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Heusler alloys with nickel rich nominal composition Ni�� Mn� Ga �� � � �� � ��� were prepared by arc-melting and sub-
sequent homogenization by annealing. A large magnetic entropy change around room temperature was observed in the alloy where
martensite-austenite structural and ferro-para magnetic transition temperatures almost coincide with each other. It also shows large
hysteresis in the magnetization isothermals. A sharp peak in the specific heat versus temperature curve indicates a first-order transition
at the temperature of large entropy change.

Index Terms—Austenite phase, Heusler alloys, magnetocaloric effect, martensite phase.

I. INTRODUCTION

MAGNETIC refrigeration based on magnetocaloric effect
has been found to be a promising alternative to the

conventional vapor-cycle technology. Magnetic refrigeration
technology is more energy efficient and environment friendly
compared to the gas refrigeration [1]–[5]. Several magnetic
materials such as Gd Si Ge , MnFeP As , MnAs Sb,
LaFe Si undergoing first-order ferromagnetic to para-
magnetic phase transition are found to be suitable candidates
for magnetic refrigeration as they show large magnetocaloric
effect (MCE) around their Curie temperature [1]–[8]. Recently,
large MCE in non-rare-earth based Ni–Mn–Ga or Ni–Mn–Sn
Heusler alloys has also been reported [9], [10].

During last few years, Ni–Mn–Ga based Heusler alloys
have attracted significant attention due to its large field-induced
strain (up to 9% in Mn-rich single crystals). Both stoichiometric
and off-stoichiometric compounds with composition close to
Ni MnGa undergo a first-order structural transition from tetrag-
onal martensite to cubic austenite on heating (or the reverse
process on cooling) [11], [12], which brings about a funda-
mental difference in the magnetic properties of low-temperature
martensitic and high-temperature austenitic state, causing an
abrupt change of magnetization. The possible martensite
structures can be non-modulated (termed as NM, ,
five layer modulated and seven layer
modulated martensite. Depending on the
composition, each phase can be ferromagnetic or paramagnetic
at room temperature. It is found that martensitic transformation
and Curie temperature are strongly influenced by the alloy
composition and a large change in entropy, and hence MCE
is observed when the structural transition coincides with the
magnetic transition at the Curie temperature [9], [10].

In the previous studies, giant MCE was reported in the single
crystals of Ni–Mn–Ga [9], [10]. In the present work, magnetic
properties of similar polycrystalline alloys with nickel-rich
composition were studied to understand the effect of substi-
tuting Mn with Ni. Giant MCE was observed around room

TABLE I
NOMINAL AND FINAL COMPOSITIONS OF THE ALLOYS

temperature in the polycrystalline alloy where martensitic tran-
sition temperature almost coincides with the Curie temperature.

II. EXPERIMENTAL

Ingots with nominal composition of Ni Mn Ga
were prepared by arc-melting followed by long

term annealing at 1273 K for 72 h keeping them in a sealed
vacuum quartz ampoules. The composition of the alloys ob-
tained by chemical analysis (inductively coupled plasma-optical
emission spectroscopy) was slightly different from the nom-
inal composition and they are shown in Table I. The phase of
the samples was determined from the X-ray diffraction pattern
at room temperature (XRD, Philips X’Pert, Co radiation).
The microstructure of the samples was analyzed by an optical
microscope (Nikon, EPIPHOT 300). The martensite–austenite
transition temperature of the samples was investigated using a
differential scanning calorimeter (DSC, Perkin Elmer Pyris 1)
with heating and cooling rate of 5 K/min. A SQUID magne-
tometer (Quantum Design, MPMS-5S) was used to study the
magnetic properties of the samples. The Curie temperature was
determined from the M versus T measurements. Magnetocaloric
effect was characterized by calculating the change in magnetic
entropy, from the magnetic measurements. The specific
heat was measured using a PPMS (Quantum Design).

III. RESULTS AND DISCUSSIONS

Henceforth, the samples will be identified with their final
composition. Fig. 1 shows the XRD pattern at room temperature
of samples (a) Ni Mn Ga and (b) Ni Mn Ga
with martensitic transition temperatures, respectively, below
and above room temperature (observed from the DSC study).



Fig. 1. X-ray diffraction pattern of (a) Ni Mn Ga and (b)
Ni Mn Ga alloys at room temperature.

Fig. 2. Surface morphology of Ni Mn Ga alloy as observed by optical
microscope.

As depicted in Fig. 1(a), samples with martensitic transi-
tion temperature below room temperature show a cubic L2
structures (space group Fm m) at room temperature with
lattice parameter which is in good agreement with
earlier reports [9], [13]. XRD pattern in Fig. 1(b) shows non-
modulated (NM) martensite phase at room temperature [14].
Microstructure of sample Ni Mn Ga taken with an
optical microscope at room temperature is shown in Fig. 2.
It exhibits twin boundaries at room temperature which is an
indication of martensite phase as observed from XRD also [15].
Fig. 2 also shows large grain size of more than 500 m in the
sample.

Magnetization versus temperature curves of
Ni Mn Ga Ni Mn Ga and Ni Mn Ga
are shown in Fig. 3. On cooling the sample Ni Mn Ga
(Fig. 3(a)), a ferromagnetic transition takes place at the Curie
temperature K with a sudden large increase in
magnetization. A sharp downward jump occurs at a temperature
of 263 K indicating the start of martensitic transformation
from austenite to martensite phase. On further cooling, again

Fig. 3. Temperature hysteresis of structural and magnetic transition observed
in (a) Ni Mn Ga. (b) Ni Mn Ga. (c) Ni Mn Ga.

an abrupt increase of magnetization is observed around a
temperature of 209 K revealing another distinct structural
transformation called intermartensitic transformation [13],
[16]. The latter transformation is usually observed in alloys
where martensitic transition takes place at a temperature near
or higher than room temperature and is found to be a first-order
phase transformation between martensites with different struc-
tures. On increasing the temperature, similar transformations
are observed, but in reverse order with some hysteresis effect.
The sample Ni Mn Ga in Fig. 3(b) also shows similar
transformation with martensitic transformation temperatures
and ferro-para Curie temperature almost coincide with
each other [12]. On further increasing Ni content, martensitic
transition below is not observed (for Ni Mn Ga in
Fig. 3(c)). The increase of martensitic transition temperatures
in these Ni–Mn–Ga alloys with nickel content is attributable
to the increase in valence electron concentration e/a due to
the Hume–Rothery mechanism [12]. The lowering of
from sample Ni Mn Ga to Ni Mn Ga has
presumably a different origin. Since in Ni–Mn–Ga alloys
the magnetic moment of is located on the Mn atoms,
decrease of in Ni Mn Ga can be explained considering
the dilution of magnetic moment located on Mn atoms [11],
[12]. In Ni Mn Ga, higher is observed due to the
difference in Curie temperatures of martensite and austenite
phase [12], [17]. Magnetization versus temperature curves of
Ni Mn Ga in presence of 100 Oe, 20 kOe, and 50 kOe
are shown in Fig. 4.

Magnetic isotherms of the samples around their Curie and
martensitic transition temperatures were measured at 3 K tem-
perature intervals and up to a maximum magnetic field of 50
kOe. MCE has been determined for all the samples by calcu-
lating the change in magnetic entropy due to a magnetic



Fig. 4. M versus T curves of Ni Mn Ga in presence of 100 Oe, 20
kOe, and 50 kOe magnetic field.

Fig. 5. Magnetic isotherms of Ni Mn Ga (a) from 279 K to 303 K at
the interval of 3 K and (b) from 287 K to 292 K at the interval of 0.5 K.

field change of 0–50 kOe using the Maxwell’s thermodynamic
relations [18]

(1)

Among the above samples, Ni Mn Ga composition
in which magnetic and structural transition temperatures are
very close to each other, shows a maximum change in .
M versus H curves of this sample taken at 3 K intervals are
shown in Fig. 5(a) within the temperature range of 279 K to
303 K. Large change in magnetization with temperature along
with significant hysteresis effect is observed between 290 K and
292 K. To study this part more precisely, M versus H data have
been taken within 287 K and 292 K at 0.5 K intervals and they
are shown in Fig. 5(b). The maximum value of calcu-
lated using (1) are found to be J/Kg.K at 290.75 K with

K as shown in Fig. 6. Similar large change in
( J/kg.K) was also reported earlier for single crystals of
Ni–Mn–Ga Heusler alloys [9], [10]. Large hysteresis observed
in M versus H curves of Ni Mn Ga is perhaps due to
field-induced transitions from paramagnetic austenite to ferro-
magnetic martensite phase. Large change in shown by the
same alloy is caused by the combination of martensitic, inter-
martensitic and magnetic transitions.

Fig. 6. Temperature dependence of the isothermal magnetic entropy change
�� of Ni Mn Ga alloy calculated from (1).

Fig. 7. Temperature dependence of specific heat at a constant pressure, � of
Ni Mn Ga.

Equation (1) is used to estimate in case of equi-
librium thermodynamics and may give significant error if
applied for calculating due to first-order transition.
Therefore, to verify our above results, has also been
estimated from Fig. 4 using Clausius–Clapeyron equation

and was found to be around
J/Kg.K much less than that calculated from Fig. 5. Similar

difference in the values of was also reported earlier [10]
due to the error in both the methods of calculation.

To estimate roughly the value of adiabatic temperature
change the specific heat at constant pressure has been
measured for the samples in absence of any magnetic field [19]
and it is shown in Fig. 7 for the sample Ni Mn Ga.
The thermal variation of shows a large peak at 289 K close
to the temperature corresponding to the maximum value of

. Taking calculated from (1), a significant value of
K is obtained at 289 K even if it is calculated

with the maximum value of for . However, for the
exact calculation of , field dependence of should be
taken. As in presence of a magnetic field is much smaller
than at , the actual value of should be even
higher than that estimated above [4].

The above study indicates that martensite-austenite structural
transition and ferro-para magnetic transition in nickel rich poly-



crystalline Ni Mn Ga alloys can be tuned by changing the
composition. Both the transitions coincide with each other in the
composition Ni Mn Ga giving rise to a large isothermal
magnetic entropy change. Isothermal magnetization measure-
ments of the same composition exhibits metamagnetic like field
induced transition with large hysteresis. These materials will be
very useful for magnetic refrigeration if this large hysteresis ef-
fect is reduced by any means.
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