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The magnetocaloric effect (MCE) is a good chance to create a more efficient refrigeration technique, both in energy and environmental
friendliness. On the search for materials with large MCE (mainly characterized by a great magnetic entropy variation) in a wide tem-
perature range around room temperature, this work focuses on the widely studied Heusler alloy and the influence of bismuth alloying
in the stoichiometry������� in an attempt to make the magnetic and structural transition temperatures, �� and��, come closer,
and therefore create a large MCE. In addition, we discuss the influence of alloying processes on the magnetic anisotropy. Our results
have in fact increased �� and decreased ��, but Bi substitution in Ga site (from 0 up to 5%) has been insufficient to merge those two
transitions. The maximum magnetic entropy change was found to be 3.8 J/kg.K for the pure sample (without Bi) and 2.2 J/kg.K for
sample 4 (maximum Bi concentration).

Index Terms—Heusler alloy, magnetocaloric effect, memory shape, �������.

I. INTRODUCTION

THE Heusler alloy is widely studied due to its
particular magnetic properties and applications. We can

cite, for instance, the memory shape properties and a first-order
structural transition from martensitic to austenitic phase [1], [2],
both of which are ferromagnetic. Freestanding Ni-Mn-Ga thin
films have also been used into the first prototypes of microactu-
ators, for optical applications [3]. The studied alloy
has a critical temperature of about 375 K [1], [4], [6]–[8],
and undergoes a first-order structural transition between tetrag-
onal martensitic and cubic austenitic phase at a temperature
at about 200 K [1], [2], [4], [6], [8]. It has a saturation magnetiza-
tion of 4.17 (per formula unit) below the structural transition
temperature [4], [8], [9] and 3.90 above [8]. Accompa-
nying the magnetic transition at and the structural transition
at , this alloy presents large magnetocaloric effect (MCE),
with a considerable magnetic entropy change.

The MCE is in simple terms the increase in temperature of
a magnetic material due to the application of a magnetic field,
as it can be observed in an adiabatic process. It can also be un-
derstood in an isothermal process as a heat exchange between
the material and a thermal reservoir, also due to a magnetic field
change. From the quantitative point of view, the MCE is mea-
sured through the isothermal magnetic entropy change or
adiabatic temperature change ; both quantities are de-
rived from thermodynamic relationships and, to obtain those,
the measurement of magnetization and specific heat as a func-
tion of temperature and magnetic field are needed.

It is straightforward the idea to produce a thermo-magnetic
cycle based on the isothermal and/or adiabatic processes, using
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therefore the Brayton and Ericsson cycles, respectively; and in-
deed, this idea began in the late 1920s, when cooling via adi-
abatic demagnetization was proposed by Debye [10] and Gi-
auque [11]. The process was after demonstrated by Giauque and
MacDougall, in 1933, by which they reached 250 mK [12].

In this particular work, we will only consider the isothermal
process and the to characterize the MCE, using therefore
the following equation (that results from one of Maxwell’s re-
lations):

(1)

As is given as the derivative of the magnetization in order
of temperature, it will be maximum around large jumps of mag-
netization, such as those close to and ; also it may be
described as a function of the area between magnetic isotherms
[13]. Application of this equation for the calculation of the MCE
for first-order transitions is a matter under discussion [14]. The
structural transition at has an entropy change of 5 J/kg.K
[8], while the magnetic transition at has 1.29 J/kg.K [9].
However, this alloy has a high compositional sensitivity, and
both transitions have been coupled into a single one, either by
changing stoichiometry, or by substituting some elements in the
alloy, resulting in a giant magnetocaloric effect (GMCE) [5],
with a magnetic entropy change of about 20 J/kg.K [15].

In typical systems, the dominant entropy change is associated
with the first-order phase transition [16], but by merging the two
transitions, or at least bringing them into close proximity, the
coincidence of a first-order magnetic transition and its attendant
structural phase change with a second-order magnetic transition
causes that both the magnetic and crystallographic sublattices
are easily affected by the magnetic field when it is applied [17].
The MCE of materials undergoing coupled magneto-structural
transformations arises from the added difference of the entropies
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of the two crystallographic modifications (polymorphs) of the
material [17].

The phenomenon of coupled magnetic and structural phase
transitions is very rare in condensed-matter physics [18] and is
usually achieved by careful compositional tuning.

Thus, our objective is to study the high magnetic anisotropy
of the two phases (martensitic and austenitic) of pure and Bi
substituted alloys (from 0% up to 5%) through measurements
of the magnetization and magnetic entropy change. We also dis-
cuss the possible merging of and due to Bi substitution
in a usable temperature range for magnetic refrigeration.

II. EXPERIMENTAL PROCEDURE

A. Sample Preparation

We have prepeared four samples: one pure
sample, without Bismuth (sample 1), and three others with
Bismuth, with (sample 2), (sample 3), and

(sample 4). All the samples were prepared in a Buhler
arc melting furnace, at IFIMUP-University of Porto, with the
appropriate amount of constituent elements. The furnace works
with a water-cooled copper crucible and was pre-evacuated
better than and refilled with high-purity argon
gas. The samples were arc melted twice to obtain homogeneous
samples. Afterwards, the samples were subjected to heat treat-
ment. The samples were sealed in evacuated quartz tubes and
annealed at 1260 K for ten days and then quenched in water.
As a secondary treatment, the samples were manually grinded
in an agate mortar and pestle, compacted with five tonnes,
wrapped in Tantalum, and encapsulated in vacuumed quartz
and sinterized for ten more days at 1260 K.

B. Characterization

1) X-Ray Diffraction: This analysis was performed at the
University de Trás-os-Montes e Alto Douro (UTAD) using a
multichannel x-ray diffractometer with a Cu and CuKalpha radi-
ation. The sample was characterized and a single phase, at least
within the X-ray resolution was found, possible impurity phases
are lower than 5% vol. Then, using the refinement procedure of
the PowderCell software, the crystal structure and lattice param-
eters were analyzed.

2) Energy Dispersive X-Ray Spectroscopy EDS: In order to
check the homogeneity and stoichiometry of the samples, an
EDS/SEM was used, more precisely the Phillips-FEI/Quanta
400, from UTAD. To achieve a more reliable result, up to six
measurements were performed on each sample. These results,
presented in the next section, can be obtained within 5% of cer-
tainty.

3) Magnetic Measurements: The magnetic measurements
M(T,H) were performed with a vibrating sample magnetometer
(VSM) at the University of Aveiro, with a field range from 0 to
10 T and a temperature range from 5 to 300 K. At IFIMUP-Uni-
versity of Porto, also using a VSM magnetometer we had access
to a temperature range from 300 to 500 K, with a field range of
0 up to 1 T.

Fig. 1. Magnetization as a function of temperature, for all samples prepared,
i.e., from 0% up to 5% of Bi in the Ga site. We can observe an increasing of�
transition and decreasing of � , by adding Bi.

III. RESULTS AND DISCUSSION

A. X-Ray Diffraction

X-ray diffraction performed on the Bismuth alloyed sam-
ples before the second treatment revealed a small quantity of
segregated Bismuth, indicating that the Bismuth was not fully
incorporated in the microstructure of the material. However
x-ray diffraction after the grinding, compacting, and sintering
no longer show this segregation, meaning that the Bismuth
has completely entered the lattice. Using Rietveld refinements,
we measured a lattice parameter of 5.8166 , similar in all
samples, possibly due to the small percentages of Bismuth
used. This system crystallizes in a cubic structure with Fm3m
space group, for the austenitic phase (room temperature).

B. Magnetic Measurements

In order to check the variations of and , we measured
magnetization in order of temperature for small fields. The re-
sults can be seen in Fig. 1.

There was a decrease in the thermal hysteresis around
for the alloyed samples. Hysteresis has dropped from 6 K for
sample 1 (without Bi) to under 1 K in all the other samples. On
the other hand, the hysteresis of the structural transition has in-
creased, from 11 K for the sample 1 to 20 K in all other samples.
As expected, and have come closer. has changed
from 200 K to 219 K and from 375 K to 368 K. These
changes were equal in all alloyed samples.

1) Magnetic Anisotropy: From a set of isothermal measure-
ments around , we could obtain the results presented in Fig.
2, and from these, we determine the variation of magnetization
with temperature, Fig. 3. This behavior is similar in all samples.

There is a distinct magnetic behavior for the two structural
phases, revealed by the change of shape of the isothermal mag-
netization curves, Fig. 2. The visible crossing of the isothermal
magnetization curves, at 1.5 T for sample 1 and 1.2 T for all
other samples, reveals different magnetic anisotropies between
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Fig. 2. Magnetization versus applied magnetic field for sample 4 (5% of Bi)
around the structural transition revealing two distinct magnetic behaviors for the
two structural phases.

Fig. 3. Magnetization versus temperature for sample 4 around the structural
transition temperature revealing the change in the magnetization slope for var-
ious magnetic fields. As the sample’s magnetization for high fields above �
is lower that below, due to the magnetic anisotropy of the two structural phases,
we measure a decrease in the value of magnetization, whereas for low fields, we
measure an increase.

the martensitic and austenitic phases. Above , the magneti-
zation reveals a softer ferromagnetic behavior, easily reaching
its saturation magnetization. Below this temperature, however,
the saturation magnetization is reached much slower and its
value is higher, indicating either an increase of the magnetic
anisotropy, when going from the martensitic to the austenitic
phase, or a change in the easy-direction of the magnetization
[2].

The behavior described above is also reflected in the magne-
tization curves as a function of temperature, as seen in Fig. 3.
There we can see that for curves corresponding to low fields
(below 1.5 T in sample 1 and 1.2 T for all other samples), for in-
creasing temperature around , the magnetization increases,
while for high fields, the magnetization actually decreases. For
fields closer to the isotherm crossing, there is a very small mag-
netization jump around . This is easily understood by ob-

Fig. 4. Magnetic entropy variation versus temperature for sample 4 for various
values of applied magnetic field. As the magnetic isotherms invert their positions
relatively to one another, according to [1], after the isothermal crossing the value
of �� will start to decrease.

serving Fig. 2; before the isothermal crossing (below 1.5 T for
sample 1 and 1.2 T for all other samples), for equal values of
magnetic field, we find that they display a growing magnetic
moment, reflected in Fig. 3 as a jump in the magnetic moment
at for curves corresponding to low field values. After the
isothermal crossing, however, as temperature increases, for the
equal magnetic field values, the isotherms display a gradual de-
crease of magnetic moment, as they have inverted their positions
relatively to one another, reflected in Fig. 3 as the visible fall of
magnetic moment for 2 T, 4 T, and 10 T.

According to (1), this magnetic behavior will obviously have
repercussions in the magnetic entropy change. This is shown in
Fig. 4.

The maximum value of increases up to 1.2 T, where there
is the crossing of the isothermal magnetization curves. This be-
havior is similar in samples 2, 3, and 4. In sample 1, as already
mentioned, the isothermal curves crossing occurs at 1.5 T, being
the applied field where we will find the maximum magnetic en-
tropy change. This result is expected because is a function
of the area between magnetic isotherms. Before the isotherm
crossing, we have a positive area between isotherms, creating
the positive , after the crossing, as the isotherms invert their
positions, the area between them becomes negative, reflecting in
the decrease and eventual negative value of . As we increase
the magnetic field change, there will be a decreasing of the max-
imum magnetic entropy change and only at 8 T for sample 1,

7.3 T for sample 2, and 6.2 T for samples 3 and 4, both areas
(above and below the crossing of magnetization curves) are bal-
anced, and consequently, the magnetic entropy change is zero.

By monitoring the maximum values of the magnetic entropy
curves for all four samples for several applied magnetic fields,
we obtain therefore Fig. 5. We can clearly see the increase in
the maximum peak value, reaching its maximum around 1.5 T
for sample 1 and 1.2 for all the other samples, which steadily
decreases from this value on. From this result, we can conclude
that the use of the stoichiometric alloy for magnetic cooling pur-
poses around the structural transition is limited to the use of
fields below 1.5 T, having its maximum entropy variation value
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Fig. 5. Maximum magnetic entropy change as a function of applied field
change, for all samples. The value of �� increases as the magnetic isotherms
crossing field is reached; after this point, due to the magnetic anisotropy of the
two structural phases, �� steadily decreases. All alloyed samples present a
much lower value of ��.

of about 3.8 J/Kg.K; any field above this value will in fact re-
duce its magnetocaloric power.

IV. CONCLUSION

Taking advantage of the Heusler alloy’s high composition
sensitivity, we produced four different samples with different
percentages of Bi in an attempt to merge the structural and mag-
netic transition temperatures for magnetocaloric purposes. We
also aimed to see what effect this would have on the high mag-
netic anisotropy of the two structural phases of this alloy.

For our alloyed samples, we observed an increase in and
a decrease in , as was our objective, making the Bismuth al-
loying a promising method to possibly merge the two transitions
and possibly generate a giant magnetocaloric effect near room
temperature. However, we measured a much smaller value of the

maximum than expected, 2.2 J/kg.K at 1.2 T. This, despite
the previous conclusion, compromises their use for magnetic re-
frigeration purposes. As such, these results point to the obvious
continuation of the study of Bismuth alloying of the
alloy, to see how far it is possible for and to come close
using this method.

For our pure sample (sample 1), we have found
that its use for magnetic cooling purposes around the structural
transition is limited to fields below 1.5 T. This is due to the fact
that the two structural phases have very different anisotropies.
The martensitic phase (below ) has a much higher saturation

magnetization than the austenitic phase (above ); as such,
their magnetic isotherms cross at the mentioned field of 1.5 T
(1.2 T for the alloyed samples), as is calculated as a function
of the area between magnetic isotherms. This behavior causes
an inversion in the signal of . As such, we have a maximum
magnetic entropy variation value of about 3.8 J/kg.K; any field
above the previously stated, beyond the isothermal crossing,
will in fact reduce its magnetocaloric power. The same conclu-
sion is applied to the Bi substituted samples.
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