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In this paper, we investigated the influence of annealing conditions on magnetic properties, magnetocaloric effect, and critical
parameters of Ni50Mn50−xSnx (x = 13, 13.5, and 14) alloy ribbons prepared by using the melt-spinning method. The ribbons were
annealed at 1123 K for various times. A martensitic–austenitic (M–A) structural phase transformation was observed on both the
as-quenched and annealed samples. Temperature of the M–A phase transition (TM−A) of the ribbons can be regulated in room
temperature region by changing the annealing time. Maximum positive and negative magnetic entropy changes, |�Sm|max, larger
than 3 and 1 J · kg−1 · K−1, respectively, were achieved on the Ni50Mn37Sn13 sample after annealing for 0.5 h. Critical parameters
were determined to elucidate magnetic orders in the alloy. The obtained parameters are very close to those of the mean field theory
of long-range ferromagnetic orders.

Index Terms— Heusler alloy, magnetic entropy change, magnetocaloric effect (MCE), melt-spinning method, phase transition
temperature.

I. INTRODUCTION

MAGNETOCALORIC effect (MCE) is defined as the
adiabatic change of temperature of a magnetic material

(heated or cooled) when it is magnetized or demagnetized.
The MCE of a material can be assessed through its mag-
netic entropy change (�Sm), the adiabatic temperature change
(�Tad), and the refrigerant capacity (RC). Practically, this
effect was discovered a long time ago, basing on the tem-
perature change of iron in variation of applied magnetic field.
The first application of MCE was the use of paramagnetic
Gd2(SO4)3.8H2O salts to achieve the low temperature, less
than 1 K [1], [2]. Especially, in 1997, the achievement of
the giant MCE (GMCE) in Gd–Si–Ge alloys around 300 K
manifested application potential of magnetic refrigeration
technology at room temperature [3]. Therefore, the search for
materials with GMCE in room temperature region has been
attracting many scientists. Up to now, a number of magnetic
materials possessing GMCE have been discovered, such as Gd-
containing alloys, As-containing alloys, La-containing alloys,
Heusler alloys, Fe- and Mn-based rapidly quenched alloys, and
ferromagnetic perovskite manganites [4].

Among the abovementioned magnetocaloric materials,
Ni–Mn–Z (Z = Ga, In, Sn, . . .) Heusler alloys have
considerably concentrated to study. These alloys have both
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the first-order phase transition (FOPT) and second-order phase
transition (SOPT) [5]–[8]. The reason for having the FOPT
is the martensitic–austenitic (M–A) structural phase transfor-
mation. Both the magnetic phase transition types in Heusler
alloys can cause GMCE. The positive GMCE relates to
the SOPT, and negative GMCE corresponds to the FOPT.
Ni–Mn–Sn alloy is a typical one. Negative GMCE of this
system was reported by Krenke et al. [6] in the Nature Mate-
rials. According to Krenke et al. [6], the maximum magnetic
entropy change, |�Sm|max, of the Ni–Mn–Sn alloy is about
18 J · kg−1 · K−1 under the magnetic field change of 50 kOe
at room temperature. However, structural and magnetic prop-
erties of the alloy are so sensitive with composition and
fabrication condition. The previous studies often focused on
the bulk form of the alloy. The bulk alloys commonly required
complex thermal treatment and long annealing time (up to
several days). Recently, some reports showed that by using
the melt-spinning method, one can create relative single phase,
shorten annealing time, and improve MCE for the Heusler
alloys [5], [7], [9]. In this paper, we studied the influence
of annealing conditions on magnetic properties, MCE, and
critical parameters of Ni50Mn37−xSnx (x = 13, 13.5, and 14)
alloy ribbons.

II. EXPERIMENT

Ingots with nominal compositions of Ni50Mn50−xSnx

(x = 13, 13.5, and 14) were prepared from pure components
of Ni, Mn, and Sn on an arc-melting furnace to ensure
their homogeneity. The ribbons were then fabricated from the
ingots on a single wheel melt-spinning system. The quenching
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Fig. 1. Hysteresis loops at room temperature of as-quenched
Ni50Mn37−x Snx (x = 13, 13.5, and 14) ribbons.

rate of the ribbons could be changed by changing tangential
velocity v of the copper wheel. In this paper, the ribbons were
prepared with v = 40 m/s. Subsequently, the ribbons were
annealed at 1123 K for various times. All of the arc-melting,
melt-spinning, and annealing processes were performed under
Ar atmosphere to avoid oxygenation. Structural analyses of
the as-quenched ribbons were performed at room tempera-
ture by using an X-ray diffraction in the range of 20°–70°.
Magnetization measurements in the temperature range
of 77–400 K were performed on a vibrating sample magne-
tometer. Magnetic entropy change �Sm of these alloy ribbons
was calculated via

�Sm = −
H∫

0

(
∂M

∂T

)
dH. (1)

III. RESULTS AND DISCUSSION

Thickness of the obtained ribbons is about 30 μm. The
XRD results show that the as-quenched ribbons exhibit single
phase with an austenitic L21-cubic structure, which belongs to
the space group Fm3m [10]. This is in good agreement with
other studies. The M–A phase transition in the as-quenched
Ni–Mn–Sn ribbons occurs below room temperature [11], [12].

Magnetic properties of the alloy ribbons were characterized
by magnetization measurements in varying magnetic field and
temperature. Fig. 1 shows hysteresis loops of the as-quenched
Ni50Mn50−xSnx (x = 13, 13.5, and 14) alloy ribbons at room
temperature. We can see that all the ribbons are soft magnetic
with coercivity less than 30 Oe (see the inset of Fig. 1).
This is good for magnetic refrigeration because the magnetic
hysteresis loss should be very small or negligible. Besides,
the saturation magnetization of the as-quenched alloy ribbons
was slightly increased with increasing Sn concentration. This
can be due to the change of the exchange interactions of the
atoms in the alloy when the Sn concentration is changed.
According to [13] and [14], the Mn atoms could be coupled
ferromagnetically or antiferromagnetically depending on com-
position of the alloys. The various exchange interactions could
make the alloys become weak or strong ferromagnets with
different saturation magnetizations and Curie temperatures.

Fig. 2 presents thermomagnetization curves in an applied
magnetic field of 12 kOe of the as-quenched and annealed

Fig. 2. Thermomagnetization curves in an applied field of 12 kOe of
Ni50Mn50−x Snx ribbons with (a) x = 13, (b) x = 13.5, and (c) x = 14
before and after annealing at 1123 K for various times.

Ni50Mn50−xSnx alloy ribbons with various Sn concentra-
tions. The obtained results show that both the marten-
sitic and austenitic phases occur in all the samples.
The martensitic phase relates to weak ferromagnetic or
antiferromagnetic orders, while the austenitic phase is strong
ferromagnetic [14], [15]. In general, by heating up the
Ni–Mn–Sn alloy ribbons from low temperature, the magneti-
zation decreases to a minimum at the transition temperature of
the martensitic phase (T M

C ) then fast increases at the austenitic
start temperature (T A

s ). The increase of magnetization stops at
the austenitic finish temperature (T A

f ). The last magnetic tran-
sition of the ferromagnetic-to-paramagnetic (FM–PM) phase
occurs at the Curie temperature of the austenitic phase (T A

C ).
It should be noted that the range of Sn concentration for
the existence of the martensite in the alloys is rather narrow
(in few percent) and the volume fract ion of the martensite
strongly depends on the fabrication conditions [16]. The
M–A phase transition temperature (TM−A) and magnitude
of the FOPT strongly depend on the Sn concentration and
annealing process. The TM−A of the as-quenched alloy fast
decreases from 255 (for x = 13) to 182 K (for x = 14), while
the Curie temperature T A

C slightly increases with increasing
Sn concentration. Besides, we also see that the TM−A of
the ribbons can be regulated in room temperature region by
changing the annealing time. Specially, after annealing at
1123 K for 2 h, the TM−A of the sample with x = 13 is
raised to ∼300 K. However, the T A

C is almost unchanged by
this annealing process. Thus, the effect of the Sn concentration
and annealing process on the FOPT has a significant mean-
ing in controlling the working temperature of the magnetic
refrigerants.

Among these samples, we can see that the Ni50Mn37Sn13
ribbon samples, after annealing for 0.5 and 2 h, show two
strong magnetic phase transitions near room temperature.
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Fig. 3. Thermomagnetization curves in (a) various magnetic fields
and (b) magnetization versus magnetic field at different temperatures of
Ni50Mn37Sn13 alloy ribbons after annealing at 1123 K for 2 h.

Fig. 4. �Sm(T ) curves (�H = 12 kOe) of Ni50Mn37Sn13 ribbons after
annealing at 1123 K for (a) 0.5 and (b) 2 h.

Therefore, we chose these samples to investigate their MCE.
Fig. 3(a) shows thermomagnetization curves in magnetic field
ranging from 0.05 to 12 kOe of the Ni50Mn37Sn13 alloy
ribbons after annealing at 1123 K for 2 h. The magnetization of
the sample increases with magnetic field. Besides, we can see
that all the thermomagnetization curves have phase transition
temperatures around 300 K.

The MCE of the alloy was assessed by the magnetic entropy
change (�Sm). In order to calculate the magnetic entropy
change of the alloy ribbons, the series of M(H ) curves were
determined at various temperatures around the FOPT and
SOPT [Fig 3(b)]. The �Sm for the alloys was calculated by
using the relation (1).

Fig. 4 shows temperature dependence of �Sm of the
Ni50Mn37Sn13 ribbons with annealing process at 1123 K for
0.5 and 2 h under several magnetic field changes (�H = 2,
4, 6, 8, 10, and 12 kOe). It can be observed that both
the negative and positive MCEs coexist in the samples. The
positive MCE (�Sm < 0) is due to the second-order FM–PM
phase transition. The negative MCE (�Sm > 0) is related
to the first-order M–A phase transition. The �Sm value
increases with increasing the magnetic field. For �H =
12 kOe, the maximum magnetic entropy changes, |�Sm|max,
of the negative MCE are 3.3 and 2.2 J · kg−1 · K−1 around
TM−A = 283 and 300 K for the samples after annealing
for 0.5 and 2 h, respectively. These values are higher than
those obtained for other Heusler alloys such as Ni50Mn37Sn13
ingot [16], Ni40−xCoxMn50Sn10 alloys [17], Ni50Mn35.8Sn14.2
ribbons [18], and Ni50−xAgxMn37Sn13 ribbons [19]. However,
these values are only retained in a narrow temperature range

Fig. 5. M2–H /M plots at different temperatures of Ni50Mn37Sn13 ribbons
after annealing at 1123 K for (a) 0.5 h and (b) 2 h.

due to the nature of the FOPT. The full width at half maximum
of entropy change peak (δTFWHM) around TM−A is about
10 K two times larger than that of the as-quenched ribbon
sample [10].

For the case of positive MCEs, |�Sm|max is 1.3 and
1.1 J · kg−1 · K−1 (with �H = 12 kOe) around T A

C = 308
and 316 K for the samples after annealing for 0.5 and 2 h,
respectively. These values are smaller than those of the neg-
ative MCEs. However, the �Sm(T ) curves around T A

C are
distributed over a wide temperature range due to the nature
of the SOPT. In addition, both the samples also exhibited an
extreme with |�Sm|max ≈ 0.3J ·kg−1 ·K−1 for �H = 12 kOe
around 250 K, which can be attributed to magnetic transitions
at the Curie temperature of the martensitic phase.

It should be noted that the maximum magnetic entropy
change of the ribbons can be regulated in room tempera-
ture region by appropriate annealing processes. After anneal-
ing, the maximum positive magnetic entropy change of
Ni50Mn37Sn13 ribbons is shifted from 255 K (the as-quenched
sample) to ∼300 K (the sample annealed at 1123 K for
2 h). Thus, both the positive and negative MCEs of the
ribbons are close to room temperature. Therefore, it is possible
for combining all the positive and negative MCEs of the
Ni50Mn37Sn13 ribbons for magnetic refrigeration application
at room temperature.

In order to understand the nature of the magnetic inter-
actions in the alloys, we investigated their critical behavior
around T A

C by using Arrott plots [20]. The Arrott plots,
M2 versus H /M (Fig. 5), around T A

C were plotted from
M(H ) data. Because the FM–PM transition is continuous,
the spontaneous magnetization (Ms ) and the inverse initial
susceptibility (χ−1

0 ) at different temperatures could be derived
from Arrott plots. The critical parameters of β, γ , and TC

relate to the two above quantities by the following equations:
Ms(T) = M0(−ε)βε < 0 (2)

χ−1
0 (T ) = H0

M0
εγ ε > 0 (3)

where M0 and H0 are the critical amplitudes and ε = (T −
T A

C )/T A
C is the reduced temperature.

δ can be calculated by using the Widom scaling relation [21]

δ = 1 + γ /β. (4)

The linear extrapolations from high magnetic field region
to the intercepts with the M2 and H /M axes give the values
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Fig. 6. Temperature dependence of spontaneous magnetization Ms (T )
and inverse initial susceptibility χ−1

0 (T ) of the Ni50Mn37Sn13 ribbons after
annealing at 1123 K for (a) 0.5 h and (b) 2 h.

of Ms (T ) and χ−1
0 (T ), respectively. The TC , β, and γ were

obtained from fitting Ms (T ) and χ−1
0 (T ) data (Fig. 6) by

using (2) and (3). Meanwhile, δ can be calculated by (4). As
resulted, the ribbons with annealing time for 0.5 h have the
critical parameters of β ≈ 0.43, γ ≈ 1.036, δ ≈ 3.37, and
TC ≈ 308 K. Similarly, for the sample with annealing time of
2 h, those values are β ≈ 0.465, γ ≈ 1.021, δ ≈ 3.23, and
TC ≈ 316 K. One can realize that the TC of the alloy ribbons
obtained from the fittings is mostly equal to that directly
determined from the thermomagnetization measurements. This
means that the procedures of deducing and fitting data are
corrected. In comparison with some standard models such as
mean field theory (β = 0.5, γ = 1, and δ = 3), 3-D Heisen-
berg model (β = 0.365, γ = 1.336, and δ = 4.8), and 3-D
Ising model (β = 0.325, γ = 1.241, and δ = 4.82) [22], our
critical parameters obtained in this method fall between those
of the mean field and 3-D Heisenberg models. The critical
parameters of the ribbons with annealing time of 2 h are closer
to those of the mean field theory of long-range ferromagnetic
orders. This means that these samples mainly have long-range
ferromagnetic orders. According to [12], the as-quenched
Ni50Mn37Sn13 ribbons display short-range FM orders with
β = 0.385 and γ = 1.083. Thus, the annealing process plays
an importance role in establishing long-range FM orders in
Ni50Mn37Sn13 ribbons. After annealing, the austenitic phase
in these ribbons becomes more magnetically homogeneous.

IV. CONCLUSION

Influence of annealing process on magnetic properties,
MCE, and critical parameters of Ni50Mn37−xSnx (x = 13,
13.5, and 14) rapidly quenched ribbons was investigated. The
M–A phase transition temperature TM−A of the ribbons can be
regulated in room temperature region by appropriate annealing
time. After annealing at 1123 K for 2 h, the TM−A of the
sample with x = 13 is raised to ∼300 K. The achieved max-
imum magnetic entropy change, |�Sm|max, of the annealed
Ni50Mn37Sn13 alloy ribbons associated with negative MCE is
3.3 J · kg−1 · K−1 (with �H = 12 kOe) at TM−A ≈ 300 K.
Critical parameters of the annealed ribbons are close to those
of the mean-field model for long-range ferromagnetic orders.
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