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Abstract
Heusler alloys with nominal composition Ni73−xFexGa27 (x = 17, 18, 19, 20, 21, 22) were
prepared by arc melting and subsequent homogenization by annealing. The magnetic
properties of the alloys were studied to analyse the magnetic entropy change as a function of
temperature. The maximum entropy change was observed in the alloy (x = 19) where
martensite–austenite structural and ferro–para magnetic transitions were very close to each
other. The transport properties and magnetoresistance (MR) of the samples were also
investigated up to a magnetic field of 8 T and within a temperature range 4.2–325 K. It was
observed that the MR in the austenite state was higher than that of the martensite state
irrespective of the composition of the sample. A large negative MR (∼9% at 8 T) was obtained
for the sample Ni54Fe19Ga27 at 300 K which was very close to the martensitic transition
temperature as well as the Curie temperature.

1. Introduction

The development of ferromagnetic shape memory alloys
(FSMA) is currently a subject of considerable interest due to
their large field induced strain which makes them a promising
material for magnetic actuators [1, 2]. Some Heusler alloys
such as Ni–Fe–Ga, Ni–Mn–Ga show shape memory effect as
well as large magnetocaloric effect (MCE) [3–5]. Recently
large negative magnetoresistance (MR) has also been reported
for those alloys [6, 7]. Consequently these materials have great
technological importance due to their various novel properties.
Among the Heusler alloys Ni–Mn–Ga is the most studied
series. However, significant disadvantages of this alloy series
include brittleness and poor ductility, which limits possible
applications. Due to these problems, less brittle and partly
ductile intermetallic compounds near stoichiometric Ni2FeGa
were proposed as promising alternatives. Both stoichiometric
and off-stoichiometric compounds with composition close
to Ni2FeGa undergo a first-order structural transition from
tetragonal martensite to cubic austenite on heating (or the
reverse process on cooling) [8, 9], which brings about
fundamental differences in the magnetic properties of the low-
temperature martensite and high-temperature austenite states,
causing an abrupt change in magnetization. The possible
martensite structures can be non-modulated (NM), five layer
modulated (10 M); seven layer modulated (14 M) as well

as six-layer modulated martensite [10, 11]. The structural
and magnetic phase transitions in these alloys were found
to be very sensitive to the composition. This opens up the
possibility of variations of the transition temperatures up to
their coincidence. This deliberate coupling is an enhancement
criterion to obtain a large MCE which has been analysed
previously on a Ni–Mn–Ga alloy system [5, 12, 13].

Most of the studies reported by different groups associated
with Ni–Fe–Ga alloys are about their magnetic shape memory
effect (MSME) and MCE [14–16]. In this work, we have also
studied the MR of iron-rich Ni–Fe–Ga Heusler alloys in which
structural and magnetic transition temperatures are wide apart
as well as very close to each other. Magnetic properties of
these samples have also been investigated in detail to calculate
the change in magnetic entropy of these samples. We also
determined a detailed phase diagram of Ni–Fe–Ga alloys for
Fe substitution.

2. Experimental

Polycrystalline ingots of Ni–Fe–Ga alloys were prepared
by arc melting. We started with the nominal composition
Ni73−xFexGa27 (x = 17, 18, 19, 20, 21, 22). Arc-melted
ingots were annealed for homogenization at 1273 K for 72 h
and kept in a sealed vacuum quartz ampoule. The composition
of the alloys obtained by chemical analysis (inductively
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Table 1. Nominal composition, final composition, martensitic transition temperature, TM, Curie temperature, TC and MR (%) of the sample
due to change in magnetic field 8 T at different temperatures.

Negative MR (%) due to a
change of 8 T magnetic

field at temperatures
Composition mentioned below

Nominal determined from
composition ICP-OES TM (K) TC (K) 130 K 200 K 265 K 300 K

Ni56Fe17Ga27 Ni55.94Fe16.98Ga27 334 270 5.34 6.07 7.28 6.06
Ni55Fe18Ga27 Ni54.89Fe17.95Ga27 308 295 4.88 5.59 7.73 7.95
Ni54Fe19Ga27 Ni53.78Fe18.95Ga27 271 310 5.05 5.38 6.05 8.90
Ni53Fe20Ga27 Ni52.89Fe20.00Ga27 228 330 4.76 4.87 6.40 7.29
Ni52Fe21Ga27 Ni53.43Fe21.57Ga27 202 340 4.35 4.48 6.06 6.59
Ni51Fe22Ga27 Ni50.84Fe21.87Ga27 132 375 5.47 5.27 5.49 5.88

coupled plasma-optical emission spectroscopy (ICP-OES))
was found to be very close to the nominal composition of
the alloys; the compositions of all the alloys are shown
in table 1. A part of each sample was polished to take
the x-ray diffraction pattern at room temperature (XRD,
Philips X’Pert, Co Kα radiation) for crystallographic phase
identification. The microstructure of the samples was analysed
by a scanning electron microscope. The Curie temperature
and MCE effect were determined from the magnetic
measurements using a superconducting quantum interference
device (SQUID) magnetometer (Quantum Design, MPMS-
5S). A superconducting magnet from Oxford Instruments was
used to carry out the MR measurements up to a maximum
magnetic field of 8 T. The electrical resistivity was measured
by the standard four-probe technique with a sample current
of 100 mA. The sample temperature was varied from 4.2 to
325 K. The MR was calculated using the standard expression
�ρ/ρ0 = (ρH −ρ0)/ρ0, where ρ0 is the resistivity at zero field.

3. Results and discussion

Henceforth the samples analysed in this work are designated
by their Fe content, i.e. by the x value. Figure 1 shows the XRD
pattern of Ni73−xFexGa27 for x = 20 at room temperature. It
can be seen that there exist two different phases as reported
by other researchers [15, 17]. One phase is confirmed to
be austenite with a cubic L21 structure and the other one
is the γ -phase which was precipitated during the relatively
slower cooling after annealing. Among the six samples, the
microstructures of the samples x = 17, 20 and 22 are shown
in figures 2(a), (b) and (c), respectively, from which we can
see a small amount of γ -phase precipitation (dark contrast)
in each case. It can be visualized from the micrographs that
this γ -phase fraction decreases with the increase in Fe content
[9] although it is very difficult to quantify the percentage of
these phases in the samples. This γ -phase is present in all
six samples as can be seen from the XRD pattern and the
microstructure of the samples.

Magnetization versus temperature curves at 100 Oe for
x = 17, 19, 20, 22 during heating and cooling are shown in
figure 3. On cooling the last sample x = 22 (figure 3), a
ferromagnetic transition takes place at the Curie temperature
TC = 375 K with a sudden large increase in magnetization.

Figure 1. XRD pattern of Ni53Fe20Ga27 at room temperature.

On further cooling, a sharp downward jump occurs at a
temperature of 127 K indicating the start of martensitic
transformation from the austenite to martensite phase. With
the increase in temperature from 100 K, same transformations
are observed, but in reverse order with some hysteresis effect.
It has been observed that on heating, the magnetization does not
drop to zero for all the samples at their TC, rather it shows high
value for the samples x = 17 and 19. On the other hand, the
magnetization almost drops to zero for the samples x = 20 and
22 at TC. As the γ -phase is ferromagnetic in this temperature
range, i.e. its TC is well above those of the Ni–Fe–Ga phase,
the presence of a higher fraction of the γ -phase in the lower
Fe content samples (x = 17, 19) prevents magnetization from
falling to zero.

The martensitic transformation temperature (TM) and
Curie temperature (TC) come closer to each other with
increasing Ni content. The increase in TM in these Ni–Fe–Ga
alloys with nickel content is attributable to the increase
in electron concentration e/a due to the Hume–Rothery
mechanism [18]. The lowering of TC for the samples is due
to the dilution of magnetic moment located on Fe atoms [18].
For the sample x = 19 the two transition temperatures are
very close to each other. Increasing the Ni content further (for
x = 17, 18) results in the martensitic transition below TC not

2



Figure 2. Surface morphology of the samples (a) x = 17, (b) x = 20 and (c) x = 22 at room temperature as observed by a scanning
electron microscope.

being observed (figure 3). The temperature dependence of the
zero field cooled magnetization, M , at various applied fields
during heating between temperatures 100 and 350 K for the
sample x = 19 have been plotted in figure 4. It is observed
from the figure that at low field the martensite to austenite
transition was accompanied by lower to higher magnetization,
but at high field the reverse situation occurred. The saturation
magnetization in the martensite phase is obtained by much
higher magnetic field compared with the austenite phase
because of high magnetocrystalline anisotropy in the former
phase. A similar behaviour was also reported earlier in Ni–
Mn–Ga as well as in the Ni–Fe–Ga alloy system [3, 19, 20].

Magnetic isotherms of the samples around their magnetic
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 Maxwell’s thermodynamic
relations [21]:

�SM =
H∫

0

dM

dT
dH. (1)

However, equation (1) can only be applied to systems in
thermodynamic equilibrium. For first-order magnetic phase
transitions the magnetic Clausius–Clapeyron equation is valid
and to estimate entropy change one can use

�H

�T
= −�SM

�M
, (2)

where �M = MMartensite − MAustenite and �H/�T is
the average temperature shift of the transition point with
increasing field [4, 5]. The sample Ni54Fe19Ga27, in which
the difference between TC and TM, (TC–TM), has positive
lowest value, shows the maximum change in �SM near the
martensitic transition temperature. M versus H curves of
this sample taken at 3 K intervals are shown in figure 5
within the temperature range 263–326 K. Large change in
magnetization with temperature with no hysteresis effect is
observed around the structural transformation temperature,
(∼271 K) whereas around TC no such change in magnetization
is observed. The maximum value of �SM calculated using
equation (1) is found to be −3.7 J kg−1 K−1 at 270.5 K

with �T = 3.0 K as shown in the inset of figure 5. A
similar large change in �SM (−4.4 J kg−1 K−1) was also
reported earlier for polycrystalline Ni–Fe–Ga Heusler alloys
[3]. From the Clausius–Clapeyron equation (equation (2)) a
much smaller value of �S (≈−1.58 J Kg−1 K−1) was derived
with �H/�T = 0.5 T K−1 and �M = 3.17 emu g−1 at
H = 3 T using figure 4. A similar difference in the values of
�S was also reported earlier for the Ni–Mn–Ga alloy system
[4, 5].

Figure 6 shows the resistivity (ρ) versus temperature (T )
data (both heating and cooling) for the samples x = 18, 20,
22 within 4–325 K in the absence and in the presence of a 8 T
field. It is observed that the heating and cooling curves in the
absence of a magnetic field follow the same path except at the
transition temperature. With the application of a magnetic field
the resistivity decreases at a particular temperature although
they follow a similar path. A substantial jump is seen in the
resistivity curves of each sample which corresponds to the
austenite/martensite transitions. The discontinuous changes
in resistivity around the martensitic transformation are due
to the changes in the crystal symmetry during the transition
which leads to different densities of states at the Fermi
level. From figure 6 we also observe that the resistivity at
4 K decreases with increasing Fe content, which is due to
precipitation of the γ -phase as the resistivity increases with
the increase in γ -phase percentage. Therefore, the resistivity
results again confirm that γ -phase percentage decreases with
increasing Fe content. A martensitic transformation from
the parent austenite to the product martensitic phase is
characterized by the martensite start, MS, and martensite
final, MF, temperatures. Accordingly, the reverse structural
transformation from the martensite to the austenite phase is
characterized by the austenite start, AS, and austenite final,
AF, temperatures. Figure 7 shows the enlarged image around
the transformation temperature (TM) for x = 22, where all
temperatures (MS, MF, AS, AF) are identified. In this way
the thermodynamic equilibrium temperature, TM, has been
calculated by TM = (MS + AF)/2. The martensitic transition
temperature, TM, and Curie temperature, TC, as a function of
Fe content are plotted in figure 8.

Isothermal MR curves at temperatures 130, 200, 265 and
300 K for the samples x = 17, 19 and 22 are shown in
figure 9. Among the above samples, the largest negative MR,
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Figure 3. Temperature dependence of magnetization, M(T ) for (a)
x = 17, (b) x = 19, (c) x = 20 and (d) x = 22 during cooling and
heating in the presence of a field of 100 Oe.

of ∼9% (at a field 8 T), was observed for the sample x = 19
at 300 K. The MR values of all samples due to a change in
the magnetic field 8 T at different temperatures, along with TM

and TC are displayed in table 1. It is well known that around
the Curie temperature, corresponding to the onset of magnetic
order, scattering of charge carriers by magnetic fluctuations
can substantially increase the electrical resistance [22]. These
fluctuations can be suppressed by a magnetic field, leading to
a negative MR. In figure 9, the curved nature of the MR(H )
plot is observed when the sample temperature was very close

Figure 4. Temperature dependence of the magnetization, M(T ), for
x = 19 at different applied fields. From bottom to top: 100 Oe,
200 Oe, 400 Oe, 600 Oe, 800 Oe, 1 KOe, 1.2 KOe, 1.4 KOe, 1.6 KOe,
2 KOe, 5 KOe, 10 KOe, 15 KOe, 30 KOe, 40 KOe and 50 KOe.

Figure 5. Magnetic isotherms of the sample x = 19 from 263 to
326 K at the interval of 3 K. Inset: temperature dependence of
isothermal magnetic entropy change �SM of the sample x = 19.

and below TC (for x = 17 at temperature 265 K and x = 19
at temperature 300 K) whereas at temperatures far from TC

the curves are almost linear. Well below TC, the MR of
stable ferromagnets with localized moments and high carrier
concentration has been calculated by Kataoka [23] on the basic
of s–d scattering, where s-conduction electrons are scattered
by localized d-spins. He showed a linear variation of MR
with field. The nonlinearity in the MR curves near ferro–para
transition can be explained by the expression for scattering
rate in the magnetic systems: �ρ/ρ = C(M/Ms)

2, derived
by Majumdar and Littlewood [24] where Ms is the saturation
magnetization, C is given by (n)−2/3 and n is the number
of charge carriers per magnetic unit cell. From table 1 it is
observed that the MR of the samples x = 17 and 18 increases
with the increase in temperature. This is due to the fact that
as temperature increases samples approach their TC. Large

4



Figure 6. Resistivity (ρ) versus temperature (T ) of (a) x = 18, (b)
x = 20 and (c) x = 22 within 4–325 K, during cooling in the
absence (C: 0 T) and in the presence of a field of 8 T (C: 8 T) and
during heating in the absence (H: 0 T) and in the presence of a field
of 8 T (C: 8 T). As cooling and heating curves are very close to each
other, we did not try to identify separately.

MR in Heusler alloys has been explained on the basis of s–d
scattering and it was shown in [6] that MR increases when T

is close to TC. When the samples are very far from TC, the MR
increases slowly with temperature because of spin disorder
scattering, which increases with temperature. For x = 20 and
21, the MR of the samples does not change significantly up
to a temperature of 200 K, i.e. when the samples are in the
martensite state, and then increases by 2% at a temperature
of 265 K when they are in the austenite state. At 300 K the
MR again increases as the temperature approaches near TC.
For the last sample, x = 22, a small (negligible) increase in
MR with temperature was observed from 130 to 300 K. The
sample remains in the austenite state up to a temperature 130 K
during cooling and its TC is very far (375 K) from the highest
measuring temperature (300 K). So the MR measured at these
four temperatures is for the austenite state. The small increase
in MR with temperature can be interpreted by spin disorder
scattering. Again for x = 19, the MR increases slowly up
to a temperature 265 K (which is less than TM) but at 300 K
when the sample is in the austenite state and near TC, the MR

Figure 7. Magnified graph of resistivity (ρ) versus temperature (T )
during cooling and heating for the sample x = 22 shows the
different transition temperatures.

Figure 8. Composition dependence of TC and TM as a function of Fe
percentage.

value increases by 3%. From the above discussion it can be
inferred that the MR at martensite state is lower compared
with the austenite state. To confirm this point we have taken
the MR data for sample x = 22 at 130 K for both heating and
cooling paths. Because the sample is in the austenite state
when it is cooled from 300 K (figure 7), at 130 K and in the
reverse process at the same temperature it is in the martensite
state. Therefore, at 130 K we can get the MR for both the
austenite and martensitic states depending on whether it is
heating or cooling. In figure 10 the resistivity of the sample
at 130 K as a function of magnetic field for cooling (austenite
state) and heating (martensite state) has been plotted. The
value of zero field resistivity in the cooling cycle is much
smaller than that of the heating cycle, confirming that the
MR measured at 130 K in the path heating and cooling is for
the austenite and martensite states, respectively. The inset
shows the MR of the austenite state is ∼1% higher than that
of the martensite state. This can be attributed to the fact that
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Figure 9. Isothermal MR curves of the samples (a) x = 17, (b)
x = 19 and (c) x = 22 at temperatures 130, 200, 265 and 300 K.

the magnetization behaviour of the austenite state is different
from the martensite state. During the martensite phase, in
order to minimize the strain energy, growth of crystallographic
twin variants takes place and they pack together in compatible
orientations. The subsequent application of a magnetic field
in the martensite phase can control the twin-boundary motion
when the magnetization energy, MsHa/2 ≈ Ku, is sufficient to
induce motion [1]. The twin boundary may act as a scattering
centre for electrons, whereas there is no such twin boundary
in the austenite state. Therefore, a large negative MR was
observed for sample x = 19 at 300 K when it is in the austenite
state as well as very near to TC.

Figure 10. MR curves of the sample x = 22 when the sample
reaches 130 K by cooling and heating. The inset shows the MR
curves at 130 K in the austenite state and the martensite state.

4. Conclusions

The γ -phase observed in Ni73−xFexGa27 (x = 17 to 22)
samples reduces with increasing Fe content. The magnetic
entropy change �S linked to the martensitic transition is
measured and it is maximum when TC and TM are close to
each other (x = 19). MR of the samples increases when T is
close to TC. In the martensite state the MR of the sample
is smaller compared with that in the austenite state due to
scattering of charge carriers by twin boundaries in the former
state. Hence the occurrence of large negative MR (∼9% at
8 T) for the sample x = 19 at 300 K can be explained as the
sample is in the austenite state and very near to TC.
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