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2+xMn1−xGa �−1�x�0.35� ferromagnetic shape memory alloy
shows a large increase in magnitude at room temperature �RT� with increasing x. For Mn2NiGa
�x=−1�, MR at 8 T is �0.2%, while for Ni2.35Mn0.65Ga �x=0.35�, it is �7.3%. Thus, MR of
Ni2+xMn1−xGa can be varied over one order of magnitude by changing composition �x�. Considering
that the Curie temperature �TC� varies with x, the MR behavior in the austenitic phase is explained
on the basis of the s−d scattering model. By fitting the MR at 8 T in the austenitic phase for different
x and T, a �T /TC�6 power law dependence is obtained. In contrast to the monotonic MR variation
with x, the magnetization at RT is highest for Ni2

I. INTRODUCTION

The large magnetic field induced strain exhibited by
Ni2+xMn1−xGa ferromagnetic shape memory alloys has
started a flurry of activity in this area.1 Besides the actuation
behavior, findings that Ni–Mn–Ga exhibits giant magnetoca-
loric effect2 and negative magnetoresistance �MR�3,4 renders
it as an important material for technological applications.
Biswas et al.3 studied the MR of the bulk ingot of Ni2MnGa
at different temperatures corresponding to the austenitic, pre-
martensitic and martensitic phases and for Ni2.1Mn0.9Ga, 5%
negative MR was reported at 300 K and 8 T.3 A characteristic
cusplike shape of MR�H� observed in the low field in the
martensitic phase well below the Curie temperature
�TC ,T /TC=0.4� was ascribed to the presence of twin and
domain structures. Recently, a negative to positive to nega-
tive switching behavior of MR with decreasing temperature
has been reported for a Mn excess Ni2+xMn1−xGa composi-
tion: Ni1.75Mn1.25Ga.4 This is one of the unique compositions
in the Ni2+xMn1−xGa family that has low martensitic transi-
tion temperature of about 76 K. This enables the study of the
ferroelastic transition much below the Curie temperature
�TC=380 K�, where s−d scattering is negligible. In the aus-
tenitic phase, the negative MR was related to s−d scattering.
However, below 135 K �T /TC=0.35�, where s−d scattering
is negligible, MR was found to be positive �0.3%�; while
below the martensitic transition �T /TC=0.2�, the negative
MR was ascribed to a decrease in electron scattering at the
twin boundaries and domain walls with the application of
magnetic field.4

The properties of Ni2+xMn1−xGa are dependent on com-
position, and the transition temperatures in particular, vary to
a large extent on x.5–7 Doping Ni in place of Mn in
Ni2+xMn1−xGa decreases the Curie temperature �TC� from
376 to 325 K, but increases the martensitic start temperature

�TM� from 210 to 325 K between x=0 and 0.2. At x=0.2, TC

and TM merge, while for x�0.2, TM is larger than TC.6 In Mn
excess compositions, TM exhibits a nonmonotonic variation,
whereas TC increases monotonically with Mn content.7

These changes in properties prompted us to study MR in a
series of well characterized Ni2+xMn1−xGa bulk alloys span-
ning both the Ni excess and Mn excess regions of the phase
diagram for −1�x�0.35. We find that the MR at room tem-
perature �RT� decreases by more than an order of magnitude
from Ni excess �x=0.35� to Mn excess �x=−1� composi-
tions. Such large change in MR could have important prac-
tical application as magnetic sensors. In fact, a composition
spread of Ni–Mn–Ga thin film has been grown on Si wafer
and studied using scanning superconducting quantum inter-
ference device �SQUID� and microdiffraction.8 We explain
the variation of MR in the austenitic phase for different x at
T�300 K by the theoretical calculation of Kataoka9 based
on s−d scattering model. Close to TC �T /TC�0.9�, although
in the martensitic phase, MR is dominated by s−d scattering,
while considerably below TC it is shown to deviate.

II. EXPERIMENTAL DETAILS

The polycrystalline ingots of Ni2−xMn1+xGa �−1�x
�0.35� have been prepared by melting appropriate quantities
of Ni, Mn, and Ga �99.99% purity� in an arc furnace. The
ingots are then annealed at 1100 K for 9 days for homogeni-
zation and subsequently quenched in ice water.6 The speci-
mens with x�0.35 have not been studied since they have
more than one structural phases.10 The energy dispersive
analysis of x rays has been used to determine the composi-
tion. The ingots have been further characterized by x-ray
diffraction �XRD�, differential scanning calorimetry �DSC�,
magnetization, and ac susceptibility measurements.6,10,11 All
the peaks in the XRD pattern could be indexed as cubic L21

structure for the austenitic phase and as tetragonal or modu-
lated structure for the martensitic phase. Resistivity and MR
have been performed as functions of field at different tem-a�Electronic mail: barmansr@gmail.com.
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peratures. A maximum �0H of 8 T was used for carrying out
the longitudinal MR measurements using a magnet from Ox-
ford Instruments Inc., U.K. For MR measurement, �0H is
varied from 0 to 8 to �8 to 0 T. MR is calculated using the
formula ��m=�� /�0= ��H−�0� /�0, where �H and �0 are the
resistivity in field H and zero, respectively. The magnetiza-
tion measurements have been performed in a SQUID
�MPMS XL5� magnetometer. The martensitic start tempera-
ture �TM� has been determined by DSC, while TC has been
determined by magnetization and ac susceptibility measure-
ments. TC for Mn excess specimens and magnetization for
x=−0.5 and �0.75 have been taken from literature.7

III. RESULTS AND DISCUSSION

Isothermal MR data for Ni2+xMn1−xGa as a function of
field at RT are shown in Fig. 1�a�. The data for x=0 and 0.15
are in agreement with our previously published work.3 In
Ref. 3, we concentrated on the change in MR�H� shape in
different phases as a function of temperature, while here we
study the whole range of compositions with varying Ni to
Mn ratio mostly in the austenitic phase. MR is negative at RT
for all specimens, but exhibits a monotonic increase in mag-
nitude from 0.2% to 7.3% at 8 T, as x increases from

−1�Mn2NiGa� to 0.35�Ni2.35Mn0.66Ga0.98�. Thus, more than
35 times increase in MR is obtained. The variation of MR
with magnetic field has been fitted by a second order poly-
nomial of the form ���0H�+���0H�2 �solid lines in Fig.
1�a��. � /� varies between 0.03 and 0.09, where for a straight
line � /�=0 and for a perfect parabola it should be infinity.
Thus, small values of � /� indicate that the dependence of
MR on H is nearly linear. As a consequence of this, even at
moderate fields such as 2 T, MR increases with x, although
the extent of variation is smaller than at 8 T.

At RT, all the studied compositions �−1�x�0.35� are
in the magnetic state, as depicted by the isothermal hyster-
esis loops that are very narrow with the coercive field of 4–8
mT �Fig. 1�b��. Comparison of Figs. 1�a� and 1�b� shows that
the variation of MR with magnetic field does not track iso-
thermal magnetization. The linearity of MR�H� has been re-
ported in Ni–Mn–Ga and other Mn based ferromagnetic
systems.3,4,12,13 For Ni–Mn–Ga, nearly linear MR�H� up to 8
T at temperatures not far below TC has been ascribed to s
−d scattering3,4 based on the theoretical calculation of MR
for ferromagnetic metals.9 However, linear nonsaturating be-
havior of MR for ferromagnets �Ni, Fe, and Co� above satu-
ration of magnetization up to 40 T has been observed and
ascribed to electron-magnon scattering and the spin-wave
damping in high fields.14 Such high field MR studies on Ni–
Mn–Ga will be interesting to perform in future and is outside
the scope of the present work.

Negative MR for magnetic metals has been explained on
the basis of s−d scattering model where s conduction elec-
trons are scattered by localized d spins on the magnetic
ions.9,15 In presence of two overlapping s and d bands at the
Fermi energy, the scattering may occur within a single band
or may involve s−d transitions. The decrease in the resistiv-
ity below TC is ascribed to the decrease in s−d scattering by
the development of the magnetic order. In the magnetic state,
in absence of an external magnetic field, the s−d scattering
increases as T approaches TC because the magnetic fluctua-
tions increase. However, application of magnetic field sup-
presses the fluctuations and as a result the s−d scattering
decreases resulting in decrease in �. Thus, due to s−d scat-
tering, ��H� decreases substantially resulting in large MR at
T less than but close to TC, whereas for T	TC the magnetic
fluctuations are small and hence MR would be small.

Kataoka9 performed detailed theoretical calculation
based on the s−d scattering model using Boltzmann theory
for ferromagnetic metals. In particular, the difference be-
tween the two types of carriers consisting of up and down-
spin electrons was explicitly taken into account and their
relaxation times were determined self-consistently. Ni2MnGa
is a full Heusler alloy and such alloys are known to be ideal
local moment ferromagnets with the moments localized on
Mn atoms. The localized character of Mn moments arises
from the exclusion of minority spin electrons from the Mn
3d shell.16 Our recent spin polarized density of states calcu-
lations for Ni2MnGa �Ref. 17� and Mn2NiGa �Ref. 18� also
confirms this. In Ref. 9, � in zero �H /HC=0� and finite ex-
ternal magnetic field �H /HC�0, HC is a measure of the mag-
netic field given by kBTC /g�B� have been calculated as a
function of T /TC for ferromagnetic materials with high elec-
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FIG. 1. Isothermal �a� MR and �b� M −H loops as a function of field for
Ni2+xMn1−xGa �−1�x�0.35� at RT �300 K�. Solid lines in �a� are fit to the
data �see text�.



tron concentration. The Ni2+xMn1−xGa compositions studied
here have high electron concentration as given by the elec-
tron to atom ratio varying from 7.765 �x=0.35� to 6.75 �x=
−1�. These arguments indicate the applicability of the s−d
scattering model in Ref. 9 for Ni2+xMn1−xGa.

From Fig. 4 of Ref. 9, we have extracted the theoretical
MR�T /TC� from the difference in ��T /TC� in zero and finite
�H /HC=0.03� external magnetic field. This is shown in Fig.
2�a� �solid line� and compared to experimental MR for the
austenitic phase at T�300 K. The agreement between the
experiment and theory is good demonstrating that s−d scat-
tering is the dominant mechanism of MR in the austenitic
phase. From Fig. 2�a�, we clearly find that for T /TC�0.5,
the s−d scattering contribution to MR is negligible. Between
0.5 and 0.7 TC, the increase in MR is small; but as T /TC

approaches 1, MR increases rapidly. In order to find an ana-
lytical expression that would describe MR variation with
T /TC, we have fitted the experimental data for the austenitic
phase in Fig. 2�a� �filled circle for T=300 K and open
circles for T
300 K� with a model function: c� �T /TC�n.

We allowed both c and n to vary freely in the least square
error minimization algorithm, and obtain c=10.4�1 and n
=5.9�0.8�6 �red dashed line in Fig. 2�a��. The quality of
the fit is good and the fitted curve is close to the theoretical
curve �solid line� based on s−d scattering model.9 Thus, it
can be concluded that if MR is governed by s−d scattering,
in case of magnetic metals a �T /TC�6 variation of MR would
be expected. Note that here TC is composition dependent:
decreases from 590 K �x=−1� to 320 K �x=0.35�.

Now we turn to the discussion of MR in the martensitic
phase vis-a-vis the s−d scattering model. From Fig. 2�b�, we
find that x=0.15, 0.25, and 0.35 are in the martensitic phase
at T=300 K with T /TC values of 0.9, 0.85, and 0.94, respec-
tively. Interestingly, the MR at 300 K for these compositions
�x=0.15–0.35� fall close to the s−d scattering curve within
the experimental error �Fig. 2�a��. This implies that close to
TC, the s−d scattering dominates even in the martensitic
phase. This is possibly because the martensitic transition in
Ni2+xMn1−xGa does not involve change in magnetic order
and the change in total and local magnetic moments across
the transition is rather small. For example, Ni2MnGa is fer-
romagnetic in both the phases with total moments of 3.2�B

�3.49�B� and Mn local moment of 2.74�B �2.83�B� in the
austenitic �martensitic� phase.19 However, the magnetocrys-
talline anisotropy �MCA� exhibits a large increase at the mar-
tensitic transition,4,6,20 but unless the magnetic anisotropy en-
ergy density is larger than the product of maximal strain �1
−c /a� and twinning stress, the magnetostructural effect �i.e.,
the electron scattering at twin boundaries and domain walls�
on MR is not expected to be substantial.4 For Ni2+xMn1−xGa,
as the temperature is lowered below TM, the MCA in the
martensitic phase increases20 while as temperature decreases
below TC the s−d scattering decreases �Fig. 2�a��. So, at
considerably lower temperatures compared with TC and also
TM, MR deviates from the s−d scattering model �Fig. 2�a��.
This is possibly related to the electron scattering at the twin
and domain boundaries which appear in the martensitic
phase. We show in Fig. 2�a� the deviation of MR measured at
235 K and below from the s−d scattering model for x
=0.25 �TM =434 K, TC=351 K� and x=0.35 �TM

=537 K, TC=320 K�. It may be noted however that for x
=0.15–0.35, due to occurrence of the martensitic phase, the
MR�H� deviates more from the linear behavior than in the
other compositions �x
0.15� studied here in the austenitic
phase at RT �Fig. 1�a��. The present finding that s−d scatter-
ing is negligible for T /TC�0.5 explains our earlier result for
Ni1.75Mn1.25Ga �x=−0.25�, where below 135 K �T /TC

=0.35� MR is governed by other mechanisms.4 Here, TM is
small �=76 K, i.e., TM /TC=0.2� and hence influence of s
−d scattering is negligible at TM resulting in clear signature
of magnetostructural effect at the martensitic transition.4 In
fact, since it is a weak effect of magnitude less that 1% �Ref.
4�, low temperature �T	TC� is required. In Ref. 3, in the
martensitic phase at 150 K �T /TC=0.4� in the low field re-
gion, a cusplike shape and deviation from linearity was ob-
served in MR for Ni2MnGa �TM =207 K, TC=365 K�,
which was ascribed to electron scattering at the twin and
domain boundaries.3

Although MR exhibits a monotonic variation with T /TC
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FIG. 2. �Color online� �a� The experimental MR data at 8 T for
Ni2+xMn1−xGa �−1�x�0.35� are plotted as a function of T /TC, where T
�300 K and TC varies with x as shown in �b�. The experimental data are
compared to the MR �solid line� derived from the theoretical calculation
based on s−d scattering model in Ref. 9. A least square fit to the experi-
mental data for the austenitic phase �filled and open circles� is shown by red
dashed line. �b� The martensitic start temperature �TM� and Curie tempera-
ture �TC� as a function of x. The solid lines serve as guide to the eyes. �c�
Magnetization at 1 T at RT as a function of T /TC. The x value for each data
point is shown.



�Fig. 2�a��, the magnetization at RT �Fig. 1�b�� at 1 T does
not. As shown in Fig. 2�c�, it is highest for x=0 and it de-
creases for both Ni and Mn excess compositions. Experimen-
tally, it is reported that the saturation magnetization is 3.8�B

for Ni2MnGa �x=0�,21 and decreases for both Ni excess �for
x=0.19 it is around 3.4�B� and Mn excess �for x=−1 we find
it to be 1.5�B� specimens.7,21 This behavior may have its
origin in the differences in the magnetic ground state of the
different Ni2+xMn1−xGa compositions, as shown previously
by ab initio spin polarized density functional theory calcula-
tions for Ni2MnGa, Mn2NiGa, and nonstoichiometric
Ni2.25Mn0.75Ga.17,18,22,23 For Ni2.25Mn0.75Ga, the excess Ni
atoms are ferromagnetically aligned with Mn, but their mo-
ments �0.25�B� are smaller than Mn �3.26�B�.17,22 Thus, in-
crease in Ni content at the expense of Mn that has higher
magnetic moment decreases the total moment. In contrast,
for Mn2NiGa, there are two inequivalent Mn atoms whose
moments are unequal and antiparallel resulting in a ferrimag-
netic ground state with smaller moment.4,18 For ferrimag-
netic metallic alloys such as Nix�Cu+Mn�1−x, the applicabil-
ity of s−d scattering has been discussed in literature,24 and
this justifies the good agreement obtained here between the
MR of Mn excess Ni–Mn–Ga specimens with the theory
based on s−d scattering model in Ref. 9.

IV. CONCLUSIONS

To conclude, in this work we demonstrate that MR in-
creases by more than one order of magnitude in
Ni2+xMn1−xGa at RT as the composition changes from x=
−1 to 0.35. This finding might lead to the application of
Ni–Mn–Ga as magnetic sensors where response to a particu-
lar magnetic field can be tuned through composition. The
MR variation in the austenitic phase has been explained on
the basis of theoretical calculations based on s−d scattering
model.9 A general expression for MR variation with T /TC in
magnetic metals where s−d scattering mechanism is domi-
nant is proposed.
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