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Nickel-rich Ni–Mn–Ga Heusler alloys were prepared by arc melting and subsequent
homogenization by annealing. A large magnetic entropy change was observed around 291 K in the
alloy where martensite-austenite structural and ferro-para magnetic transitions almost coincide with
each other. The effect of hydrostatic pressure of up to 8 kbar on magneto-structural transitions,
magnetocaloric effect, and magnetic hysteresis was studied. The martensitic transition temperature
as well as the Curie temperature TC was found to increase, whereas the magnetic entropy change
��SM

I. INTRODUCTION

During the past few years, magnetic refrigeration has
attracted significant attention as it is found to be more energy
efficient and environment friendly compared to the conven-
tional gas refrigeration.1–5 Large magnetocaloric effect
�MCE� was observed in several magnetic materials such as
Gd5Si2Ge2, MnFeP1−xAsx, MnAs1−xSb, and LaFe13−xSix un-
dergoing first-order ferromagnetic to paramagnetic phase
transition and these materials are found to be suitable candi-
dates for magnetic refrigeration.1–8 Recently, large MCE was
also reported in nonrare-earth based Ni–Mn–Ga or Ni–
Mn–Sn Heusler alloys, well known for their magnetic shape-
memory effect.9,10

Ni–Mn–Ga based Heusler alloys have two main
phases.11,12 Both stoichiometric and off-stoichiometric com-
pounds with composition close to Ni2MnGa show a cubic
L21 austenite phase at higher temperature. Upon cooling the
alloy, it undergoes a martensitic transformation to a marten-
site phase. The possible martensite structures can be non-
modulated �termed as NM, c /a=1.2�, five layer modulated
�10 M, c /a=0.94� and seven layer modulated �14 M, c /a
=0.9� martensite. Depending on the composition, each phase
can be ferromagnetic or paramagnetic at room temperature.
On changing the temperature a first-order structural transi-
tion takes place between these two phases at martensitic tran-
sition temperature causing an abrupt change in magnetiza-
tion. 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

Giant MCE in the single crystal of Ni–Mn–Ga Heusler
alloys with large hysteresis was previously reported.9,10 In
the present work, nickel-rich Ni–Mn–Ga polycrystalline al-

loys were prepared and studied to understand the effect of
substituting Mn with Ni on the structural and magnetic tran-
sition. Giant MCE with significant hysteresis was observed
around room temperature in the alloy where martensitic tran-
sition temperature almost coincides with the Curie tempera-
ture. The influence of reduction in interatomic distances by
applying a hydrostatic pressure of 8 kbar on MCE and other
magnetic properties was also investigated.

II. EXPERIMENTAL

Polycrystalline ingots of Ni–Mn–Ga alloys were pre-
pared by arc melting. We started with the nominal composi-
tion Ni2+xMn1−xGa �x=0.16, 0.18, 0.20, 0.22, 0.24, 0.26�.
Arc-melted ingots were annealed for homogenization at 1273
K for 72 h keeping in a sealed vacuum quartz ampoule. The
composition of the alloys obtained by chemical analysis �in-
ductively coupled plasma-optical emission spectroscopy
�ICP-OES�� was found to be slightly different from that of
the nominal composition of the alloys and both the compo-
sitions of all the alloys were mentioned in Table I. A part of
each sample was polished for taking x-ray diffraction pattern
at room temperature �XRD, Philips X’Pert, Co K� radiation�
for crystallographic phase identification. The microstructure
of the samples was analyzed by an optical microscope �Ni-
kon, EPIPHOT 300�. The martensite-austenite transition
temperature of the samples was investigated using a differ-
ential scanning calorimeter �DSC, PerkinElmer Pyris 1� with
heating and cooling rate of 5 K/min. The Curie temperature
and MCE effect were determined from the magnetic mea-
surements using a superconducting quantum interference de-
vice �SQUID� magnetometer �Quantum Design, MPMS-5S�.
The specific heat was measured using a physical properties
measurement system �PPMS� �Quantum Design�. Magneti-
zation measurements were performed from the ambient pres-
sure up to 8 kbar using a CuBe pressure cell in the SQUID
magnetometer with a magnetic field up to 50 kOe.a�Electronic mail: kalyan@bose.res.in.

� decreases slightly due to the application of hydrostatic pressure. The large hysteresis observed
in M versus H curve at the ambient pressure almost vanishes due to the application of 8 kbar
pressure.
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III. RESULTS AND DISCUSSION

Henceforth the samples will be denoted by their post-
preparation composition determined by ICP-OES as men-
tioned in Table I. The thermal behavior of six samples stud-
ied by DSC measurements has been plotted in Fig. 1. On
heating the samples, an endothermic peak is observed indi-
cating the martensite to austenite structural transition. Simi-
larly reverse transition is characterized by an exothermic
peak. In all cases, exothermic peaks appear at lower tempera-
tures compared to endothermic peaks. For the first sample
�Ni2.136Mn0.798Ga�, the martensite-austenite transformation
temperatures �MS, martensite start; Mf, martensite finish; AS,
austenite start; Af, austenite finish� determined from the Fig.
1 are MS=252 K, Mf =243 K, AS=258 K, and Af =267 K.
All these temperatures increase significantly12 in the last

sample �Ni2.282Mn0.633Ga� due to the increase in Ni content
at the cost of Mn and they are MS=414 K, Mf =401 K, AS

=469 K, and Af =475 K. Ms, Mf, As, and Af of all the
samples are shown in Table I. The martensitic transformation
temperature Tm, defined as Tm= �Ms+Af� /2 are also pre-
sented in the same table.

Figure 2 shows the XRD pattern at room temperature of
samples Ni2.151Mn0.771Ga, Ni2.208Mn0.737Ga,
Ni2.219Mn0.689Ga, and Ni2.282Mn0.633Ga. As depicted in Fig.
2�a�, sample Ni2.151Mn0.771Ga with martensitic transforma-
tion temperature below room temperature �Tm=270 K� show

a cubic L21 structures �space group Fm3̄m� at room tempera-
ture with lattice parameter 5.786 Å, which is in good agree-
ment with earlier reports.9,13 XRD pattern in Figs. 2�b� and
2�c� for Ni2.208Mn0.737Ga and Ni2.219Mn0.689Ga, respectively,
show cubic L21 structures as well as NM martensite phase as
their structural transition temperatures are close to the room
temperature. Sample Ni2.282Mn0.633Ga �Fig. 2�d�� with Tm

=445 K show only NM martensite phase.14 Microstructure
of Ni2.151Mn0.771Ga and Ni2.282Mn0.633Ga taken with an opti-
cal microscope at room temperature are shown in Fig. 3. The
first one, which shows austenitic L21 phase at room tempera-
ture, does not show any twin boundary at room temperature
as observed in Fig. 3�a�. On the other hand, the second one,
which shows NM martensite phase in XRD spectra, exhibits
twin boundaries at room temperature �Fig. 3�b��.15 In both
samples large grain size of more than 500 �m is observed.

TABLE I. MS, Mf, AS, Af, Tm, and TC of Ni2+xMn1−xGa alloys.

Nominal
composition
of the alloy

Composition
of the alloys
determined

by ICP-OES
MS

�K�
Mf

�K�
AS

�K�
Af

�K� Tm

TC

�K�

Ni2.16Mn0.84Ga Ni2.136Mn0.798Ga 252 243 258 267 260 328
Ni2.18Mn0.82Ga Ni2.151Mn0.771Ga 254 245 260 270 262 319
Ni2.2Mn0.82Ga Ni2.191Mn0.732Ga 308 296 318 347 328 320
Ni2.22Mn0.78Ga Ni2.208Mn0.737Ga 279 268 287 297 288 305
Ni2.24Mn0.76Ga Ni2.219Mn0.689Ga 310 297 327 337 324 324
Ni2.26Mn0.74Ga Ni2.282Mn0.633Ga 414 401 469 475 445 325

FIG. 1. �a� Heating and �b� cooling part of differential scanning calorimetry
study of all the Ni–Mn–Ga samples �rate 5 K/min�.

FIG. 2. XRD pattern of �a� Ni2.151Mn0.771Ga, �b� Ni2.208Mn0.737Ga, �c�
Ni2.219Mn0.689Ga, and �d� Ni2.282Mn0.633Ga at room temperature.



Magnetization versus temperature curves of samples
Ni2.136Mn0.798Ga, Ni2.151Mn0.771Ga, Ni2.208Mn0.737Ga, and
Ni2.282Mn0.633Ga have been shown in Fig. 4. On cooling the
first sample �Ni2.136Mn0.798Ga� �Fig. 4�a��, a ferromagnetic
transition takes place at the Curie temperature TC=328 K
with a sudden large increase in magnetization. A sharp down-
ward jump occurs at a temperature of 264 K indicating the
start of martensitic transformation from austenite to marten-
site phase. On further cooling, again an abrupt increase in
magnetization is observed around a temperature of 199 K
revealing another distinct structural transformation called in-
termartensitic transformation.13,16 The latter transformation
is usually observed in alloys with Tm near or higher than
room temperature and is found to be a first-order phase trans-
formation between martensites with different structures at
temperatures lower than Tm. With the increase in temperature
from 100 K, same transformations are observed, but in re-

FIG. 3. Surface morphology of samples
Ni2.151Mn0.771Ga and Ni2.282Mn0.633Ga at room tempera-
ture as observed by an optical microscope.

FIG. 4. Temperature hysteresis of structural and magnetic transitions of four
samples observed at ambient pressure and in the presence of 8 kbar pressure
��b� and �c� only�.



verse order with some hysteresis effect. Samples
Ni2.151Mn0.771Ga �Fig. 4�b��, Ni2.191Mn0.732Ga, and
Ni2.208Mn0.737Ga �Fig. 4�c�� also show similar transformation
with martensitic transformation temperatures and ferro-para
Curie temperature TC coming closer to each other with the
increase in Ni content.12 For Ni2.208Mn0.737Ga, the two tran-
sition temperatures almost coincide with each other. On fur-
ther increasing Ni content �Fig. 4�d��, martensitic transition
below TC is not observed. The Curie temperatures deter-
mined from the M versus T measurements are reported in
Table I and they are close to the results reported previously
for the similar compositions.12

The increase in Tm in these Ni–Mn–Ga alloys with
nickel content is attributable to the increase in electron con-
centration e /a due to the Hume–Rothery mechanism.12 The
lowering of TC within the first four samples, is due to the
dilution of magnetic moment located on Mn atoms.12 In the
last two alloys, TC increases due to the difference in Curie
temperatures of martensite and austenite phases.12,17 M ver-
sus T measurements of Ni2.208Mn0.737Ga in the presence of
1000 Oe, 20 kOe, and 50 kOe have been shown in Fig. 5.
Martensite to austenite structural transitions observed with
H=100 Oe �Fig. 4� disappears at higher applied magnetic
field �Fig. 5� due to the shift in structural transition tempera-
ture above TC.

Magnetic isotherms of the samples around their mag-
netic and structural transition temperatures were measured at
3 K temperature intervals and up to a maximum magnetic
field of 50 kOe. MCE has been determined from these curves
by calculating the change in magnetic entropy �SM due to a
field change of 0–50 kOe using the Maxwell’s thermody-
namic relations,18

�SM = �
0

H dM

dT
dH . �1�

Among the above samples, only Ni2.208Mn0.737Ga in which
TC and Tm are very close to each other shows a large change
in �SM. M versus H curves of this sample taken at 3 K
intervals are shown in Fig. 6�a� within the temperature range
of 279 to 303 K. Large change in magnetization with tem-
perature along with significant hysteresis effect is observed
within 290 and 292 K. To study this part more precisely, M
versus H data were taken within 287 and 292 K at 0.5 K
intervals and they are shown in Fig. 6�b�. Maximum value of

�SM calculated using Eq. �1� is found to be �96 J/kg K at
290.75 K with �T=0.5 K as shown in Fig. 7. Similar large
change in �SM ��86 J/kg K� was also reported earlier for
single crystals of Ni–Mn–Ga Heusler alloys.10 Metamagneti-
clike transition along with large hysteresis observed in M
versus H curves of this sample is perhaps due to field-
induced transitions from paramagnetic austenite to ferromag-
netic martensite as indicated by Fig. 5 also. Large change in
�SM shown by the same alloy is caused by the combination
of martensitic and magnetic transitions. The values of �SM

of these samples are found to be very composition sensitive.
Though Ni2.208Mn0.737Ga shows very large �SM, samples
with compositions very close to it such as Ni2.191Mn0.732Ga
and Ni2.219Mn0.689Ga show maximum �SM �6.3 at 217.5 K
and 14.1 J/kg K at 222.5 K, respectively. Other samples
show even much smaller magnetic entropy change.

Estimation of �SM using Eq. �1� is acceptable in case of
equilibrium thermodynamics and may give significant error
if it is applied for calculating �SM due to first-order transi-
tion. Therefore to verify our above results, �SM has also
been estimated from Fig. 5 using Clausius–Clapeyron equa-
tion dH /dT=−�SM /�M. In Fig. 5, with dH /dT
�1.17 T /K and �M �18 emu /g at H=1000 Oe, �SM was
found to be around �21 J/kg K, much less than that calcu-

FIG. 5. M vs T curves of sample Ni2.208Mn0.737Ga with H=1000 Oe, 20
kOe, and 50 kOe.

FIG. 6. Magnetic isotherms of sample Ni2.208Mn0.737Ga at ambient pressure
�a� from 279 to 303 K at the interval of 3 K and �b� from 287 to 292 K at the
interval of 0.5 K.

FIG. 7. Temperature dependence of the isothermal magnetic entropy change
�SM of sample Ni2.208Mn0.737Ga at ambient pressure and in the presence of
8 kbar pressure.



lated from Fig. 6. Similar difference in the values of �SM

was also reported earlier10 due to the error in both methods
of calculation.

The effect of hydrostatic pressure on magnetic and MCE
properties was also studied. A pressure of 8 kbar shifts the
martensitic transition temperatures as well as the Curie tem-
perature TC of the samples toward higher temperature as
shown in Fig. 4 for samples Ni2.151Mn0.771Ga and
Ni2.208Mn0.737Ga. Similar shift was also observed earlier by
Albertini et al.19 For the first sample �Fig. 4�b��, dMS /dp
�0.60 K /kbar and dTC /dp�0.46 K /kbar, which is very
close to the corresponding values �0.58 and 0.47 K/kbar, re-
spectively� for similar composition reported earlier.19 Figure
8 shows the M versus H curves of Ni2.208Mn0.737Ga in the
presence of 8 kbar pressure taken at the intervals of 3 K �Fig.
8�a�� and 0.5 K �Fig. 8�b��. The �SM in the presence of 8
kbar pressure calculated using Eq. �1� is approximately �86
J/kg K at 297.0 K with �T=0.5 K as shown in Fig. 7 also.
Therefore, from the calculation with �T=0.5 K, it is ob-
served that the peak value in �SM reduces in magnitude and
shifts toward higher temperature due to the application of a
hydrostatic pressure of 8 kbar. The large magnetic hysteresis
observed in the M versus H curves at ambient pressure �Fig.
6� almost disappears due to the application of 8 kbar pressure
�Fig. 8�.

To estimate the value of adiabatic temperature change,
�Tad, the specific heat at constant pressure Cp was measured
for the sample Ni2.208Mn0.737Ga in the absence of any mag-
netic field20 and it is shown in Fig. 9. A large peak at 289 K
close to the temperature corresponding to the maximum
value of �SM is observed. A significant value of �Tad�
−5.9 K is obtained at 289 K even if it is calculated with the
maximum value of Cp for H=0 and ��SM�=−96 J /kg K.
However, in the calculation of �Tad, the field dependence of
Cp should be incorporated. As Cp in the presence of a mag-
netic field is much less than Cp at H=0, the actual value of
�Tad should be even higher than that estimated above.4

IV. CONCLUSIONS

Nickel-rich polycrystalline Ni2+xMn1−xGa alloys were
prepared by arc melting followed a by thermal annealing.
The martensite-austenite structural transition temperature al-
most coincides with the ferroparamagnetic transition tem-
perature for the composition Ni2.208Mn0.737Ga giving rise to a
large isothermal entropy change. Isothermal magnetization
measurements of the same composition exhibits metamag-
neticlike field induced transition with large hysteresis, which
almost vanishes due to the application of a hydrostatic pres-
sure of 8 kbar.
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