the magnetocaloric effect can also be
used as an alternative to the Banerjee criterion’ to determine
the order of the phase transition only from magnetization
measurements.'® However, in some specific cases, experi-
mental results of the field dependence of the magnetic en-
tropy change seem to be inconsistent with the behavior
predicted by the critical exponents. For example, in the case
of FeCoNiZrBCu alloys, values of the exponent for field de-
pendence of the peak magnetic entropy change can vary by
~20% depending on the temperature steps used for the iso-
thermal magnetization experiments when calculated either
from the values of the critical exponents or from the nonlin-
ear fitting of the peak magnetic entropy change versus field.
To test the generality of the scaling laws for the magneto-
caloric effect, it is relevant to analyze if these discrepancies
are due to intrinsic properties of the materials under study or
if they are just a consequence of the experimental conditions
used (i.e., whether the data is collected near enough to the T
or with dense enough temperature increments).
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The literature on magnetocaloric materials is mainly
centered on crystalline rare-earth based alloys and com-
pounds,''™'? although there is evidence that some transition
metal based amorphous alloys can surpass the refrigerant
capacity (RC) of those more expensive compounds. For
example, it has been recently shown'? that the addition of Co
and Ni to Nanoperm-type amorphous alloys can produce an
RC ~40% larger than GdsSi,Ge; oFeq; (Ref. 15) and ~15%
larger than the previously studied Fe-based amorphous
alloys.'® Additionally, amorphous alloys possess enhanced
electrical resistivity, corrosion resistance, good mechanical
properties, and tunability of the Curie transition, which are
beneficial for magnetic refrigeration and are beginning to
garner the interest of the scientific community.

The aim of this work is to study in detail the field de-
pendence of AS,, for the soft magnetic amorphous alloy
Fe;;Cos sNis sZr;B4Cu; in a narrow temperature range
around its Curie temperature in order to show that the possi-
ble discrepancies between the critical exponents obtained
from the Kouvel-Fisher technique and from the analysis of
the magnetocaloric response of the sample can be simply
ascribed to a limited experimental resolution in temperature.

Amorphous ribbons of Fe;;Cos sNissZr;B4Cu; (typically
2-3 mm wide and ~20 um thick) were obtained by a melt-spin-
ning technique. Further details about sample preparation, micro-
structure, and magnetic characterization are given elsewhere.'”

The change in magnetic entropy caused by a variation in
applied magnetic field has been obtained by the numerical
approximation of

ASy(T, AH) = pi JHf (%

) dH, (1)
Ho H

where AH =HyH, is the magnetic field change, yo is the
magnetic permeability of vacuum, and M(T,H) is the mag-
netization of the material. The field and temperature depend-
ence of magnetization M(T,H) was measured by vibrating
sample magnetometry. Magnetic field increments were 10 mT
up to uoH =100 mT, 20 mTup to 1 Tand SO mT upto 1.5 T,

© 2011 American Institute of Physics
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and temperature increments were 2 K from 450 up to 479 K,
1Kupto499K, and 2 Kupto 520 K.

In order to determine the critical exponents, the Kouvel—
Fisher’ method has been used. It consists of an iterative proce-
dure in which the Arrott—Noakes plot [i.e., the plot of M*?
versus (H /M)®"] is constructed. From it, the values for Mo(T)
are computed from the intercepts of various isothermal magnet-
ization vs field curves on the ordinate of the plot (for tempera-
tures below the Curie temperature T¢). The intercept on the
abscissa allows calculation of y,(T)(for temperatures above
Tc). Once the My(T) and y,(T)curves have been constructed,
two additional parameters X(7) and Y(7) are determined by

X(T) = 15" (dy ! /dT) "' = (T = Te) [, @)

Y(T) = Mo(dMo/dT) "= (T —T¢)/p. (3)

In the critical region, both X(7) and Y(T) should be linear
with slopes which give the values of the critical exponents
and intercepts with the temperature axis that correspond to the
Curie temperature. The values of the critical exponents are
refined using an iterative method: Using the critical exponents
from Eqgs. (2) and (3), a generalized Arrott—Noakes plot [M 1/B
vs (H/M )1/ "] is constructed and used to calculate new M(T)
and y,(T) curves, which are subsequently input into Egs. (2)
and (3), resulting in newer values for f and 7. The procedure
finishes when the desired convergence of the parameters is
achieved. Figure 1 shows the final iteration step for the Fe,;
Cos5Nis sZr,B4Cu; amorphous alloy. The values extracted
from this plot are f=0.53=*0.03, y=1.34%0.04, and
Te = 493.3 £0.3K. The scaling relation ;6 = f§ + y allows
for the calculation of 6 = 3.5 = 0.4.

The reliability of the obtained exponents and Curie tem-
peratures can be ascertained by checking the scaling of the
magnetization curves. For magnetic systems, the scaling

equation of state takes the form'®'?
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FIG. 1. (Color online) Determination of the critical exponents and Curie

temperature for the Fe;;Cos sNis sZr;B4Cu; alloy using the Kouvel-Fisher
method.
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where ¢ = (T — T¢)/Tc is the reduced temperature, A(x) is a
scaling function, and f§ and ¢ are critical exponents which
characterize the magnetization behavior along coexistence
(H=0, ¢ < 0) and the critical isotherm (¢ = 0), respectively.
Equation (4) may be formally inverted as

M (), (s)
l¢] l¢]

where A = f3J is the gap exponent and the plus (minus) sign
corresponds to &>0 (¢ <0), respectively. Therefore,
according to Eq. (4), if the appropriate values for the critical
exponents and T are used, the plot of M/H /9" versus
¢/H'™ (which corresponds to 1/h'° vs x/h'/F  where
x = ¢/M"'/P) should correspond to a universal curve onto
which all experimental data points collapse. Alternatively,
Eq. (5) indicates that M/|e|’ versus H/|¢[* should result in
two universal curves, one for ¢ > 0 and the other for ¢ < 0.
These two constructions are plotted in Fig. 2, showing the
reliability of the obtained values.

Taking into account that the field dependence of the
magnetic entropy change can be expressed as a power law of
the field*™ ASy/(T,H) o< H", with an exponent at T=T¢
which is n = (1 — o) /A, and using Griffiths equality (1 — o
=pf+A—1), these critical exponents predict n = 0.75
+0.03.

Alternatively, the exponent n can be obtained from
the nonlinear power law fit at the temperature of the peak
entropy change (Tpx) vs field. With the obtained experimen-
tal data, this procedure provides n=0.756 = 0.003, in per-
fect agreement with the values obtained from the critical
exponents.

However, an apparently good fit is found if data col-
lected at temperatures too far from the transition temperature
are analyzed in this way. For instance, the data presented in
Ref. ' have relatively coarse temperature steps resulting in a
fit of the nonlinear region yielding ASy (T =Tk —35 K),
Napp ~ 0.80. It is worth noting that the only two temperatures
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FIG. 2. (Color online) Two different scalings of the thermomagnetic curves
to evidence the validity of the critical exponents and T values obtained
from the Kouvel-Fisher analysis.
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FIG. 3. (Color online) Field dependence of the magnetic entropy change of
a material which follows the Arrott—Noakes equation of state with the same
parameters of the Fe;7Cos sNis sZr;B4Cu; alloy. Lines are power law fits of
the data, resulting in n(T¢) =0.753 (as predicted by the critical exponents),
n(Te—5K)=0.801, and n(T-+ 5 K) =0.863. Inset: field dependence of the
locally calculated exponent n at the three indicated temperatures.

which provide a field independent value for n are Ty and
T¢.%° Therefore, making the fit at temperatures close to them
might give an apparently good fit, but with an apparent expo-
nent value larger than the actual one.

In order to evidence with numerical simulations that this
explanation accounts for the experimentally observed discrep-
ancies, the temperature and field dependent magnetization
curves have to be modeled using an equation of state. It has
recently been shown that the Arrott—Noakes equation of state”'

H'" = a(T —Te)M'? + M/ (6)

can be used to represent the thermomagnetic response of soft
magnetic amorphous alloys in the environment of their T¢.?
The main panel of Fig. 2 has been used to obtain the parame-
ters @ and b from this equation of state by performing a non-
linear fit. The obtained parameters are a = 3.477%2
x1073(Oe g/emu)"/” K~! and b = 0.05323+3 x 1075 Oe'/’?
(g/emu)l/ﬁﬂ/v.

Figure 3 shows the numerically generated magnetic en-
tropy change curves for a material whose equation of state is
expressed by Eq. (6) and whose parameters are those obtained
from fitting the data from the alloy studied in this paper. In
this case, the nonlinear fit provides n(T¢)=0.753 (as pre-
dicted by the critical exponents), for n(T- — 5 K)=0.801 and
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n(Tc+5 K)=0.863. The inset of Fig. 3 shows the field
dependence of the locally calculated exponent n for these
three temperatures, indicating that the larger the applied field,
the lower the separation from the proper value of n at the criti-
cal temperature. This analysis confirms that the discrepancies
which might appear when analyzing the field dependence of
the magnetic entropy change either by the critical exponents
or by nonlinear fits of the experimental data are due to a lim-
ited temperature resolution.
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