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Magnetization and initial permeability measurements were done on the Heusler alloys Ni2−xCoxMnGa �0
�x�2�. On the basis of the results, the magnetic-phase diagram was determined for Ni2−xCoxMnGa �0�x
�2�. The Curie temperature TC increases with increasing the Co concentration x. The martensitic transition
temperature decreases abruptly with increasing x. The magnetic moment per formula unit at 5 K makes a broad
maximum around x=1.0. The concentration dependence of the magnetic moment for Ni2−xCoxMnGa �0�x
�2� has been calculated using the Korringa-Kohn-Rostoker method. The computational results of the magnetic
moment are in good agreement with the experimental results in this study.
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I. INTRODUCTION

In recent years, Heusler alloys have become the subject of
intensive experimental and theoretical investigations. Ferro-
magnetic shape memory alloys �FSMAs� with Heusler struc-
ture have attracted much attention due to their potential ap-
plication as smart materials.1 They show large magnetic-
field-induced strain by the rearrangement of twin variants in
the martensite phase.2 Unlike the case of conventional shape
memory alloys, the speed of the shape change is not limited
in this mechanism. Thus the ferromagnetic shape memory
alloys are potential materials for a magnetomechanical actua-
tor. Among them, Ni2MnGa is the mostly studied alloy.
Ni2MnGa crystallizes in the cubic L21 Heusler structure and
orders ferromagnetically at the Curie temperature TC
�365 K. On cooling below the martensitic transition tem-
perature TM�200 K, a superstructure forms, and the ferro-
magnetic state remains below TM.3,4 The electronic structures
of Ni2MnGa have been studied using the first-principles cal-
culation by a number of authors,5–11 especially reviewed by
Entel et al.12 According to the results of the calculations,
Ni2MnGa is a normal ferromagnet with both majority and
minority bands crossing the Fermi level.

One of the unique properties of Heusler alloys is the half-
metallic behavior. The characteristic electronic structures of
the Co-based Heusler alloys, such as Co2MnSn and
Co2MnAl, were early studied by Ishida et al.13 and Kübler et
al.14 The existence of a gap in the minority-spin band struc-
ture leads to the 100% spin polarization of electronic state at
the Fermi level and makes the half-metallic ferromagnets
attractive for applications in the emerging field of spintron-
ics. Since the discovery of the half metallicity for the Co-
based Heusler alloys, a number of half-metallic ferromag-
netic materials and their properties have been predicted by
theoretical calculations and later verified by experiments. Es-

pecially, Co-based Heusler alloys have attracted considerable
attention due to their easy growth and high Curie
temperatures.15 According to the results of calculations by
Galanakis et al.,16 Co2MnGa is a ferromagnet with the high
spin polarization.

To investigate the electronic properties of the ferromag-
netic shape memory alloy Ni2MnGa and the highly spin-
polarized ferromagnetic alloy Co2MnGa, we studied the
magnetic properties of Ni2−xCoxMnGa �0�x�2�.

II. EXPERIMENTAL PROCEDURE

The polycrystalline Ni2−xCoxMnGa �0�x�2� were pre-
pared by the repeated melting of the appropriate quantities of
the constituent elements, namely, 99.99% pure Ni, 99.95%
pure Mn, 99.9% pure Co, and 99.9999% pure Ga, in an
argon arc furnace. Subsequently samples were sealed in the
evacuated double silica tubes, heated at 1073 K for three
days and then quenched in water. We needed further anneal-
ing three times in the temperature range from 1073 to 1273
K to achieve the high crystalline perfection for the samples
with x=0.3, 0.5, 1.0, and 2.0. The phase identification and
characterization of the samples were carried out by x-ray
diffraction measurements using Cu-K� radiation. Magnetiza-
tion M data were collected using a commercial supercon-
ducting quantum interference device magnetometer in fields
up to 50 kOe. The temperature dependence of the initial
permeability was measured using ac method under the ap-
plied magnetic field of about 7 Oe. A vibrating sample mag-
netometer was used to determine the Curie temperature at
high temperatures. The order-disorder transition temperature
Tt from the L21 phase to the B2 phase was determined by a
differential scanning calorimeter.
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III. RESULTS AND DISCUSSIONS

A. Experimental results

All samples prepared in this study were shown to crystal-
lize in the L21 structure at room temperature by the x-ray
powder-diffraction measurements. The L21 structure may
conveniently be considered as four interpenetrating fcc sub-
lattices with A, B, C, and D sites. The A, B, C, and D sites
are located at �0, 0, 0�, �1/4, 1/4, 1/4�, �1/2, 1/2, 1/2�, and
�3/4, 3/4, 3/4�, respectively, as shown in Fig. 1. In Ni2MnGa,
Ni atoms occupy the A and C sites, and Mn atoms and Ga
atoms the B and D sites, respectively. Replacing Ni with Co
in Ni2MnGa, Co atoms occupy the A and C sites randomly.
Figure 2 shows the concentration dependence of the lattice
parameter a at room temperature of Ni2−xCoxMnGa �0�x
�2�. The lattice parameter decreases linearly with increasing
the concentration x, which may be attributed to the differ-
ence in the ionic radii of the Ni and Co atoms. The lattice
parameters of Ni2MnGa and Co2MnGa are found to be 5.825
and 5.768 Å, respectively. These values are in good agree-
ment with those reported earlier.4,17

The temperature dependence of the initial permeability �
for Ni1.95Co0.05MnGa �x=0.05� is shown in Fig. 3�a�. The
abrupt changes in � are observed around 200 K for cooling
and heating processes. These temperature dependence of �
are similar to those of FSMAs Ni2Mn1−xFexGa �0.0�x
�0.7�.18 So, these temperature variations in � correspond to
transition between the martensite phase and the austenite
phase. The martensitic transition starting and finishing tem-
peratures TMs and TMf, and reverse martensitic transition
starting and finishing temperatures TAs and TAf were defined
as the cross point of the linear extrapolation lines from both
higher and lower temperature ranges on the � versus T
curves as shown in the figure. The arrows along the curves in
Fig. 3�a� show the heating and cooling processes. The abrupt
decrease in � at high temperature corresponds to the transi-
tion from the ferromagnetic state to the paramagnetic state.
The Curie temperature was also defined as the cross point of
the linear extrapolation lines from higher and lower tempera-
ture ranges on the � versus T curve. The Curie temperature
is found to be 375 K for Ni1.95Co0.05MnGa. Similar � versus
T curves are observed for all samples with 0�x�0.2. For
the samples with 0.2�x�1.0, � decreases sharply with in-
creasing temperature only around TC. Figure 3�b� shows the
temperature dependence of the magnetization M measured in
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FIG. 1. Unit cell of the Heusler-type alloy. The sites are pre-
sented by A, B, C, and D.
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FIG. 2. Lattice parameter a versus concentration x curve for
Ni2−xCoxMnGa �0�x�2� alloys at room temperature. Solid line in
the figure is a guide for the eyes.
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FIG. 3. �a� Temperature dependence of the initial permeability �
for Ni1.95Co0.05MnGa. TMs and TMf mean the martensitic transition
starting and finishing temperatures, respectively. TAs and TAf indi-
cate the reverse martensitic transition starting and finishing tem-
peratures, respectively. TC is the Curie temperature. �b� Thermo-
magnetization curves of Ni1.95Co0.05MnGa in a ZFC and a FC
processes at 0.1 and 50 kOe.
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a zero-field-cooling �ZFC� and a field-cooling �FC� processes
at applied fields of 0.1 and 50 kOe for Ni1.95Co0.05MnGa.
The curves on the bottom correspond to H=0.1 kOe. The
martensitic transition is accompanied by an abrupt change in
M because the lower symmetry of the martensite phase en-
hances the magnetocrystalline anisotropy energy. As seen in
Fig. 3�b�, we observe a small jump of M in a field of 50 kOe
around the martensitic transition temperature with decreasing
temperature. At H=50 kOe, M is saturated for
Ni1.95Co0.05MnGa as shown later. This means that the mag-
netic moment per formula unit of the martensite phase is
larger than that of the austenite phase. We have carried out
precise magnetization and initial permeability measurements
for samples with various concentration x in Ni2−xCoxMnGa
�0�x�2� besides the sample with x=0.05. Based on these
experimental results and the reported data for x=0.0,19 the
magnetic-phase diagram of Ni2−xCoxMnGa �0�x�2� was
determined as shown in Fig. 4. The Curie temperature in-
creases with increasing x and tends to saturate. This may be
attributed to the strong coupling between Co and Mn atoms.
Indeed, Kurtulus et al.20 confirmed on the basis of first-
principles calculations that the exchange coupling between
Co and Mn atoms is dominant in Co2MnGa and related Heu-
sler alloys and is much larger than that between Ni and Mn
atoms in Ni2MnSn. On the other hand, TMs decreases sharply
with increasing x. The sample with x=0.30 did not show the
martensitic transition in the temperature range from 5 to 500
K. Some authors showed that the martensitic transition tem-
perature for the ternary FSMAs with the L21 structure de-
pends strongly on the average number of valence electrons
per atom e /a.21–25 The martensitic transition starting tem-
perature TMs increases significantly and linearly with increas-
ing e /a. Some authors revealed that this empirical linear re-
lationship between TMs and e /a holds even for the
quaternary Ni-Mn-V-Ga,21 Ni-Mn-Ga-Ge,21 and
Ni2Mn1−xCoxGa �0.0�x�0.188� FSMAs.23 Here, it was as-
sumed that the number of valence electrons per atom for Ni,
Co, Mn, V, Ge, and Ga atoms are 10�3d84s2�, 9�3d74s2�,
7�3d54s2�, 5�3d34s2�, 4�4s24p2�, and 3�4s24p1�, respectively.
These configurations correspond to the periodic table and are

commonly used in band calculations of the electronic struc-
ture for Heusler alloys. We expect that TMs of Ni2−xCoxMnGa
�0�x�2� decreases with increasing x from the empirical
relationship of TMs and e /a. The experimental result in this
study is in good accordance with our expectation. On the
other hand, the B2 /L21 order-disorder transition temperature
Tt increases linearly with increasing x.

According to the Bragg-Williams-Gorsky approximation,
if the X atom perfectly occupies its own site, the Tt of the
X2YZ is given by the following simple equation:26,27

Tt =
3

2k
Wyz

�2�, �1�

where Wyz
�2� is the interchange energy of Y-Z bonds in the

second nearest neighbors and k is Boltzmann’s constant. This
equation means that the Tt proportional to the Wyz

�2� should be
constant if the Wyz

�2� is independent of the kind of the host X
atoms. However, it has been recently reported that the Tt of
X2TiAl �X=Fe, Co, Ni, and Cu� Heusler alloys shows a lin-
ear relation to the concentration of valence electron ce of X
site atoms and that the Wyz

�2� considerably depends on the kind
of the host X atoms.27 The linear behavior of the Tt in the
present X2MnGa �X=Co and Ni� alloys is similar to that of
the X2TiAl alloys, while the Tt of the Ni2MnGa with a higher
ce is slightly lower than that of the Co2MnGa with a lower
ce. The origin of such effects of the host X atoms on the Tt of
the X2TiAl and X2MnGa Heusler alloys is not clear and the-
oretical investigations are required.

The magnetization curves at 5 K for Ni2−xCoxMnGa with
various concentration x are shown in Fig. 5. All of the mag-
netization curves are characteristic of ferromagnetism. The
magnetization at 5 K for the samples with 0.0�x�0.2 is
saturated in a field of about 20 kOe. On the other hand, the
magnetization at 5 K for the samples with 0.3�x�1.0 is
saturated in a field of about 10 kOe. The magnetization of
samples in the austenite phase is easy to be saturated com-
pared to that in the martensite phase due to the difference in
the magnetocrystalline anisotropy energy. The spontaneous
magnetization at 5 K for Ni2−xCoxMnGa �0�x�2� was de-
termined by the linear extrapolation to H /M =0 of the M2
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FIG. 4. Phase diagram of Ni2−xCoxMnGa alloys, where Para and
Ferro mean paramagnetic and ferromagnetic states, respectively.
TMs indicates the martensitic transition starting temperature. TC and
Tt mean the Curie temperature and the B2 /L21 order-disorder tran-
sition temperatures, respectively.
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FIG. 5. Magnetization curves at 5 K for Ni2−xCoxMnGa alloys
with various concentration x. Magnetization curves for the samples
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versus H /M curves. The magnetic moment per formula unit
at 5 K, �tot, for Ni2−xCoxMnGa �0�x�2� was estimated
from the spontaneous magnetization and is plotted against
the concentration x as shown in Fig. 6. The magnetic mo-
ment increases with increasing x and makes a broad maxi-
mum around x=1.0.

B. Theoretical results

Ni2MnGa is the normal ferromagnetic metal with both
majority and minority bands crossing the Fermi level as
mentioned above. On the other hand, Co2MnGa is highly
spin-polarized ferromagnet with the spin polarization value
of 81%.25 More recently, Umetsu et al.28 also calculated the
total density of states of Co2MnGa by the linear muffin-tin
orbital method with the atomic sphere approximation. In or-
der to clarify the effects of Ni substitution for Co to the
magnetic moment of Ni2−xCoxMnGa, we performed
electronic-structure calculations of L21-type Ni2−xCoxMnGa
on the basis of the Korringa-Kohn-Rostoker method29 devel-
oped by Akai,30 where the atomic disorder is included within
the coherent-potential approximation. We adopt the general-
ized gradient approximation31 for the exchange and correla-
tion term. We use the lattice constants aNi2MnGa− �aNi2MnGa
−aCo2MnGa�x /2 for Ni2−xCoxMnGa, where aNi2MnGa=5.80 Å
and aCo2MnGa=5.71 Å are obtained in the optimized calcula-
tions for Ni2MnGa and Co2MnGa, respectively. Our results
are obtained by the so-called scalar-relativistic calculation, in
which the spin-orbit interaction is neglected. It is considered
that the spin-orbit interaction does not play an important role
to the magnetic moment of Ni2−xCoxMnGa because consid-
erably small orbital moments ��0.025 �B for Ni and
�0.016 �B for Mn� compared to the spin moments are re-
ported in the full-relativistic calculations of Ni2MnGa.32

Figure 7 presents the calculated total magnetic moment
per formula �tot and the local magnetic moment per atom
�local as a function of x in the Ni2−xCoxMnGa �0�x�2�.
The calculated �tot in Fig. 7 is in good accordance with the

experimental results in Fig. 6. For half metal, the total mag-
netic moment �tot follows Slater-Pauling �SP� behavior, be-
ing the number of the valence electrons in the unit cell −24.16

Co2MnGa has the �tot very near the ideal 4 �B predicted by
the SP rule as shown in Fig. 6. The local magnetic moment
�local of Co and Mn in Fig. 7 increases by the Ni substitution
for Co, indicating that the substitution of Ni for Co in
Co2MnGa increases the electrons in the majority states
around Co and Mn. This leads the increase in the �tot toward
the ideal 6 �B according to the SP rule for Ni2MnGa as
demonstrated with a broken line in Fig. 6. As is shown in
Fig. 7, the Mn spin moment increases with decreasing x as
like the SP rule because the lattice expansion of
Ni2−xCoxMnGa by the Ni substitution for Co enhances local-
ization of spin density around Mn. However, the �tot deviates
from the SP rule and decreases with decreasing x for x
�1.5. The decrease in the �tot can be attributed to the de-
crease in the local magnetic moment of Ni by the Ni substi-
tution for Co as shown in Fig. 7 owing to the smaller ex-
change splitting of Ni than that of Co and Mn.

We show in Fig. 8 the total density of states �DOS� and
the local density of states �LDOS� of the Ni2−xCoxMnGa for
x=1.6, 1.0, and 0.4. The spin polarization monotonically de-
creases with increasing the Ni concentration in the
Ni2−xCoxMnGa �34% for x=1.6, −18% for x=1.0, and −27%
for x=0.4�, reflecting the small spin polarization of the
L21-type Ni2MnGa. In the case of x=1.6 �Co-rich case�, the
DOS and the LDOS still have a dip structure around the
Fermi level in the minority-spin state originated from the
second nearest-neighbor Co�d��-Co�d�� hybridization, lead-
ing the SP-like behavior of the �tot. In the case of x=1.0 and
x=0.4 �Ni-rich case�, the dip around the Fermi level in the
minority-spin sates shifts toward the lower-energy side and
the Ni�d�� states are partially occupied. Since the second
nearest-neighbor Ni�d��-Ni�d�� hybridization provides the
small energy gap compared to that of Co�d��-Co�d��, the
further substitution of Ni for Co in the Ni-rich
Ni2−xCoxMnGa alloys may lead to the decrease in the gap in
the minority band, namely, the decrease in �tot as well as the
spin polarization.
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IV. CONCLUSION

Magnetization and initial permeability measurements
were carried out on the Heusler alloys Ni2−xCoxMnGa �0
�x�2�. On the basis of the experimental results, the

magnetic-phase diagram of Ni2−xCoxMnGa �0�x�2� was
determined. The Curie temperature increases with increasing
x. This may be attributed to the strong coupling between Mn
and Co atoms. The martensitic transition temperature de-
creases abruptly with increasing x and the martensite phase
collapses at x�0.25. The magnetic moment per formula unit
at 5 K makes a broad maximum around x=1.0. The magnetic
moment of Ni2−xCoxMnGa �0�x�2� has been calculated
using the Korringa-Kohn-Rostoker method. The substitution
of Ni for Co in Co2MnGa increases the electrons in the ma-
jority states around Co and Mn. This leads the increase in the
�tot toward the ideal 6 �B according to the SP rule for
Ni2MnGa. However, the �tot deviates from the SP rule and
decreases with decreasing x for x�1.5. This decrease in the
�tot can be attributed to the decrease in the local magnetic
moment of Ni by the Ni substitution for Co owing to the
smaller exchange splitting of Ni than that of Co and Mn. The
computational results of the magnetic moment are in good
agreement with the experimental results in this study.
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