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We report a comparative study of the universal behaviors of conventional and inverse
magnetocaloric effects (CMCE and IMCE, respectively) that coexist in Heusler alloys of
NisgMnso_,Sn, (x ~ 13, 14) and Nisg_Pry,Mn3;Sn;3 (x~ 1, 3). In contrast to CMCE associated
with a first-order phase transition (FOPT), we show that it is possible to construct a universal
master curve to describe the temperature dependence of magnetic entropy change ASy/(T) in
different applied fields without rescaling the temperature axis for IMCE associated with FOPT.
This universal behavior is shown to be different from that observed for CMCE associated with a
second-order phase transition. The proposed universal curves provide an effective method of
extrapolating AS), of materials associated with CMCE and IMCE in any range of temperatures
and magnetic fields, giving useful guidance on the development of active magnetic refrigerants.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4825166]

Magnetic refrigeration based on the magnetocaloric effect
(MCE) has emerged as an attractive option in the generation
of energy-efficient cooling technologies.'™ Given its higher
cooling efficiency, environmental friendliness, and compact-
ness, this technology has potential to replace existing gas
compression cycle based refrigeration techniques.”* The ma-
jority of research in this area is to develop materials that are
cost-effective and exhibit large MCE (large isothermal mag-
netic entropy change AS), or large adiabatic temperature
change AT,;) over a wide temperature range. To fully exploit
the MCE of a given material, it is essential to understand how
ASy; or AT, evolves with temperature (7) and magnetic field
(H). Therefore, methods for constructing universal curves to
describe the temperature and magnetic field dependences of
AS), obtained for a variety of magnetocaloric materials have
been proposed.”™"? Franco et al. have derived an excellent
phenomenological rescaling procedure for both AS,, and
AT,4, which allows the extrapolation of these parameters in
temperatures and magnetic fields, thus providing guidance on
design and fabrication of magnetic refrigerants for use in
actual cooling devices.*® It is worth noting that universal
behavior manifested in the collapse of ASy,(T) curves after a
scaling procedure has been established mostly for materials
undergoing a second order phase transition (SOPT).*® The
scaling features that underlie this behavior have been reported
to break down (or collapse of the modified AS,/(T) curves
fails) in case of materials with a first order phase transition
(FOPT).8 As a result, whether or not collapse is achieved can
be applied as a method of distinguishing SOPT from FOPT."?
However, a recent study has shown that ASy/(T) curves of
FOPT materials, such as MnFeP, _,As,, can be collapsed on a
universal master curve, leaving an open question regarding
the underlying mechanism of the scaling and universality of
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the MCE in FOPT materials.” While the universal behavior of
ASy(T) curves has been extensively studied in SOPT materi-
als exhibiting conventional MCEs '° (e.g., the magnetic en-
tropy decreases with an applied magnetic field), we have
recently shown that it is also possible to construct a universal
master curve to describe ASy(7) in different applied fields for
SOPT materials exhibiting inverse MCEs (e.g., the magnetic
entropy increases with an applied magnetic field)."'"!?
Importantly, we find that in contrast to the case of conven-
tional magnetocaloric effect (CMCE) materials, the universal
master curve can be constructed in inverse magnetocaloric
effect (IMCE) systems for different H without rescaling tem-
perature axis. While our preliminary study was mainly
focused on the IMCE behavior of antiferromagnetic SOPT
manganites,'' the observations of IMCE in some ferromag-
netic FOPT systems, such as Heusler Ni-Mn-Sn alloys,'*"”
raise a question regarding the validity of the universality of
the IMCE in these systems. Since such IMCE materials are
potentially important components in active magnetic refriger-
ators,'* it is vital to understand the temperature and field
dependences of ASy, in these systems.

In this Letter, we report a comparative study of the
scaling and universality of the conventional and inverse
magnetocaloric effects that coexist in a single material sys-
tem. A systematic analysis of these effects has been per-
formed on Heusler alloys of NisoMn3zgSniy4, NisgMn37Sn;3,
Nig9PriMn3,Sn,;3, and Nig7Pr;Mn3,Sn3. Doping concentra-
tion and elements were varied to examine the validity of
the universality of the CMCE and IMCE. Our study shows
that a universal curve of ASy/(T) exists for the case of
IMCE associated with FOPT, which is similar to the case of
antiferromagnetic SOPT materials but contrary to the case
of CMCE systems. The proposed universal curve method
allows one to extrapolate the magnetic entropy change and
the relative cooling power in any temperature and magnetic
field range, which is of practical importance in assessing

© 2013 AIP Publishing LLC
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the usefulness of magnetocaloric materials for active mag-
netic refrigeration technology.

A series of Heusler alloys including NisoMn3eSniy
(NO. 1)’ Ni50MI137SH13 (NO 2)’ Ni49Pr1Mn37Sn13 (NO 3), and
Nig7PrsMn3;Sn 3 (No. 4) that we have studied in this work
were prepared by melt-spinning and arc-melting methods
from high-purity Ni, Mn, Sn, and Pr powders. The ratio of
Mn/Sn was varied and partial substitution of Pr for Ni was
chosen, to examine the doping effects on the universal
behavior of both CMCE and IMCE in Heusler-type alloys.
X-ray diffraction measurements and analysis were performed
on all the prepared samples, which confirm the formation
of single-phased polycrystalline materials. A commercial
superconducting quantum interference device (SQUID)
based magnetometer was used to investigate the magnetic
and magnetocaloric properties of the samples.

The temperature dependence of susceptibility y(T) for
the samples was studied in both zero-field-cooled (ZFC) and
field-cooled (FC) regimes in a field of 15 mT, and the results
are shown in Fig. 1. As expected for this kind of materials,
two distinct magnetic transitions are observed in y(T) curves.
On lowering temperature, a paramagnetic to ferromagnetic
(PM—FM) transition in the austenitic phase occurs at high
temperature (T4), which is followed by a first order transition
from the austenitic to martensitic state (A-M) at low tempera-
ture (Tap)."*'7 It has been reported that the A-M transition
leads the alloys into a magnetic state of lower magnetization
giving rise to a pronounced drop in the magnetization.m’16 In
some cases, however, the magnetization in the martensitic
state starts to increase sharply below a certain temperature,
which is known as the martensitic Curie temperature
(™™ ).'®!7 In the present case, values of T4 are determined to
be about 310, 302, 297, and 303 K, while values of T4y
are ~165, 255, 225, and 230 K for Samples No. 1, No. 2, No.
3, and No. 4, respectively. Except for Sample No. 1, the
other three samples exhibit the transition at T%.

In order to evaluate the MCE in the present samples, the
isothermal magnetization curves of the samples were
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measured with a field step of 0.05mT in a range of 04T
and a temperature interval of 3K in a range of temperatures
around Té and Tyy. From these M-H isotherms (for clarity,
some representative M-H curves are shown in the insets of
Fig. 2), the magnetic entropy change (AS,,) of the samples
has been calculated using the Maxwell relation,?

Hinax
oM
ASy = po J (ﬁ) dH, (1)
0 H

where M is the magnetization, H is the magnetic field, and T
is the temperature. Figure 2 shows the temperature depend-
ence of —AS,, for different magnetic field changes up to 4 T
for all samples investigated. As expected, the samples exhibit
large magnetic entropy changes around the T2 and Ty, cor-
responding to the CMCE and IMCE. While the increase of
Mn/Sn ratio was found to increase the IMCE and retain the
CMCE in NisgMnsy_,Sn,, the substitution of Pr for Ni
decreased both the IMCE and CMCE in Niso_,Pr,Mn;;Sn;3.
It is worth mentioning that the IMCEs of the Pr-containing
samples were much smaller than those of the Pr-free samples.
This indicated that the IMCE of NispMn3;Sn;3 was strongly
suppressed by Pr doping into Ni sites. While the variation of
Mn/Sn ratio and the substitution of Pr for Ni were observed
to alter the austenitic PM-FM transition and the A-M transi-
tion and consequently the magnitude of their CMCE/IMCE,
we show below these doping effects do not violate the univer-
sal behaviors of CMCE and IMCE.

In the present work, we investigated the magnetic field de-
pendence of AS), in the temperature ranges corresponding to
IMCE and CMCE. It has been suggested that for magneto-
caloric materials, AS,, follows a power law dependence of H:*

ASy ~ H". 2)

The exponent, 7, can be precisely calculated using the fol-
lowing relation:
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FIG. 2. Temperature dependence of
—AS,, for different magnetic fields for
(a) NisoMnzeSnyg; (b) NisoMn3zzSns3;
(¢) NigoPriMn;3;Sn;3; (d) NigzPrsMns;
Snys.  Insets: representative M(H)
curves for the samples at selected
temperatures.

example, we show the linear In|ASy,| vs. InH curves (indicat-
ing a power law dependence of AS,;) for NisoMn3eSn4
(Sample No. 1) for IMCE (Fig. 3(a)) and CMCE (Fig. 3(b)).
We find that for CMCE, n is dependent on both H and T
(n shows a minimum around T2, see, for example, in inset of
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FIG. 3. (a) Linear In|ASy| vs. InH
curves at three representative tempera-
tures (below, above, and around T4y,)
for NisoMn3Sn;4 (No. 1) indicating
the power law dependence of AS,,
with H; (b) Linear In|ASy| vs. InH
curves at three temperatures (below,
above, and around Té); (c) temperature
dependence of n in different magnetic
fields for Sample No. 1 in the tempera-
ture range corresponding to IMCE
(Inset: n vs. T curves for different mag-
netic fields in the temperature region
around Té); (d) universal AS,; (nor-
malized to its peak value) vs. T/T,
curve for the same sample (7}, ~ Tap).
The peak corresponding to IMCE is
indicated by an arrow; (e) Failure of
constructing a universal curve for
—ASy(T) associated with CMCE near
Té following the same protocol fol-
lowed in case of IMCE for the sample;
(f) The universal curve near Té after
rescaling the temperature axis accord-
ing to Eq. (4).
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Fig. 3(c)), as reported in previous works for other CMCE
materials.>®® In contrast to CMCE, however, n is independ-
ent of H and T for IMCE (n ~1 % 0.12 for NisyMn3Sn4 and
NisoMn3;Sn;3; n~ 1.1 = 0.2 for the Pr-containing samples)
(Fig. 3(c)).

Since n is independent of H and T for IMCE, all
ASyp(T)/ASprax vs. T/T), curves obtained at different magnetic
fields fall onto a single universal curve, where AS,,, is the
peak value of ASy,(T) and T), is the temperature correspond-
ing to the peak (Tp~Ty4y) for these alloys. It should be
pointed out that the rescaling of temperature axis is not
required to obtain such a universal curve in the IMCE case
(see Fig. 3(d) and Figs. 4(a)—4(c)), while it is needed for the
case of CMCE (see Figs. 3(e) and 3(f) and Figs. 4(d)—4(1)). It
is clear that for CMCE the ASy(T)/ASp,. vs. T/T, curves
(Tp= Té) did not collapse on a universal master curve (Fig.
3(e) and Figs. 4(d)—4(f)). The universal curve for the case of
CMCE was only constructed when plotting ASy/(T)/ASpzax
against 0 (Fig. 3(f) and Figs. 4(g)-4(i)), where 0 is the tem-
perature variable defined by

Appl. Phys. Lett. 103, 162410 (2013)

with T, being a reference temperature corresponding to a cer-
tain fraction “f” that satisfies AS M(T,)/ASM(Té) =f.

It has been pointed out that uncertainty associated with
the collapsing of ASy/(T) curves on to a universal curve
should be quantified for each case.>"'® For this purpose, a
parameter called dispersion (d) corresponding to each point
in the universal curve is defined as*

d =100 x 5)

v
(ASu/ASyar)”

In Eq. (5), “W” is the vertical shift of each entropy curve
with respect to its mean value. The appearance of dispersion
is related to the inherent uncertainty associated with the mea-
surement procedure.'® For all samples investigated in the
present work, the calculated value of d is less than 15%. This
obtained value of d is within the range of that for different
materials showing CMCE due to SOPT. However, it has
been noted that d can be ~100% for CMCE due to FOPT,
indicating the failure of construction of a universal curve for
this case.'""'? In this context, our present results are very
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FIG. 4. All ASy/ASp14y vs. TIT,, (where, T, = Tay) curves for different fields fall onto a universal curve for (a) NisoMns7Sn;3; (b) NigPr;Mns;Sn,s; (c)
Nig7Pr;Mn37Sn;5. The peaks corresponding to IMCE are indicated by arrows. The failure of constructing a universal curve for CMCE around Té without
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not only exists in materials associated with SOPT but also
with FOPT.

One of the important figures of merit for magnetic
refrigerants is relative cooling power (RCP)."""%° As n is in-
dependent of H and T for the samples in the temperature
range associated with IMCE, RCP scales with H" with the
same value of n, defined in Eq. (3). As a result, it is possible
to estimate RCP of an IMCE material in different magnetic
fields from a universal curve, which is given by

RCP = (FWHMM,”‘V) X TP X ASMM7 (6)

where FWHM,,,,;, is the full width at half maximum of
the universal curve. From the universal curves shown in
Figs. 3 and 4, we calculated the RCP of samples for different
values of H and found that the RCP values calculated from
Eq. (6) are almost equal to those calculated from the experi-
mental data. For example, a comparison between the mag-
netic field dependence of RCP and that calculated from
the universal curve for Sample Nos. 2, 3, and 4 is shown in
Figs. 4(j)-4(l). This proves that the proposed universal
curves are a very useful method for predicting values of AS,,
and RCP of IMCE materials in high magnetic field ranges
with no need for performing actual experiments.

In summary, we have developed a simple method for
constructing a universal curve to describe temperature de-
pendence of magnetic entropy change and relative cooling
power associated with the inverse magnetocaloric effect in
Heusler-based alloys. This method allows one to extrapolate
the magnetic entropy change and the relative cooling power
in any range of temperatures and magnetic fields, giving a
good guidance on the design of active magnetic refrigerant
materials for use in magnetic cooling devices. We have also
shown the difference in nature of the scaling and universality
between the inverse magnetocaloric effect and the conven-
tional magnetocaloric effect.

Appl. Phys. Lett. 103, 162410 (2013)
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