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Since the discovery of the giant magnetocaloric effect (MCE) close to room temperature in
FeRh and particularly in Gd5Si2Ge2 compounds, the study of this phenomenon has experienced
an exponential growth. Among the different techniques used to produce magnetocaloric
materials, ball milling has been shown as a very versatile one and presents several advantages
over other preparation techniques (e.g., easy scale-up to industrial production). Although a
general decrease of the peak value of the magnetic entropy change is observed for milled
samples, it can be compensated by the large broadening of the MCE peak, leading to an increase
of the refrigeration capacity. In this short review, several aspects inherent to powder samples
affecting MCE will be discussed, such as the relevant effect of the demagnetizing field, the
possible multiphase character, and the presence of Curie temperature distributions. In
mechanically alloyed samples, the two latter factors are typically affected by the degree of
integration of the different starting constituents.
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I. INTRODUCTION

THE magnetocaloric effect (MCE) is described as the
reversible adiabatic change of the temperature, DTad, or
as the reversible isothermal change of the magnetic
entropy, DSM, of a system due to a change in the applied
magnetic field. Both magnitudes are related to the
temperature change of the magnetization through the
Maxwell relation.
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where l0 is the magnetic permeability of vacuum, T is
the temperature, cp is the specific heat, M is the
magnetization, and H is the magnetic field which
changes between a minimum, Hmin, and a maximum,
Hmax, values. In most cases, Hmin = 0 and in the
following this case will be considered.

The rising of scientific interest in MCE at room
temperature coincides with the discovery of the giant
magnetocaloric effect close to room temperature in
Gd5Si2Ge2 compound by Gschneidner Jr. and Pechars-
ky.[1] This is due to the near-future perspective for its
application in environmentally friendly room tem-
perature magnetic refrigeration technology. As it is
observed in Eqs. [1] and [2], a large MCE requires a
large temperature dependence of magnetization and
thus implies a change in magnetization as abrupt as
possible. Magnetic refrigeration at ultralow tem-
peratures was known since the experiments of Giauque
(1949 Nobel Prize) and MacDougall[2] to attain tem-
peratures below 1 K using paramagnetic salts (where
susceptibility diverges as T approaches 0 K). However,
for room temperature MCE, the presence of a phase
transition is required to enhance the temperature de-
pendence of the magnetization. Therefore, the different
materials can be classified in terms of the character of
such transition as first-order phase transition (FOPT) or
second-order phase transition (SOPT) materials. A
FOPT generally leads to larger MCE responses at the
temperature of transition, although hysteresis phe-
nomena can be present. Among the families of materials
in this category, the most significant are Gd5(Si,Ge)4,

[1,3]

La(Fe,Si)13Hd,
[4] Heusler alloys,[5] and MnAs;[6] other

families can be found in Reference 7. On the other hand,
for SOPT, Gd is the paradigmatic material,[8] with a
negligible hysteresis and no giant MCE. In this second
category, amorphous alloys, due to its easy tunable
parameters through compositional tailoring, have also
been intensively studied in the last years.[9–11] To
characterize the MCE response, the refrigerant cooling
power RCP is widely used as the product of the
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maximum absolute value of DSM and the full width at
half maximum of the DSM(T) curve.[7]

This work is divided into five sections. After this
introduction, the second section briefly summarizes the
different types of materials with interesting MCE
response produced by ball milling. The following
sections will focus on the description of several aspects
affecting MCE response and of particular interest in the
case of ball-milled powders. The third section will
describe the relevant effect of the demagnetizing field.
This effect is not negligible except for thin films, ribbons,
or needles, when its shortest length is perpendicular to
the magnetic field. The effect of impurities and multi-
phase character of ball-milled samples will be discussed
in the fourth section. In mechanically alloyed samples,
this is typically affected by the degree of integration of
the different starting constituents. The fifth section will
be devoted to the presence of Curie temperature
distributions in milled samples. In all cases, particular
attention will be focused on the field dependence of the
MCE response.

II. RESULTS ON MCE OF BALL-MILLED
SAMPLES

Ball milling (BM) technique has been shown as a very
versatile technique to prepare supersaturated solid
solutions and other metastable systems, including amor-
phous alloys[12] for a larger compositional range than
that obtained by rapid quenching techniques. The main
advantages of ball milling techniques are the diversity of
materials that can be treated independently of their
different melting points (although ductile and brittle
materials are incorporated in a different way) and an
easy scale-up of the technique. On the other hand, a
main factor that has to be taken into account in this type
of samples is the presence of contamination from the
milling media.

Concerning MCE results, ball milling has been used
to study a wide variety of materials, including rare earth
(RE) and transition metal (TM)-based systems. Among
RE-based materials Gd5Si2Ge2,

[13,14] La(FeSi)13,
[15–18]

RE2Fe17 intermetallics,[19,20] clathrates Eu8Ga16Ge30,
[21]

and amorphous alloys[13,14,22] can be found. Among
TM-based systems Heusler alloys,[23–25] MnAs,[26–29] c-
FeNi,[30–32] and amorphous alloys[33–37] can be found. A
general difference found in BM samples regarding their
MCE with respect to that of bulk counterparts is a
decrease of the DSM peak but a temperature broadening
of the MCE response, which can lead to an enhance-
ment of the refrigerant cooling power. In particular
cases, the presence of intermetallics with suitable Curie
temperatures can lead to an enhancement of MCE.[35]

For Fe-based amorphous alloys obtained by rapid
quenching, subsequent ball milling produces an increase
in the metal-metal distance enhancing the magnetism of
the system.[36] However, extended milling can dete-
riorate the MCE signal when the phase responsible for it
is destroyed, as it occurs for Gd5Si1.8Ge1.8Sn0.4 system,
for which an amorphous phase is formed.[13]

The use of BM can be found in the literature as a
single-step production technique (e.g., amorphous al-
loys). However, annealing can be necessary to produce
the desired phase and then BM is used as a first step to
prepare a well-mixed system (e.g., BM reduces the
annealing time in La(Fe,Si)13 alloys[15,16]) or as a final
step in a reactive milling process (e.g., forming hydrides
in La(Fe,Si)13Hd

[17,18]). Some examples of the different
MCE results achieved on ball-milled samples are sum-
marized in Table I.

III. EFFECT OF THE DEMAGNETIZING FIELD

When characterizing the MCE of a system, some
confusion can be found in the literature regarding the
magnitude of the parameter H that must be used in
Eqs. [1] and [2]. This is particularly important for
powder samples, for which there is no orientation to
minimize the demagnetizing field effect. Two cases can
be distinguished:

a) For the characterization of a material, independent
of the geometry of the studied sample, H must cor-
respond to the internal field, H = Happl � NDM,
where Happl is the applied magnetic field and ND is
the demagnetizing factor. In order to supply DSM

data that could be reproduced in samples with dif-
ferent geometry but with the same microstructure
and composition, it is needed to calculate Eqs. [1]
and [2] for a fixed maximum internal field.

b) On the other hand, when the interest is focused on
the response of a particular sample (e.g., a charac-
teristic geometry to be used in a device), although
the magnetization and its temperature derivative
must correspond to the internal field, H, the maxi-
mum integration limit is not constant but depends
on temperature through the magnetization. The
constant parameter is the maximum applied mag-
netic field, Happl

max ¼ Hmax þNDM Hmax;Tð Þ. For ex-
ample, for a simulated material following Brillouin
function and using the magnetic moment, density,
and Curie temperature values of pure Gd, case (a)
leads to DSM = �3.60 J kg�1 K�1 at TC and
RCP = 108 J kg�1 for Hmax = 1 T, whereas in
case (b), a sphere (ND = 1/3) of the same material
has DSM = �3.16 J kg�1 K�1 and RCP = 73 J/kg
for a maximum Happl = 1 T (which implies an in-
ternal field Hmax = 0.816 T at TC). Between the
two cases described above, case (a) is more relevant
in order to compare different results obtained un-
der different experimental conditions.

Despite the importance of demagnetizing field for the
correct characterization of the samples, the applied field
is seldom corrected to the internal field.[37–44] This
correction can be done using ND = 1/3 for loosely
spherical powder samples or for spherical powder in a
spherical pack, which is derived from the expression:[45]

ND ¼ 1

3
þ f Npack

D � 1

3

� �
; ½3�
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where f is the packing fraction and ND
pack is the

demagnetizing factor corresponding to the shape of
the package where the powders are enclosed.

Figure 1 shows the magnetic entropy change obtained
with and without correcting the demagnetizing field
(using ND = 1/3 corresponding to loosely compacted
spherical powder or to a spherical-like package of this
powder independent of f). The largest effect of ND is at
the Curie temperature but it remains below

~5 pct.[37,41,43] This allows us to conclude that neglecting
demagnetizing field effects simply leads to a slight
underestimation of the MCE. However, there is an
important effect in the field dependence of the magnetic
entropy change when demagnetizing field is not taken
into account. This field dependence can be characterized
by an exponent n assuming a power law:[46,47]

DSMj j ¼ aHn ½4�

Table I. Summary of Selected Works on MCE Where Ball Milling has been used for Sample Preparation

Composition Use of Ball Milling Advantages H (T)
|DSM|

(J kg�1 K�1) Tpeak (K) References

Gd5Si1.8Ge1.8Sn0.4 grain size reduction/
amorphization

hysteresis reduction 5 4.3 75 [13]

GdNiAl new phase 5 8.9 36 [22]
Gd5Si2Ge2 broadening 2 0.45 220 [14]
Pr2Fe17 5 4.5 295 [20]
Eu8Ga16Ge30 low T enhancement 5 10 5 [21]
Ni2.18Mn0.82Ga1 one step (mechanical alloying) different melting points

of the constituents
2 1.6 310 [23]

Ni47Mn40Sn13 one step (mechanical alloying) different melting points
of the constituents

2 4.3/2.3 210/318 [24]

Mn0.95Cr0.05As intermediate step Avoid volatilization of As 5 6.3/5.3 159/234 [29]
Mn1-xSixAs mechanical alloying 2 6.5 264 [26]
Mn1-xAlxAs 2 28.5 270 [27]
MnAs0.97P0.03 hysteresis reduction 5 5.6/4.4 208/253 [28]
Fe75Nb10B15 amorphization 1 0.56 266 [41]
(Fe85Co15)75Nb10B15 1.5 0.85 450 [34]
Co62Nb6Zr2B30 1.5 0.35 550 [37]
(Fe70Ni30)89Zr7B4 metastable phases 0.5 0.18 342 [30]
Fe70Ni30 1.5 0.65 363 [31]
(Fe70Ni30)Mo4 5 1.67 300 [32]
Fe70Zr30 1.5 0.43 225 [35]
Fe2MnSi1-xGex precursor step (homogenization

of composition)
reduction of

annealing time
5 1.6 270 [25]

La1-yREyFe11.4Si1.6 5 18 200 [15]
LaFe13-xSix 2 24 200 [16]
LaFe11.57Si1.43Hd final step reactive milling 2 18 346 [18]
Fe75Nb10B15 enhancement of

magnetism
1.5 0.95 395 [36]
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Fig. 1—Magnetic entropy change at H = 1 T with and without cor-
recting the demagnetizing field for a ball-milled sample of
Fe75Nb10B15 amorphous alloy obtained by rapid quenching.
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Fig. 2—Exponent n of the field dependence of the magnetic entropy
change at H = 1 T with and without correcting the demagnetizing
field for a ball-milled sample of Fe75Nb10B15 amorphous alloy ob-
tained by rapid quenching.

METALLURGICAL AND MATERIALS TRANSACTIONS E VOLUME 2E, JUNE 2015—133



In general n depends on H and T but for single-phase
systems and temperatures well below the Curie tem-
perature n = 1, while for temperatures well above the
Curie temperature n = 2. Moreover, for SOPT, n at TC

is related to the critical exponents of the transition.[46]

Figure 2 shows the temperature dependence of the
exponent n for H = 1 T with and without correcting
the demagnetizing field. Curves without correcting the
demagnetizing field show n> 1 values for T<TC,
which increase as the applied field increases. Moreover,
n at TC shows a field dependence unlike theoretical
predictions. For T>TC, as expected, there is no effect
of the demagnetizing field. After correcting the demag-
netizing field, n £ 1 below TC and approaches a field-
independent value of 1 as T decreases. Moreover, at TC,
field independence is recovered, in agreement with the
theoretical predictions. Therefore, the correction of the
demagnetizing factor is crucial in the discussion on the
field dependence of the magnetic entropy change.

IV. EFFECT OF IMPURITIES

The route to produce alloys bymechanical alloying can
lead to the presence of impurity phases.[12] When hetero-
geneous starting powders are used to produce a me-
chanically alloyed system, the different degree of
integration of the elements or the different transformation
degree of the phases imply the presence of inclusions (e.g.,

remnant supersaturated bcc-Fe crystallites in Fe-based
amorphous phases). This is particularly important when
very hard and brittle materials are used,[12,48] such as
diamond,[49] boron,[50,51] or germanium[52] for which the
inclusions remain even after very longmilling times. In the
case of Ge in Fe-based alloys, the Ge crystals are finally
dissolved into the nanocrystalline supersaturated bcc
matrix[52] unlike forB inclusions,which remain evenwhen
the initial amount of the pure element is reduced.[50,51]

Figure 3 shows a TEM micrograph and the correspond-
ing EDX maps and energy-filtered images describing the
progressive integration of Ge atoms in FeGeNb alloys.
Figure 4 shows a scanning electron microscopy image of
B inclusions present in CoNbZrB alloys. This secondary
electron image was obtained in a scanning electron
microscope equipped with a focus ion beam (FIB)
column. A cross section of the selected powder particle
was polished using the Ga ion beam to form a smooth
surfacewhere theB inclusions are clearly observed as dark
spots (regions of low interaction with electrons due to the
low atomic number of B atoms).
Concerning MCE, the simplest approach for describ-

ing these multiphased samples is to consider non-
interacting phases. In this case, the total entropy change
is obtained as the weighted sum of the contributions of
the main phase and the impurity phase.

DSMj j ¼ 1� Xð ÞDSðmainÞ
M þ XDSðimpÞ

M ; ½5�

Fig. 3—Transmission electron microscopy (TEM) images of mechanically alloyed Fe75Nb5Ge20 system at 250 rpm. TEM samples prepared as de-
scribed in Ref. [48] Upper row (from left to right): Annular dark field image and EDX maps for Fe and Ge elements, respectively, after 10 h of
milling. Lower row (from left to right): TEM bright field image and energy-filtered TEM maps for Fe and Ge, respectively, after 150 h of milling.
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where X is the fraction of impurities. Assuming a pow-
er law for the field dependence of each individual
phase, Eq. [5] can be written as:

DSMj j ¼ amain 1� Xð ÞHnmain þ aimpXH
nimp ; ½6�

where the indexes main and imp correspond to the
main phase and the impurity phase, respectively. The
prefactors amain and aimp correspond to the absolute
value of the magnetic entropy change of each indi-
vidual phase at 1 T and the exponents n should be, in
general, field dependent except for T � TC, T � TC,
and T = TC (for SOPT).[46] However, when analyzing
the data, a local experimental value of n can be always
obtained from Eq. [4] as the slope of the double
logarithmic representation of |DSM| vs H.

n ¼ dln DSMj jð Þ
dlnðHÞ ½7�

Using Eqs. [6] and [7] it is possible to obtain a general
relation between the experimental value of n and the
individual values for the main and the impurity phases.

n ¼ amainnmain 1� Xð ÞHnmain þ aimpnimpXH
nimp

DSM
½8�

And using Eq. [4]

n ¼ nmain

1þ aimp

amain

X
1�Xð ÞH

nimp�nmain
þ nimp

1þ amain

aimp

1�Xð Þ
X Hnmain�nimp

½9�

From expression [9] it is observed that as X tends to
zero, n tends to nmain, as expected. It is worth mention-
ing that, although the temperature regime was valid for
both nmain and nimp to be field independent when the

phases are isolated, n would be field dependent unless
nmain = nimp. Therefore, in order to obtain the exponent
value of the main phase Eq. [8] can be rewritten as:

n DSMj j ¼ amainnmainH
nmain þ aimpnimpH

nimp
�

�amainnmainH
nmainÞX ¼ y0 þmX

½10�

Therefore, for constant magnetic field and tem-
perature (to ensure a constant value of the prefactors
amain and aimp), the product n|DSM| linearly increases as
the volume fraction of impurities increases. A linear
fitting of n|DSM|(X) allows us to obtain both pa-
rameters, the intercept y0 and the slope m. The intercept
y0 = amainnmainH

main is thus independent of X and the
value of interest, nmain, can be obtained from the slope
of the ln(y0) vs ln(H):

ln y0ð Þ ¼ ln amainnmainð Þ þ nmainln Hð Þ ½11�

As this analysis uses the intercept y0, the possible
ambiguities in the determination of X is overcome. In
fact, the measurements of the fraction of impurities is
not simple and each technique would supply a particular
interpretation of this parameter (coherent volume from
diffraction techniques, magnetic fractions, etc.). In any
case, a proportional relation between the different
fractions is a reasonable and widely used assumption
and does not affect our analysis. Although our analysis
is extended to any value of X, it is required that the
MCE responses of each phase do not depend on X, i.e.,
that they are non-interacting.
The previous analysis was applied to the study of

FeNbB amorphous alloys with a-Fe as the impurity
phase and produced by mechanical alloying.[41] Figure 5
shows the linear relation predicted by Eq. [10] and
Figure 6 was built using the slopes obtained at different
fields. From them, an exponent n = 0.757 ± 0.012 is
estimated for a pure amorphous phase, in agreement
with those corresponding to pure amorphous systems
obtained by rapid quenching.[53]

Fig. 4—Scanning electron microscopy (SEM) secondary electron im-
age (acquired during FIB milling). Sample was polished in situ using
gallium ion beam. Boron inclusions appear as dark spots. Layered
structure surrounding the powder grain corresponds to the Pt de-
posited to protect the sample.
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Fig. 5—Linear plot of the product of the magnetic entropy change
and the field exponent vs fraction of impurity phase as predicted by
expression [10] and applied to mechanically alloyed Fe75Nb10B15

amorphous system with a-Fe crystallites.
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Equation [9] can be simplified for very low values of X
as it is done in Reference 38:

n ¼ nmain þ nimp � nmain

� �
b Hð ÞX; ½12�

where

b Hð Þ ¼ aimp

amain
Hnimp�nmain ½13�

Equation [12] would allow us to obtain nmain in a
more straightforward way than from [11] but limiting
the analysis to low values of X. Figure 7 shows the

theoretical values of n as a function of the impurity
fraction and for different values of b(H) for two cases:

a) a sample with paramagnetic impurities measured at
a temperature well below TC of the main phase
(nmain = 1 and nimp = 2) and

b) a sample with ferromagnetic impurities with a high
Curie transition well above TC of the main phase
(nmain = 2 and nimp = 1).

A typical example of the latter type of impurities are
remnant a-Fe crystallites, where Curie temperature is
well above room temperature. The approximation for
low values of X (Eq. [12]) are also plotted to show its
validity limit. It can be concluded that both demagne-
tizing factor and paramagnetic impurities effect can lead
to exponents above 1 for ferromagnetic samples.

V. CURIE TEMPERATURE DISTRIBUTIONS

As-milled amorphous samples can exhibit some
heterogeneity, such as inclusions, leading to a broader
compositional distribution compared to that of amor-
phous phases obtained by rapid quenching. In the case
of crystalline materials, ball milling normally leads to
very small crystal size and thus surface effects (e.g., atom
magnetic moment disordering) can also lead to a
smoother magnetic transition. These features can ex-
plain the observed general decrease in the absolute value
of the maximum magnetic entropy change as well as the
broadening of the MCE peak. Concerning the field
dependence of DSM, the presence of a Curie temperature
distribution does not affect the behavior far away from
the transition but leads to a smearing of the n(T) curve
and, moreover, the values achieved at the (average)
Curie temperature are not consistent with the theoretical
predictions but higher.[34]

In order to obtain a deeper understanding of the effect
of the presence of aTC distribution on theMCE response,
a non-interacting approach can be assumed and the total
DSM can be obtained as a weighted sum using a Gaussian
distribution of the individual contributions:

DStotal
M Tð Þ ¼

ZTCh iþD

TCh i�D

dDSM T;T�
C

� �
dT�

C

G T�
C; r

� �
dT�

C: ½14�

where G(<TC>,r) can be assumed as a Gaussian
distribution centered at <TC> and with a standard
deviation r, and<TC>�D to<TC>+D is the TC range
for which a significant contribution exists (e.g., if
D = 4r, only contributions below 0.01 pct would be
neglected). Other approaches to this problem have been
afforded by different authors using a rectangular distri-
bution to fit deviations found in Gd[54] and using mean
field models[55,56] and Bean-Rodbell model.[57]

Theoretical calculations were performed to explain
the different behavior observed between rapid quench-
ing and mechanically alloyed Co62Nb6Zr2B30 amor-
phous samples. In order to do so, expression [14] was
simplified to a summatory of discrete DSM(T,TC)
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Fig. 6—Linear plot of the logarithm of the intercept values of nDSM

product vs X as a function of the logarithm of magnetic field as pre-
dicted by expression [11] and applied to Fe75Nb10B15 amorphous al-
loy with a-Fe crystallites.
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Fig. 7—Theoretical values of n as a function of the impurity frac-
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of the main phase (nmain = 2) and ferromagnetic impurities with a
high Curie transition (nimp = 1). Lower panel: well below TC of the
main phase (nmain = 1) and paramagnetic impurities with low Curie
temperature (nimp = 2).
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responses weighed using a Gaussian distribution of TC

to describe the mechanically alloyed sample:[43]

DStotal
M ðTÞ ¼ C

XTCh iþD

TCh i�D

DSM T;T�
C

� �
exp �

TCh i � T�
C

� �2
2r2

" #
;

½15�

where C is a normalization constant. The values of each
discrete DSM were generated using the Arrott-Noakes
equation of state,[58] using the parameters of a rapidly
quenched amorphous alloy with the same composition
(critical exponents determined from Kouvel-Fisher
method[59]). From these curves the exponent n was
obtained as a function of temperature and of the
standard deviation of the distribution, n(T,r). Figure 8
shows a good agreement between the experimental and
simulated n(T) curves. As a general characteristic, n(T)

curves become smeared as r increases, increasing the
value of n at TC and shifting the temperature ranges for
field-independent n ~ 1 and ~2 to higher |T � TC|
values. Figure 9 shows the dependence of n on r at the
peak temperature showing that a distribution of Curie
temperatures is a third factor that can lead to a n(TC)
value larger than the one theoretically predicted as a
function of the critical exponents.

VI. CONCLUSIONS

Ball milling has been used in different ways to
produce systems with interesting magnetocaloric prop-
erties with very different compositions: as a one-step
production from pure elements (mechanical alloying) to
induce the formation of metastable phases, including
amorphous alloys; as a procedure to enhance the atomic
scale mixing to diminish the annealing time to produce
certain intermetallics; or as reactive milling to enhance
solid-gas reactions.
Regardless of the composition and character of the

magnetic transition, there are several common aspects to
all ball-milled powders which should be considered in
the analysis of MCE data, particularly affecting the field
dependence of the MCE response:

1. Demagnetizing field effect: As powder particles can-
not be aligned with respect to the applied field di-
rection to exhibit a zero demagnetizing factor, this
effect is always present, being ND ~ 1/3 depending
on the shape of the packing and the packing frac-
tion of powders in the measured sample. This effect
leads to higher values of the field exponent n than
the actual ones except above TC. Moreover, artifi-
cial field dependence of n appears well below TC

and at TC, unlike theoretical predictions.
2. Presence of impurities can also lead to an artificial

field dependence of n. Unlike demagnetizing field
effect, the presence of ferromagnetic impurities
leads to a decrease in n values above TC. The rela-
tion between the experimental value and that of the
main phase can be simplified to a linear one only
for very low fractions of impurities. In the general
case, the dependence on the impurity fraction is
needed and the exponent n of the main phase can
be extracted from the field dependence of the inter-
cept of the linear fitting of n|DSM| vs X.

3. Finally, the presence of Curie temperature distribu-
tions (due to strains or inhomogeneities) does not
affect n values far away from the transition. Howev-
er, the n(T) curve is smeared and the minimum value
of n increases, departing from the theoretically pre-
dicted value, which was related to the critical expo-
nents.
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