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The composition dependent lattice parameter, phase stability, elastic moduli, and magnetic transition tem-
perature of the Ni2+xMn1−xGa shape-memory alloys are studied by using the first-principles exact muffin-tin
orbital method in combination with the coherent potential approximation. The lattice parameter and tetragonal
shear modulus of the cubic L21 austenite phase decreases linearly with increasing concentration x of excess Ni
atoms. The heats of formation of both cubic L21 and tetragonal �� phases and their difference increase with x,
indicating decreasing stability of the cubic and tetragonal phases and increasing driving force for the L21 to ��
martensitic transition. Investigating the electronic density of states, we find that the Ni-induced decreasing
phase stability can mainly be ascribed to the weakening of the covalent bonding between minority spin states
of Ni and Ga. Using the computed parameters, the composition dependence of the martensitic transition
temperature is discussed. The theoretical Curie temperature, estimated from the Heisenberg model in combi-
nation with the mean-field approximation, is larger for the �� phase than for the L21 phase. For both phases,
the Curie temperature decreases nearly linearly with increasing x.
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I. INTRODUCTION

Due to the indirect exchange interaction between Mn
ions, Ni2MnGa is ferromagnetic �FM� with Curie tempera-
ture TC=376 K.1 The stoichiometric Ni2MnGa undergoes a
structural phase transition at temperature TM =202 K from
the high-temperature cubic L21 structure to a martensitic
phase with complex tetragonal structure.1 This martensitic
transition �MT� is reversible, resulting in the shape-memory
effect in this system.

Upon alloying, both critical temperatures can be sensi-
tively tuned. Different combinations of TM and TC result in
different properties of the alloys with various technological
significances. For example, the TM and TC of Ni2+xMn1−xGa
alloys with x between 0.18 and 0.20 have TM and TC close to
each other.2 Consequently, the structural and the magnetic
transitions may couple to each other. This coupling makes it
possible to achieve shape-memory effect by applying mag-
netic field and may induce some attractive properties such as
giant magnetocaloric effect, magnetostriction, and magne-
toresistance which are important for the application of mag-
netic refrigeration or magnetostrictive transducers.3–9 With
x�0.3, TM is higher than TC so that the MT occurs in the
paramagnetic �PM� region. In this region, TM increases dras-
tically with x such that Ni2+xMn1−xGa with a high Ni excess
can be used as a high-temperature shape-memory alloy. To
build the connection between the composition and TM as
well as TC and to understand the underlying physics are criti-
cal for designing new Ni-Mn-Ga based alloys with desirable
properties.

There are several plausible quantities to connect the com-
position and TM of Ni-Mn-Ga based alloys, among which the
e /a ratio �the number of valence electrons per atom� is very
well recognized. It has been shown that increasing e /a ratio
lowers TM.10–12 However, such a connection is coarse
grained and fails in some situations. For example, replacing
Ga by Al or In and varying the long-range atomic order
change TM without altering the e /a ratio.13–16 The total en-
ergy difference ��EAM� between the parent austenite and the
tetragonal martensite phases is another quantity proposed to
correlate TM with the composition of the alloys.17,18 It was
shown that a larger �EAM corresponds to a higher TM.17,18

Interestingly, such a relationship also works for other shape-
memory alloys such as TiX with X=Ni, Pd, and Pt.19 Third,
the MT of Ni-Mn-Ga alloys results from the soft-phonon
modes and their accompanying soft tetragonal shear modulus
C�= 1

2 �C11−C12� of the high-temperature parent phase.20–22

For alloys undergoing MT, the composition dependence of
TM is generally related to the composition dependence of C�:
the lower the elastic constant, the higher the TM will be.23–25

This relationship is confirmed for both TiNi-based shape-
memory alloys and various kinds of off-stoichiometric
Ni2MnGa alloys.21,26,27 Finally, according to Lanska et al.10

and Banik et al.,28 the composition dependent tetragonality
of the martensite ��c /a−1��, with a and c being the lattice
constants of the martensite� may also serve as an index of the
composition dependence of TM, i.e., a larger �c /a−1� corre-
sponds to a higher TM. Thus, at least four physical quantities
have been reported to be relevant to the composition depen-
dence of TM. It is therefore of fundamental interest to per-
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form a systematic investigation of these claimed correlations
for a specified alloy and to assess their validity.

Within the Stoner model the magnetic transition tempera-
ture may be related to the magnetization energy, i.e., the
energy difference between the nonmagnetic and the FM
states.17,29,30 However, in the PM state above TC the system
may possess nonvanishing localmagnetic moments. The PM
state may be modeled by the so-called disordered local mag-
netic moment �DLM� picture.31 In this case, TC is estimated
from the energy difference between the DLM and the FM
states by taking into account the magnetic entropy of the
completely disordered paramagnetic phase as suggested by
Grimvall.32 Thus, in principle, the composition dependence
of TC could be established by evaluating the composition
dependent magnetic energy. A more advanced description of
the magnetic interactions and magnetic-transition tempera-
ture is offered by the Heisenberg model. Within the mean-
field approximation �MFA�, the transition temperature is di-
rectly related to the exchange interactions entering the
classical Heisenberg Hamiltonian.33,34 The transition tem-
perature of Ni2MnGa alloy from the Heisenberg model was
found to be rather close to the experimental value.35 How-
ever, to our knowledge, no theoretical determination of the
composition dependence of TC for Ni2+xMn1−xGa using the
Heisenberg model has yet been performed.

The purpose of this paper is to study the above-mentioned
quantities using first-principles alloy theory and investigate
their correlation with the measured TM and TC data. In par-
ticular, we calculate the composition dependence of the e /a
ratio, the energy difference between the austenite and mar-
tensite phases, the tetragonal shear modulus C� for the aus-
tenite phase, the tetragonality �c /a−1�, and the magnetic in-
teractions. Ni2+xMn1−xGa alloy is a perfect protocol for such
a purpose since the composition dependence of TM and TC is
available from experiments. The paper is arranged as fol-
lows: in Sec. II, we describe the employed first-principles
method and the details of the calculations. In Sec. III, the
composition dependent properties of Ni2+xMn1−xGa are re-
ported, and their relationships with the experimental marten-
sitic transformation temperature and Curie temperature as
well as the electronic origin of the composition dependence
are discussed. Finally, we summarize the main results of this
work in Sec. IV.

II. METHODOLOGY

A. Calculations details

The first-principles method used in the present work is
based on the density-functional theory.36 Although it has
been generally accepted that the full-potential methods de-
scribe the solids more accurately, here we employ the exact
muffin-tin orbitals �EMTOs� method37,38 in combination with
the optimized overlapping muffin-tin approximation for the
effective potential37,39 and the full-charge density technique
for the total energy.38,40 The motivation for our choice is that
the full-potential methods are not flexible enough to describe
the random distribution of the Ni atoms on the Mn sublattice
and the random distribution of the local magnetic moments
in the paramagnetic phase. Within the EMTO method, the

single-electron Kohn-Shan equations are solved by the
Green’s-function technique and the substitutional disorder is
treated using the coherent potential approximation
�CPA�.41–43

For the present application, the EMTO basis set included
s, p, d, and f components. The Green’s function was calcu-
lated for 16 complex energy points distributed exponentially
on a semicircular contour. We have found that the usual setup
of the muffin-tin potential sphere �Rmt�, Rmt=Rws with Rws
being the Wigner-Seitz radius, yields larger C� compared to
the experiment.27 Nevertheless, as it is pointed out in Refs.
37–39 the EMTO results can be improved by optimizing the
overlapping potential spheres. Therefore, for the present ap-
plication, after a careful potential optimization, we set Rmt

Ni

=0.95Rws for the atoms on the Ni sublattice and kept all the
other Rmt equal to Rws. In the one-center expansion of the
full-charge density, the number of orbitals was set as 10. The
scalar-relativistic and soft-core approximations were
adopted. The Ni 3d84s2, Mn 3d54s2, and Ga 3d104s24p1 were
treated as valence states. As we will see later, the soft-core
approximation in combination with the spdf basis set yields
more accurate theoretical lattice constants than the frozen-
core approximation and the spd basis set.27 The electronic
exchange-correlation potential was described with the
generalized-gradient approximation �GGA� by Perdew,
Burke, and Ernzerhof �PBE�.44 For comparison, the lattice
parameter and elastic modulus of pure Ni2MnGa were also
calculated by using local-spin density approximation
�LSDA�.45 The Brillouin zone was sampled by a uniform
k-point mesh. We found that a k mesh of 17�17�17 gave
well converged total energies for the present systems.

The crystal structure of the high-temperature
L21-Ni2MnGa austenite is shown in Fig. 1�a�. The unit cell is
comprised of four interpenetrating fcc lattices A �0, 0, 0�, B
� 1

2 , 1
2 , 1

2 �, C � 1
4 , 1

4 , 1
4 �, and D � 3

4 , 3
4 , 3

4 �. The Ga and Mn atoms
occupy, respectively, the A and B sites, and the Ni atoms
occupy the C and D sites. Figure 1�b� depicts the crystal
structure of the nonmodulated tetragonal martensite. As re-
ported in a recent study,27 the excess Ni atoms in
Ni2+xMn1−xGa prefer to occupy the Mn sublattice. Here we
assumed that the excess Ni atoms are distributed randomly
on the Mn sublattice. The theoretical phase stability, lattice
parameters, and elastic properties were calculated for x
�0.2, and the magnetic interactions for x�0.36.

B. Calculation of the elastic constants

The equilibrium volume and the bulk modulus of the L21
austenite phase were determined by fitting the calculated to-

FIG. 1. �a� Unit cells of standard stoichiometric Ni2MnGa with
simple cubic L21 structure and �b� body-centered-tetragonal struc-
ture in the �110� direction.
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tal energies versus volume �nine data points� to a Morse
function.46 The elastic moduli C� and C44 were calculated by
the use of volume conserving orthorhombic and monoclinic
deformations, i.e.,

�
1 + �o 0 0

0 1 − �o 0

0 0
1

1 − �o
2
� �1�

and

�
1 �m 0

�m 1 0

0 0
1

1 − �m
2
� , �2�

respectively. Six strains from �=0 to 0.05 with interval of
0.01 were used to calculate the total energies E��o� and
E��m�. The elastic constants C� and C44 were obtained by
fitting the total energies with respect to �o and �m as E��o�
=E�0�+2VC��o

2 and E��m�=E�0�+2VC44�m
2 , respectively.

C11 and C12 were then evaluated from the bulk modulus B
= 1

3 �C11+2C12� and the tetragonal shear constant C�= 1
2 �C11

−C12�. Finally, the error bars for the calculated shear elastic
constants were obtained from the numerical fit of E���.

C. Calculation of the TC

The Curie temperature �TC� of Ni2+xMn1−xGa was esti-
mated using the well-established Heisenberg model. Accord-
ing to that, the interatomic exchange interactions are de-
scribed in terms of the classical Heisenberg Hamiltonian

Heff = − �
�,�

�
R,R�

JRR�
�� sR

�sR�
� , �R � �R�, �3�

where JRR�
�� are the intrasite exchange integrals, the indices �

and � are 1 and 2, representing the Mn and Ni sublattices,

respectively, R and R� are the lattice vectors specifying the
atoms within sublattices, and sR

� is the unit vector pointing in
the direction of the magnetic moment at site �� ,R�.

Within the mean-field solution of the Heisenberg model,
TC is obtained by solving the system of coupled
equations35,47

	s�
 =
2

3kBT
�

�

J0
��	s�
 , �4�

where J0
���	RJ0R

�� is the effective exchange parameter, and
	s�
 is the average z component of sR

� . Equation �4� has non-
trivial solutions if the corresponding determinant is zero,
viz.,

Det�J − TI
 = 0 , �5�

where the matrix elements are J��= �2 /3kB�J0
�� and I��

=��� �� being the Kronecker delta�. The largest eigenvalue
of Eq. �5� gives the magnetic transition temperature.35,47 In
the present application, the exchange interactions for cubic
and tetragonal Ni2+xMn1−xGa alloys were calculated using
the magnetic force theorem48 implemented in the EMTO
method.37

III. RESULTS AND DISCUSSION

A. Properties of cubic Ni2MnGa

Table I lists the equilibrium lattice parameter a, the bulk
modulus B, the shear moduli C� and C44, and the total mag-
netic moment per unit cell �0 cubic Ni2MnGa. Compared to
our previous EMTO calculations reported in Ref. 27, the
present lattice constant �5.8208 Å� from GGA-PBE calcula-
tion is in better agreement with the experimental value
�5.8250 Å� and those from plane-wave pesudopotential20 as
well as full-potential linearized plane-wave54 calculations.
This good agreement is due to the large basis-set and soft-
core approximation employed in the present work. Further-
more, with the numerical parameters adopted here, we obtain

TABLE I. Equilibrium lattice parameter a, bulk modulus B, shear moduli C� and C44, and the total magnetic moment �0 of Ni2MnGa in
the L21 Heusler structure, in comparison with other theoretical and experimental data.

Method
a

�Å�
B

�GPa�
C�

�GPa�
C44

�GPa� �0��B�

This work �GGA-PBE� 5.8208 157.5
0.60 7.9
0.35 107.0
0.69 3.96

This work �LSDA� 5.6563 202.2
0.54 11.7
0.43 134.7
0.37

EMTO �spd, GGA-PBE�a 5.8922 151.9 15.9 99.4 4.05

PPb 5.8368 151.6 6.3 102.0 4.27

FLAPWc 5.8104 156.0 4.09

Experiments 5.8250d 146e,106f 4.5e, 22f, 6.5g 103e, 102f, 98g 4.17e

aReference 27.
bReferences 20 and 49.
cReference 50.
dReference 1.
eReference 51.
fReference 52.
gReference 53.
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a shear modulus C� about half that calculated using the pre-
vious setup.27 As a matter of fact, the present C� �7.9 GPa� is
very close to that from plane-wave pseudopotential �PP� cal-
culation �6.3 GPa�20,49 as well as most experimental values
�4.5 and 6.5 GPa�.51,53 The experimental C� �22 GPa� from
Ref. 52 deviates significantly from the theoretical and other
experimental values, which was ascribed by the authors to
the slightly varied composition of the sample. The present
bulk modulus and shear modulus C44 from Table I are in
agreement with the experimental1,51–53 as well as the previ-
ous first-principles20,49,54 data. As expected, LSDA yields
smaller lattice parameters �5.6563 Å� and larger bulk modu-
lus �202.2 GPa� compared to those from GGA-PBE since
LSDA generally overestimates the binding between the at-
oms.

B. Crystal structure

The equilibrium lattice constant of ferromagnetic
Ni2+xMn1−xGa with L21 crystal structure is shown in Fig. 2
as a function of the excess Ni concentration. Also shown are
the lattice constants from experimental measurements.28 The
calculated lattice parameter decreases linearly with the ex-
cess Ni concentration. The x dependence of the theoretical
lattice constant can be fitted as a=5.2810−0.1081x �Å�,
which is in good agreement with the experimental relation-
ship, a=5.2845−0.1092x �Å�. Note that the theoretical
slope is only about 0.1% smaller than the experimental
value.

The decrease in the lattice constant with increasing x may
be attributed to two factors. One is that the atomic radius of
the Ni �1.25 Å� is slightly smaller than that of Mn �1.27 Å�.
Therefore, the replacement of Mn by Ni induces the shrink-
age of the crystal lattice. The other reason is the weakening
of the magnetism of the system due to the substitution of Mn
with Ni. Since an alloy in ferromagnetic state generally pos-
sesses a larger lattice parameter than in nonmagnetic state,
the weakening of the magnetism with increasing Ni content
in Ni2+xMn1−xGa alloys results in a reduction in the lattice
parameter.

For the martensite with nonmodulated tetragonal struc-
ture, we calculated the formation energy �Ef� with respect to
the c /a ratio for each x. The Ef versus c /a curves for x=0,

0.1, and 0.2 are shown in Fig. 3. The formation energy of the
alloy is defined as

Ef = Etot −
2 + x

4
ENi −

1 − x

4
EMn −

1

4
EGa �6�

with Etot being the total energy per atom of the
Ni2+xMn1−xGa unit cell, and ENi, EMn, and EGa being the total
energies per atom of fcc Ni, and Mn and Ga in a hypothetical
fcc lattice.

It can be seen from Fig. 3 that, for x=0, two energy
minima are found within the c /a range considered: one at
c /a=1 corresponding to the L21 austenite and the other at
c /a=1.37 corresponding to the experimentally observed
nonmodulated ��. The presence of the nonmodulated ��
phase with c /a�1 is not seen in our total-energy curve. The
absence of the nonmodulated phase in the stoichiometric
Ni2MnGa alloy is in agreement with the findings of Zayak et
al.54 and Godlevsky and Rabe55 using pseudopotential plane-
wave methods. Further investigations by Zayak and Entel56

demonstrated that the �� phase may exist as five-layer modu-
lated structure with c /a�0.95.

For the nonmodulated �� phase, the c /a from our calcu-
lations is larger than the experimental �1.18� and other theo-
retical ��1.25� values.1,10,28,54,55 This discrepancy we ascribe
to the muffin-tin approximation employed in the present
study. We note that the actual minimum in the total energy
versus c /a sensitively depends on the basis set as well as on
the potential sphere radii.57,58 With spd basis set the theoret-
ical equilibrium c /a of Ni2MnGa is around 1.29 whereas
spdfg yields c /a�1.37. The conventional setup for the po-
tential sphere radii �viz., Rmt=Rws for all sites� and spd basis
set, on the other hand, predicts mechanically and thermody-
namically unstable nonmodulated martensite.57

Before turning to the composition dependence of the cal-
culated c /a, we would like to mention that quite a lot of
efforts have been made to predict the equilibrium c /a ratio of
the martensite by the use of first-principles methods.54,55,59

However, it seems that this is a rather challenging task. Con-
troversial results have been reported in the literature. For
example, the E�c /a� profile for perfect Ni2MnGa calculated
by Barman et al.,59 using the full-potential linear-augmented

FIG. 2. �Color online� Theoretical equilibrium lattice constants
�red squares� of Ni2+xMn1−xGa �x�0.2� alloys with L21 structure as
a function of the concentration x. For comparison the experimental
data are also shown �green circles� �Ref. 28�.

FIG. 3. �Color online� Theoretical formation energies of
Ni2+xMn1−xGa �x=0, 0.1, and 0.2� alloys as functions of the tetrag-
onal c /a ratio. c /a=1 corresponds to the austenitic phase. Shown in
the inset are the data points around c /a=0.90.
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plane-wave method, differs significantly from that obtained
in this study and those of Zayak et al.54 and Godlevsky and
Rabe.55 Namely, the E�c /a� profile by Barman et al.59 shows
a minimum at c /a�0.97 but the deep minimum for �� is
completely absent.

For x=0.1 and 0.2, again, the �� phase is found near
c /a�1.37. In the region with c /a�1, we obtain a very shal-
low minimum at c /a�0.9, corresponding to the nonmodu-
lated �� phase. This suggests that the nonmodulated �� phase
may occur as a metastable phase in Ni2+xMn1−xGa alloys
with high concentration of excess Ni. We note that the
present c /a ratios of the nonmodulated �� phase are slightly
smaller than the measured value �about 0.94�.1

Comparing the Ef�c /a� curves for different x, we find
that, for x=0, there exists an observable energy barrier for
the L21 to �� transition at c /a�1.10. This energy barrier
almost vanishes for x=0.1 and x=0.2. On the other hand,
from x=0 to x=0.2, the curves move up in the whole range
of c /a. The formation energies become less negative, indi-
cating that the replacement of Mn with Ni decreases the sta-
bility of the system.

The �� phase is only found for x larger than 0.06. This
corresponds to the results of Zayak et al.54 that the atomic
disorder could stabilize the ��. According to the present re-
sults, for the �� phase c /a decreases almost linearly from
0.932 to 0.893 as going from x=0.06 to x=0.2. The decreas-
ing c /a corresponds to increasing tetragonality of the ��
phase, in line with the measurement of Lanska et al.10 The
increasing tetragonality has been related to the increasing TM
of the Ni-Mn-Ga based alloys.10 However, for the nonmodu-
lated �� phase, the present c /a ratio remains almost un-
changed with x. This result is against the powder x-ray dif-
fraction measurements of Banik et al.28 which showed that
the c /a ratio of the �� phase increases from about 1.18 to
1.23 with x increasing from 0.15 to 0.35. The reason for the
discrepancy could be that the spherical constraint on the
muffin-tin potential is not able to generate very accurate c /a
ratio. However, since the main results from the present work
do not explicitly use the theoretical c /a value, we believe
that future improvement of the accuracy of the EMTO tool
will not affect the present conclusions.

C. Phase stability and TM

In order to get an idea of the connection between the
experimental MT temperature and the relative stability of the
austenite and martensite, we plot the formation energy dif-
ference between the austenite and martensite ��EAM=Ef

L21

−Ef
��� as well as the measured TM as functions of the con-

centration x of the excess Ni atoms in Fig. 4. As is shown in
the figure, both �EAM and TM increase almost linearly with
increasing x. The increasing �EAM implies increasing stabil-
ity of the �� phase relative to the L21 phase. The �EAM
versus x and TM versus x relationships can be fit as
�EAM�x� /mRy�1.53+0.85x and TM�x� /K�208+633x, re-
spectively, which for the �EAM versus TM relationship
yields: TM /K�−931+744�EAM /mRy. The correlation be-
tween �EAM and TM is expected, as �EAM is the difference

of thermodynamic potential between the high-temperature
austenite and the low-temperature martensite phases.

D. Elastic modulus and TM

The calculated elastic constants of Ni2+xMn1−xGa alloys
�x�0.2� in ferromagnetic L21 phase are listed in Table II.
The bulk modulus B increases with increasing x �or e /a ra-
tio� whereas C44 remains almost unchanged. The elastic con-
stant C11 �C12� decreases �increases� with x or e /a ratio,
which results in softening the tetragonal elastic constant C�
= 1

2 �C11−C12�. For x=0.2, C� barely amounts to
1.6
0.34 GPa, which indicates a marginal elastic stability
toward a uniform tetragonal distortion.20–22

In Fig. 5, we plot C� and the measured TM as a function of
x and e /a. It is seen that C� decreases almost linearly with
increasing x or e /a ratio, following the relationship
C� /GPa�7.48−29.95x whereas TM increases with x or e /a
ratio, following TM /K�208+633x. Therefore, we may re-
late C� and TM as TM /K�366−21.14C� /GPa. According to
this, a larger C� corresponds to a lower TM, in agreement
with the correlation found for the other shape-memory alloys
such as NiTi based alloys.26

The e /a ratio is a well-recognized predictor to determine
qualitatively the composition dependent TM.10–12 For the
Ni2+xMn1−xGa alloy, we have e /a= �10�2+x�+7�1−x�
+3� /4= �30+3x� /4. However, the TM �e /a ratio relation-
ship is not guaranteed for some other off-stoichiometric
Ni2MnGa alloys. For examples, the substitution of the fourth
elements such as Al and In to Ga �Refs. 13 and 14� and the
variation in the long-range order of the L21 phase alter re-
markably TM �Refs. 15 and 16� but without changing e /a.
From this point of view, C� as well as �EAM could be better
measures of the composition dependent TM since both C�
and �EAM are expected to be sensitive to the composition �as
well as the components� and long-range order as mentioned
above. To confirm this assumption one should calculate the
shear moduli and �EAM of the Ni2Mn�GaAl� alloys and the
Ni2MnGa alloys with different long-range order.

E. Magnetic property and TC

For Ni2+xMn1−xGa alloys, it is found that the magnetic
moment of the excess Ni atoms on the Mn sublattice �NiMn�

FIG. 4. �Color online� Theoretical formation energy difference

between the L21 and �� phases ��EAM=Ef
L21 −Ef

��� and the experi-
mental martensitic transition temperature �Ref. 2� TM of
Ni2+xMn1−xGa �x�0.2� alloys with respect to the concentration x
�and e /a ratio, upper abscissa�.
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is ferromagnetically coupled to those of the Ni atoms on the
Ni sublattice �NiNi� and the Mn atom on the Mn sublattice.
The magnetic splitting of NiMn is suppressed such that its
magnetic moment is about half that of NiNi. With increasing
x, the magnetic moments of the Ni atoms decrease slightly
whereas those of Mn and Ga remain almost unchanged.
Since the magnetic moment of Ni atom is significantly
smaller than that of the Mn atom, the total magnetic moment
of Ni2+xMn1−xGa decreases with increasing concentration of
the excess Ni.

Several phenomenological models17,29,30 have been pre-
sented to evaluate the Curie temperature TC of magnetic ma-
terials, among which the simplest one is from Stoner, in
which TC is related to the energy difference between the
nonmagnetic and the ferromagnetic states ��ENF� by TC
��ENF /kB, with kB being the Boltzmann constant.17,29,30

Such a model has been employed to estimate TC of the per-
fect Ni2MnGa. However, the obtained TC��3900 K� is more
than ten times that from the experiments �376 K�.30 This
finding is in agreement with the present calculation, where
we get �ENF=21.89 mRy /atom for Ni2MnGa in the L21
structure, giving 3452 K for the transition temperature. The
main reason behind the above discrepancy is that at high-

temperature Ni2MnGa has a paramagnetic state with nonva-
nishing disordered local magnetic moments.

The disordered local magnetic-moment picture31 offers a
more realistic description of the PM state. Within the DLM,
the Ni2+xMn1−xGa system is described as a
�NiNi

↑ NiNi
↓ ��Mn1−x/2

↑ Mn1−x/2
↓ NiMn,x/2

↑ NiMn,x/2
↓ �Ga pseudoalloy,

where the arrows mark the two spin states for NiNi, NiMn, and
Mn. Using the PM state, the transformation temperature be-
comes TC��EPF /Smag, where �EPF is the energy difference
between the PM �DLM� and FM states and Smag

= 1
4kB�i

4ci ln��i+1� ��i is the magnetic moment and ci the
composition for site i� is the mean-field expression of the
magnetic entropy valid for completely disordered local mag-
netic moment.32 Our calculations give �EPF=1.7 mRy for
L21-Ni2MnGa, which yields 724 K for the critical tempera-
ture of Ni2MnGa. Thus although the transition temperature
from Grimvall model is much lower than that from Stoner
theory, it is still about twice of the experimental value. Re-
cently, Şaşıoğlu et al.35 have shown that the theoretical TC of
Heusler alloys can be significantly improved by using the
Heisenberg Hamiltonian in combination with mean-field ap-
proximation. In the following, we adopt this approach to
investigate the composition dependence of TC of
Ni2+xMn1−xGa and compare the results with those obtained
from the Grimvall model.

Figure 6 presents the effective exchange parameter of be-
tween Mn-Mn �J0

Mn-Mn� and between Mn-NiNi �J0
Mn-Ni� as a

function of the excess Ni concentration in Ni2+xMn1−xGa�0
�x�0.36� having the L21 and the �� structures. The inter-
action parameters with NiMn are small and thus they are not
shown here. It is seen that, with increasing x, J0

Mn-Mn de-
creases for both crystallographic phases. However, the trend
of J0

Mn-Ni is different: J0
Mn-Ni of the L21 phase first increases

slightly and then decreases whereas that of the �� always
decreases with x increasing.

Figure 7 shows the composition dependence of the theo-
retical TC for the L21 and �� phases calculated from the
Heisenberg model using the mean-field approximation �Eq.
�5��. For both phases, TC decreases with increasing x. TC of
the �� phase is higher than that of the L21 phase. The present
theoretical TC values are compared to the experimental data

TABLE II. The elastic constants of Ni2+xMn1−xGa�x�0.2� alloys.

x
B

�GPa�
C11

�GPa�
C12

�GPa�
C44

�GPa�
C�

�GPa� e /a

0.00 157.5
0.60 168.0
0.47 152.2
0.23 107.0
0.69 7.9
0.35 7.500

0.02 157.8
0.42 167.0
0.51 153.2
0.25 107.1
3.46 6.9
0.38 7.515

0.04 158.1
0.32 166.2
0.51 154.0
0.25 107.2
0.94 6.1
0.38 7.530

0.06 158.5
0.68 165.8
0.47 154.9
0.23 102.6
2.39 5.4
0.35 7.545

0.08 158.7
0.36 165.3
0.39 155.4
0.19 110.0
2.95 4.9
0.29 7.560

0.10 159.0
0.44 165.3
0.36 155.9
0.18 108.0
0.44 4.7
0.27 7.575

0.12 159.4
0.50 164.3
0.32 156.9
0.16 108.4
0.47 3.7
0.24 7.590

0.14 159.8
0.40 163.9
0.31 157.8
0.15 108.6
0.50 3.1
0.23 7.605

0.16 160.3
0.12 163.9
0.32 158.5
0.16 108.9
0.62 2.7
0.24 7.620

0.18 160.5
0.40 163.6
0.41 159.0
0.21 109.2
1.29 2.3
0.31 7.635

0.20 161.2
0.46 163.3
0.45 160.1
0.23 109.0
0.64 1.6
0.34 7.650

FIG. 5. �Color online� Theoretical shear modulus C� of the L21

phase �left ordinate� and the experimental martensitic transition
temperature �Ref. 2� TM �right ordinate� of Ni2+xMn1−xGa�x�0.2�
alloys with respect to the concentration x �and e /a ratio, upper
abscissa�.
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�also shown in Fig. 7�. For x�0.18, the experimental transi-
tion temperature decreases almost linearly with increasing x.
However, for x�0.18, the experimental TC increases sud-
denly with increasing x. After reaching a maximum at about
x=0.25 it decreases again with x. This interesting experimen-
tal trend of TC can be understood qualitatively from the
present results. For x�0.18, TM is well below TC so that the
magnetic transition occurs in the L21 phase.2 Therefore, the
TC of system corresponds to that of the L21 phase and de-
creases with increasing x, in line with the present finding.
Since TM increases whereas TC decreases with increasing x,
they become close to each other for x�0.18.2 Around this
composition, the austenite and martensite phases may coexist
and thus the measured TC corresponds to a mixed rather than
to a single phase. Since according to the present study the TC
of the martensite �� phase is higher than that of the austenite
L21 phase, it is understandable that the measured TC goes up
with increasing x, i.e., with increasing content of �� phase in
the system. When x exceeds 0.25, TM becomes higher than
TC and the magnetic transition occurs within the �� phase.2

Therefore, the measured TC corresponds solely to that of the
martensite and decreases again with increasing x, in line with
the present theory. We would like to point out the excellent
agreement between the theoretical and experimental “jump”
in TC around x�0.18 �Fig. 7�.

For comparison, the critical temperatures estimated from
the Grimvall model adopting the PM-FM energy difference
�not shown� follow the same linear trends as those obtained
from the Heisenberg-MFA. For instance, for the L21 phase
the �TC /�x slope of the Heisenberg-MFA TC is −832 K.
The corresponding slope from the Grimvall model is
−794 K. Hence, although the Grimvall model fails to give
accurate TC values, it describes the composition dependence
of TC�x� in line with the Heisenberg-MFA model. Note that
the above theoretical slopes are larger than the average ex-
perimental slope2 of −280 K calculated for 0�x�0.18.

F. Electronic structure

In order to understand the atomistic origin of the compo-
sition dependence of the calculated physical parameters of
Ni2+xMn1−xGa alloys, we compare the total electronic density
of states �DOS� and local DOS of Ni2+xMn1−xGa with x=0,
0.1, and 0.2 in Figs. 8 and 9.

As shown in Fig. 8, in the minority �spin-down� DOS of
the L21 phase, there exists a pseudogap at about 0.05 Ry
below the Fermi level, indicating the covalent bonding char-
acters between the atoms in Ni2+xMn1−xGa. From Fig. 9,
which shows the local DOS of Ni ��a� and �b�� and Ga ��e�
and �f��, it is clear that the covalent bond is mainly formed
due to the hybridization between the minority electronic
states of Ni and Ga. As seen in Fig. 9, the resonance between
the minority states of Ni and Ga around the pseudogap is
more significant than that between Mn and Ga: the peak right
below Fermi level of L21 phase is clearly seen in the local
DOSs of both Ni �Fig. 9�a�� and Ga �Fig. 9�e�� but is not
obvious for Mn �Fig. 9�c��. This is understandable since Ni
atom is the nearest neighbor whereas Mn is the second-
nearest neighbor of Ga and, therefore, the interaction be-
tween Ni and Ga is expected to be stronger than that between
Mn and Ga. The states below the pseudogap represent the
bonding states whereas those above the pseudogap represent
the antibonding states. Some of the antibonding states of the
L21 phase are below the Fermi level, i.e., they are occupied
by electrons. The occupation of antibonding states generally
weakens the covalent bond. When the L21 phase transforms
to ��, the pseudogap becomes wider and moves up in en-
ergy. In the �� phase, the Fermi level locates right in the

FIG. 6. �Color online� The effective exchange parameters
J0

Mn-Mn �squares� and J0
Mn-Ni �circles� as a function of the excess Ni

concentration x in Ni2+xMn1−xGa �0�x�0.36� alloys. Results are
shown for both L21 �left panel� and �� �right panel� structures.

FIG. 7. �Color online� Theoretical TC values as a function of the
Ni concentration in Ni2+xMn1−xGa �0�x�0.36� alloys. Results are
shown for both L21 �squares� and �� �spheres� structures. The ex-
perimental TC values are from Ref. 2.

FIG. 8. �Color online� Total density of state of Ni2+xMn1−xGa
�x=0, 0.1, and 0.2� alloys with L21 �panel a� and �� �panel b�
crystallographic structures. The vertical lines indicate the Fermi
level. The minority �spin-down� density of states are represented in
the lower part of each panel.
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valley of the pseudogap, i.e., the bonding states are fully
occupied and the antibonding states are empty, indicating
that the covalent bond in the �� phase is stronger than that in
the L21 phase. This is why the �� phase is more stable than
the L21 phase at ambient conditions. On the other hand, for
the majority �spin-up� DOS, the state at about −0.05 Ry of
the L21 phase splits when L21 phase transforms to �� phase,
which implies additional electronic interaction between the
atoms in the �� phase. This effect may also contribute to the
improved stability of the �� phase relative to the L21 phase.
As seen from Figs. 9�a�–9�d�, the splitting of the state at
−0.05 Ry due to the L21 to �� phase transition can mainly
be ascribed to the electronic interaction between the Ni and
Mn atoms.

With x increasing from 0 to 0.2, for both L21 and ��
phases, the pseudogap at about −0.05 Ry in the minority
DOS becomes shallower �Fig. 8�, which means that the co-
valent bond is weakened accordingly. This trend of the DOS
is in agreement with the decreasing stability of the L21 and
�� phases with increasing x. Moreover, the increase in the
minority DOS of NiNi with increasing x �Fig. 9�a�� corre-
sponds to the decreasing magnetic moments of the NiNi atom
as discussed at the beginning of Sec. III E.

IV. SUMMARY

In this paper, the concentration dependent properties of
Ni2+xMn1−xGa alloys and their relationship with the marten-
sitic transition temperature TM and Curie temperature TC are
investigated by the use of the first-principles EMTO-CPA
method. The main results are summarized as follows: �1� for
the austenite phase with L21 structure, the lattice constant
decreases linearly with the concentration of the excess Ni
atoms, x. At static conditions, the nonmodulated �� phase is
identified at c /a�1.37 independent of the concentration x.
For x�0.06, the nonmodulated �� at c /a�1 is found and
the corresponding c /a ratio slightly decreases with increas-
ing x. �2� The heats of formation of the L21 and �� phases
and their difference increase with increasing x, which indi-
cates �a� decreasing lattice stability and �b� larger driving
force for the L21-�� martensitic phase transition, in accor-
dance with the higher martensitic transition temperature TM.
�3� The shear modulus C� decreases with increasing x, which
confirms that smaller C� corresponds to higher TM. �4� With
increasing x, the magnetic transition temperatures decrease
for both L21 and �� phases. For compositions where the two
critical temperatures are close to each other, the magnetic
transition temperatures of the austenite and martensite phases
present, respectively, the lower and upper limits of the mea-
sured TC of the alloy. �5� The covalent bond between minor-
ity spin states of Ni and Ga becomes weakened with increas-
ing x, which accounts for the decreasing stability of the
Ni2+xMn1−xGa alloy with increasing x.
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