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The site preference and elastic properties of Fe-, Co-, and Cu-doped Ni2MnGa alloys are investigated by using
the first-principles exact muffin-tin orbital method in combination with coherent-potential approximation. It is
shown that Fe atom prefers to occupy the Mn and Ni sublattices even in Ga-deficient alloys; Co has strong
tendency to occupy the Ni sublattice in all types of alloys; Cu atoms always occupy the sublattice of the host
elements in deficiency. For most of the alloys with stable site occupations, both the electron density n and the
shear modulus C ′ can be considered as predictors of the composition dependence of the martensitic transition
temperature TM of the alloys. The physics underlying the composition-dependent C ′ are discussed based on the
calculated density of states.
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I. INTRODUCTION

Ni2MnGa-based alloys have drawn much attention in recent
years. These alloys undergo both reversible martensitic and
magnetic transitions upon changing temperature, which may
result in interesting properties such as magnetic field or thermal
change induced shape memory effect (SME). Experiments
have demonstrated that the martensitic transformation proper-
ties of the Ni2MnGa alloys may change drastically by doping
of a fourth element such as Fe, Co, and Cu.1–9 For example, the
substitution of Mn with Fe (Ni2Mn1−xGaFex) up to x = 0.70
drops the martensitic transition temperature TM from 200 K
to about 120 K,1 whereas the replacement of Ga by Fe
(Ni52.7Mn22.1Ga25.2−xFex , x = 5.3) increases TM from 290 K
to 440 K.2 For the Co- and Cu-doped Mn- or Ga-deficient
alloys, TM increases,3–6 but it decreases if Co or Cu replaces
Ni atoms.2,7,8

The high-temperature austenite of Ni2MnGa is of cubic
L21 structure, consisting of four sublattices: sites ( 1

4 , 1
4 , 1

4 ) and
( 3

4 , 3
4 , 3

4 ) are occupied by Ni, ( 1
2 , 1

2 , 1
2 ) by Mn, and (0, 0, 0) by

Ga. The site occupation of the alloying atoms in the lattice is
one of the fundamental issues to understand the alloying effect
on the properties (e.g., magnetics and modulated structure of
the martensite) of Ni2MnGa-based alloys.10–12 Generally, the
alloying atoms are expected to take directly the sublattice on
which the host element is in deficiency. For instance, in the
Ni-deficient off-stoichiometric Ni2MnGa, one would expect
that the alloying atoms occupy the Ni sublattice. We call this
situation “normal” site occupation. However, the “normal”
site occupation may not be always energetically favorable. As
demonstrated by our previous investigations, in the Ga-rich
Ni2MnGa alloys, the excess Ga atoms occupy solely the Mn
sublattice no matter whether Mn is deficient or not.13 In the
Ni-deficient Ga-rich Ni2MnGa alloy, some of the Mn atoms
move to the Ni sublattice so as to make room for the excess

Ga atoms. A very similar situation occurs in the TiNi1−xZrx
system,14 where we found that Zr atoms prefer the Ti sublattice
and expel some Ti atoms to the Ni one. This kind of site
occupancy we will refer to as being “abnormal.” Therefore,
the site occupancy of the alloying atoms in Ni2MnGa could
be very complicated and needs to be elucidated. However,
investigations on the site occupation of the alloying atoms in
Ni2MnGa-based alloys have rarely been found.

The number of valence electrons per atom (e/a) has
been identified to be closely related to TM of the alloys:
a larger e/a indicates a higher TM .15–17 This correlation
provides a predictor for the composition-dependent TM of
Ni2MnGa-based alloys. However, such a correlation breaks
down for the Fe-doped Ni2MnGa alloys. The experiments of
Kikuchi et al.,1 Soto-Parra et al.,2 and Liu et al.18 demon-
strated that for Ni2Mn1−xGaFex , Ni52.5Mn22.3−xGa25.2Fex , and
Ni50.5Mn25−xGa24.5Fex , larger e/a corresponds to lower TM .
Instead of e/a, Chen et al. included the effect of volume by
relating the density of valence electrons n, defined as

n = (e/a × N )/Vcell, (1)

to TM .19 Here, Vcell is the volume of the unit cell and N is the
number of atoms contained in the unit cell. On the other hand,
the shear modulus C ′ = 1

2 (C11 − C12) may also serve as the
predictor of the composition-dependent TM . As we reported
previously,13,20 for the off-stoichiometric Ni2MnGa alloys, a
larger C ′ indicates a lower TM . In some cases, C ′ is even better
than e/a as the predictor. For example, our recent calculations
demonstrated that C ′ of Ni2Mn(GaxAl1−x) increases with
decreasing x, in agreement with the lowering experimental
TM .21 However, e/a of this alloy remains constant with
changing x. Therefore, it is interesting to know whether the
TM -C ′ correlation works for the Fe-doped Ni2MnGa alloys
or not.
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The purpose of the present paper is to determine first
the site occupation of Fe-, Co-, and Cu-doped Ni2MnGa
alloys by the use of a first-principles method. Based on
the determined site occupation, the alloying effect on the
magnetic moments, equilibrium volume, and elastic properties
of these alloys are examined, and the correlations between the
composition-dependent TM and the electron density n as well
as the shear elastic modulus C ′ are discussed.

The rest of the paper is arranged as follows: In Sec. II,
we describe the first-principles method we used and the
calculation details. In Sec. III, the site preferences of Fe,
Co, and Cu in three types of off-stoichiometric Ni2MnGa
alloys are determined. In Sec. IV, the magnetic moments
of the studied alloys are presented and the magnetic effect
on the site occupations is discussed. In Sec. V, the alloying
effect on the equilibrium volume is studied. The connection
between the electron density containing the volume effect and
the experimental TM is analyzed. In Sec. VI, we calculate the
composition-dependent single-crystal elastic constants, and
the correlation between C ′ and TM is examined for all the
studied Fe-, Co-, and Cu-doped alloys. The physics underlying
the alloying effect on C ′ are explored based on the calculated
density of states. Finally, we give our remarks on this work in
Sec. VIII.

II. METHODS AND CALCULATION DETAILS

All calculations of the present work are carried out by
the use of the first-principles method based on density
functional theory,22,23 formulated with the exact muffin-tin
orbitals (EMTO).24–27 The EMTO method is an improved
screened Koringa-Kohn-Rostoker (KKR) method,25 where
the one-electron Kohn-Sham equation is solved by the use
of a scalar-relativistic Green’s function technique. The one-
electron potential is represented by optimized overlapping
muffin-tin potential spheres. By using the overlapping spheres,
one describes more accurately the exact crystal potential,
compared to the conventional muffin-tin or non-overlapping
approach.24,28 In combination with the full charge density
(FCD) technique for the total energy calculation,24 the EMTO
method is also suitable to describe accurately the total energy
with respect to anisotropic lattice distortions. Another impor-
tant virtue of the EMTO method is that the coherent-potential
approximation (CPA) can be conveniently incorporated.27,29–31

The CPA is one of the few possible approaches to deal with
both the chemical and magnetic disorder at the first-principles
level. The EMTO-CPA method has been applied successfully
in the theoretical study of the thermophysical properties of
metallic alloys24,27,32–36 and complex oxides.37–40

In the present self-consistent calculations, the exchange-
correlation term is described within the Perdew-Burke-
Ernzerhof (PBE) generalized gradient approximation.41 The
EMTO basis sets include s, p, d, and f components. The
Green’s function is calculated for 32 complex energy points
distributed exponentially on a semicircular contour. After
carefully optimizing the overlapping potential spheres (Rmt ),
we set RNi

mt = 0.95Rws for the atoms on the Ni sublattice and
the usual setup Rmt = Rws for the other sublattices, where Rws

is the Wigner-Seitz radius. In the one-center expansion of the
full charge density, the number of components is truncated

at 8. The scalar-relativistic and soft-core approximations are
employed. The Ni 3d84s2, Mn 3d54s2, Ga 3d104s24p1, Fe
3d74s1, Co 3d74s2, and Cu 3d104s1 are treated as valence
states. The Brillouin zone was sampled by a 17 × 17 × 17
uniform k-point mesh without any smearing technique. Our
test calculations show that the selected parameters can ensure
an accuracy of 0.005 mRy/atom of the calculations.

The stable site occupation is determined by comparing
the free energies (F = E − T S, E being the formation
energy per atom, S the mixing entropy per atom, and T

the temperature) per atom of the alloy with different site
occupation configurations. For an alloy with composition
Ni2−xMn1−yGa1−zXx+y+z,

E = 1
4 {Etot − [(2 − x)ENi + (1 − y)EMn (2)

+ (1 − z)EGa + (x + y + z)EX]}

with Etot being the total energy of the unit cell, and ENi, EMn,
EGa, and EX being the total energies per atom of the pure Ni,
Mn, Ga, and X in a hypothetical fcc lattice, respectively. The
mixing entropy S is evaluated as

S = −1

4
kB

4∑
i=1

[ci ln ci + (1 − ci) ln (1 − ci)] (3)

with ci being the atomic fraction on each lattice site i and kB the
Boltzmann constant. The contributions of the lattice vibration
and electronic temperature are not included in the free energy.
At ambient temperature, the effect of electronic temperature
is negligible. The contribution of the lattice vibration to
the free-energy difference between different site-occupation
configurations (�Fph) may be estimated by using the high-
temperature expansion of the phonon free energy, according
to which �Fph ≈ 3kBT (��/�) with � being the Debye
temperature. With this approximation, �Fph is typically two
orders of magnitude smaller than that from electronic energy
so that it is also negligible.13

To calculate the single-crystal elastic constants, we first
determine the equilibrium volume and the bulk modulus by
fitting the calculated total energies versus volume to a Morse
function.42 Then the elastic moduli C ′ and C44 are calculated
by the use of volume-conserving orthorhombic and monoclinic
deformations, i.e.,

⎛
⎝

1 + δo 0 0
0 1 − δo 0
0 0 1

1−δo
2

⎞
⎠ (4)

and

⎛
⎝

1 δm 0
δm 1 0
0 0 1

1−δm
2

⎞
⎠ , (5)

respectively. Six strains from δ = 0 to δ = 0.05 with intervals
of 0.01 were used to calculate the total energies E(δo)
and E(δm). The elastic constants C ′ and C44 were obtained
by fitting the total energies with respect to δo and δm
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as E(δo) = E(0) + 2V C ′δ2
o and E(δm) = E(0) + 2V C44δ

2
m,

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

3 (C11 + 2C12) and the tetragonal shear constant
C ′ = 1

2 (C11 − C12).

III. SITE PREFERENCE

In the present work, for each alloying element X (X = Fe,
Co, and Cu), we consider 3 types of compositions: Ni deficient
(Ni2−xMnGaXx) (type 1), Mn deficient (Ni2Mn1−xGaXx)
(type 2), and Ga deficient (Ni2MnGa1−xXx) (type 3), with
x = 0.05. For each composition, we consider 5 different
site-occupation configurations. Taking the Ni-deficient alloy
as example, the 5 site-occupation configurations are (A) the
“normal” site occupation with x X atoms occupying the Ni
sublattice (denoted as XNi); (B) x X atoms occupying the Mn
sublattice (XMn) and x Mn atoms moving to the Ni sublattice
(MnNi); (C) x X occupying the Ga sublattice (XGa) and x Ga
atoms moving to the Ni sublattice (GaNi); (D) x X occupying
the Mn sublattice (XMn), x Mn atoms moving to the Ga
sublattice (MnGa), and x Ga atoms moving to the Ni sublattice;
(E) x X occupying the Ga sublattice, x Ga atoms moving to
the Mn sublattice (GaMn), and x Mn atoms moving to the
Ni sublattice. The stable site occupation is determined by
comparing the free energies F of the 5 different site-occupation
configurations. To observe the effects of temperature and
magnetism, we also present the formation energies E and E′,
calculated respectively with and without spin polarization. The
relative energies are presented as �F , �E, and �E′, where the
energy of the “normal” site-occupation configuration is taken
as reference. �F measures the relative stability of various site
occupations at temperature T = 300 K, which is around the
critical temperature of the martensitic transition, whereas �E

and �E′ correspond to the relative stability at 0 K in magnetic
and nonmagnetic states, respectively.

Listed in Table I are the relative formation energy (�E

and �E′), relative free energy (�F ), and the magnetic
moment (μ0) of the three types of Fe-, Co-, and Cu-doped
Ni2MnGa alloys. Note that �E and �F have similar trends
against the site-occupation configurations at the temperature
of 300 K. Therefore, in the temperature range of interest, the
mixing entropy cannot change the relative stability of the site
occupations, so comparing the relative formation energy is
actually sufficient to determine the stable site occupancy.

For the Fe-doped Ni- and Mn-deficient alloys, the “normal”
site-occupation configuration A with Fe occupying the Ni
or Mn sublattice is lower in energy than the “abnormal”
site-occupation configurations. However, for the Ga-deficient
alloy, the energy difference between the site-occupation
configurations A (“normal”), B (with Fe atoms occupying
the Ni sublattice while some of the Ni atoms are moving
to the Ga sublattice), and C (with Fe atoms occupying the
Mn sublattice while some of the Mn atoms are moving to
the Ga sublattice) are close to the numerical accuracy of
our first-principles calculation. Furthermore, for these systems
due to the neglected temperature effects our approach is not
sufficient to resolve the site preference. At the same time, the
small energy differences suggest that these configurations are
almost degenerated in energy and may occur simultaneously
in the alloys.

For the Co-doped alloy, regardless of the composition of
the alloys, the configuration of Co occupying the Ni sublattice
has the lowest energy among all configurations investigated,
indicating Co atoms prefer strongly the Ni sublattice. That
is, the “normal” site-occupation configuration A is the most
stable for the Ni-deficient alloy whereas for both Mn- and Ga-
deficient alloys, the “abnormal” site-occupation configuration
(B) with Ni antisites on the Mn or Ga sublattice is more stable.

In the Cu-doped alloy, Cu atoms always take the sublattice
of the deficient component; i.e., the “normal” site-occupation
configuration is the most stable one for all 3 types of Cu-doped
alloys.

For all the alloys involved in this study, configurations D and
E are not stable. The reason is that two kinds of antisites have
to be generated in order to achieve the composition balance
for these configurations, which cost a lot of energy.

IV. MAGNETIC MOMENTS

Listed also in Table I are the total magnetic moments (μ0) of
the three types of Fe-, Co-, and Cu-doped Ni2MnGa alloys with
5 different site-occupation configurations. The total magnetic
moments differ significantly for different site-occupation
configurations. Observing the local magnetic moments of
the six types of atoms (shown in Table II), it is found that
Mn, Fe, and Co atoms show different magnetic moments
when occupying different sublattices: On the Ni, Mn, and Ga
sublattices, the magnetic moments of the Mn atoms are roughly
−2.43μB , 3.37μB , and −3.43μB , respectively; those of the Fe
atoms are roughly 1.39μB , 2.83μB , and 2.83μB , respectively;
and those of the Co atoms are roughly 1.03μB , 1.31μB , and
1.30μB . The magnetic moments of Mn atoms on the Ni or
Ga sublattice tend to be antiferromagnetically coupled with
those of Mn atoms on the Mn sublattice (MnMn). Mn, Fe, and
Co atoms are almost equally magnetized on the Mn and Ga
sublattices with magnetic moments significantly larger than
those when they occupy the Ni sublattice. This is because
the atoms on the Mn and Ga sublattices have the same Ni
surroundings and the magnetic interaction is localized, mainly
confined in between NiNi and Mn, Fe, and Co on the Mn or
Ga sublattice. When occupying the three different sublattices,
Ni atoms are also spin polarized with local magnetic moments
about 0.32μB on the Ni sublattice, in comparison with about
0.15μB and 0.12μB on Mn and Ga sublattices, respectively.
Both Ga and Cu have very small magnetic moments and their
magnetic moments remain almost unchanged when occupying
different sublattices (shown in Table II).

Since the atoms (mainly Mn, Fe, and Co) exhibit different
magnetic moments when occupying different sublattices, the
magnetic property of these alloys also changes with different
site-occupation configurations. Obviously, the site occupancy
is also controlled by the complex magnetic interaction besides
the chemical interactions. In Table I, the comparison between
�E from spin-polarized calculations and �E′ from non-spin-
polarized calculations may roughly show the (static, i.e., 0 K)
magnetic effect on the site occupancy. As seen in Table I,
for each site-occupation configuration, �E is generally very
different from �E′. Generally, �E is larger than �E′, which
means that the magnetic effect tends to stabilize the normal
site-occupation configuration in all of the studied alloys. This
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TABLE I. Relative formation energy �E and �E′ (in mRy/atom) and relative free energy �F (in mRy/atom) of Fe-, Co-, and Cu-doped
Ni2MnGa alloys at a temperature of 300 K, taking the formation and free energy of the “normal” site-occupation configuration as reference.
A–E denote different site-occupation configurations (see the text). �E and �E′ are the relative formation energies from spin-polarized and
non-spin-polarized calculations, respectively. Also presented in the table are the total magnetic moments μ0 (in μB ). Boldface indicates the
most stable configuration.

Type Composition Site Occupancy �E �E′ �F μ0

Fe doped
1 Ni1.95MnGaFe0.05 A: (Ni0.975Fe0.025)2MnGa 0 0 0 4.01

B: (Ni0.975Mn0.025)2(Mn0.95Fe0.05)Ga 0.41 −0.11 0.31 3.79
C: (Ni0.975Ga0.025)2Mn(Ga0.95Fe0.05) 1.48 1.34 1.38 4.15
D: (Ni0.975Ga0.025)2(Mn0.95Fe0.05)(Ga0.95Mn0.05) 1.57 1.27 1.38 3.72
E: (Ni0.975Mn0.025)2(Mn0.95Ga0.05)(Ga0.95Fe0.05) 1.11 −0.38 0.92 3.80

2 Ni2Mn0.95GaFe0.05 A: Ni2(Mn0.95Fe0.05)Ga 0 0 0 3.95
B: (Ni0.975Fe0.025)2(Mn0.95Ni0.05)Ga 0.38 −0.77 0.26 3.84
C: Ni2(Mn0.95Ga0.05)(Ga0.95Fe0.05) 0.74 −0.26 0.64 3.96
D: (Ni0.975Fe0.025)2(Mn0.95Ga0.05)(Ga0.95Ni0.05) 0.71 −0.74 0.50 3.83
E: (Ni0.975Ga0.025)2(Mn0.95Ni0.05)(Ga0.95Fe0.05) 1.81 0.53 1.60 3.97

3 Ni2MnGa0.95Fe0.05 A: Ni2Mn(Ga0.95Fe0.05) 0 0 0 4.16
B: (Ni0.975Fe0.025)2Mn(Ga0.95Ni0.05) −0.01 −0.49 −0.13 4.03
C: Ni2(Mn0.95Fe0.05)(Ga0.95Mn0.05) −0.06 −0.07 −0.16 3.73
D: (Ni0.975Fe0.025)2(Mn0.95Ni0.05)(Ga0.95Mn0.05) 0.31 −0.84 0.1 3.65
E: (Ni0.975Mn0.025)2(Mn0.95Fe0.05)(Ga0.95Ni0.05) 0.37 −0.59 0.16 3.79

Co doped
1 Ni1.95MnGaCo0.05 A: (Ni0.975Co0.025)2MnGa 0 0 0 4.00

B: (Ni0.975Mn0.025)2(Mn0.95Co0.05)Ga 1.00 −0.50 0.90 3.70
C: (Ni0.975Ga0.025)2Mn(Ga0.95Co0.05) 2.00 0.92 1.90 4.03
D: (Ni0.975Ga0.025)2(Mn0.95Co0.05)(Ga0.95Mn0.05) 1.98 0.85 1.79 3.64
E: (Ni0.975Mn0.025)2(Mn0.95Ga0.05)(Ga0.95Co0.05) 1.64 −0.65 1.45 3.69

2 Ni2Mn0.95GaCo0.05 A: Ni2(Mn0.95Co0.05)Ga 0 0 0 3.86
B: (Ni0.975Co0.025)2(Mn0.95Ni0.05)Ga −0.21 −0.40 −0.33 3.83
C: Ni2(Mn0.95Ga0.05)(Ga0.95Co0.05) 0.71 −0.33 0.61 3.84
D: (Ni0.975Co0.025)2(Mn0.95Ga0.05)(Ga0.95Ni0.05) 0.12 −0.53 −0.09 3.82
E: (Ni0.975Ga0.025)2(Mn0.95Ni0.05)(Ga0.95Co0.05) 1.83 0.62 1.62 3.86

3 Ni2MnGa0.95Co0.05 A: Ni2Mn(Ga0.95Co0.05) 0 0 0 4.06
B: (Ni0.975Co0.025)2Mn(Ga0.95Ni0.05) −0.53 −0.25 −0.65 4.03
C: Ni2(Mn0.95Co0.05)(Ga0.95Mn0.05) 0.01 −0.22 −0.09 3.65
D: (Ni0.975Co0.025)2(Mn0.95Ni0.05)(Ga0.95Mn0.05) −0.20 −0.60 −0.41 3.63
E: (Ni0.975Mn0.025)2(Mn0.95Co0.05)(Ga0.95Ni0.05) 0.43 −0.74 0.22 3.71

Cu doped
1 Ni1.95MnGaCu0.05 A: (Ni0.975Cu0.025)2MnGa 0 0 0 3.97

B: (Ni0.975Mn0.025)2(Mn0.95Cu0.05)Ga 0.43 −1.28 0.33 3.61
C: (Ni0.975Ga0.025)2Mn(Ga0.95Cu0.05) 1.02 0.63 0.92 3.97
D: (Ni0.975Ga0.025)2(Mn0.95Cu0.05)(Ga0.95Mn0.05) 1.41 0.08 1.22 3.61
E: (Ni0.975Mn0.025)2(Mn0.95Ga0.05)(Ga0.95Cu0.05) 0.71 −1.05 0.52 3.56

2 Ni2Mn0.95GaCu0.05 A: Ni2(Mn0.95Cu0.05)Ga 0 0 0 3.77
B: (Ni0.975Cu0.025)2(Mn0.95Ni0.05)Ga 0.36 0.39 0.24 3.78
C: Ni2(Mn0.95Ga0.05)(Ga0.95Cu0.05) 0.28 0.24 0.18 3.77
D: (Ni0.975Cu0.025)2(Mn0.95Ga0.05)(Ga0.95Ni0.05) 0.69 0.43 0.48 3.77
E: (Ni0.975Ga0.025)2(Mn0.95Ni0.05)(Ga0.95Cu0.05) 1.36 1.04 1.15 3.79

3 Ni2MnGa0.95Cu0.05 A: Ni2Mn(Ga0.95Cu0.05) 0 0 0 3.98
B: (Ni0.975Cu0.025)2Mn(Ga0.95Ni0.05) 0.40 0.19 0.28 3.97
C: Ni2(Mn0.95Cu0.05)(Ga0.95Mn0.05) 0.38 −0.55 0.28 3.57
D: (Ni0.975Cu0.025)2(Mn0.95Ni0.05)(Ga0.95Mn0.05) 0.73 −0.18 0.52 3.58
E: (Ni0.975Mn0.025)2(Mn0.95Cu0.05)(Ga0.95Ni0.05) 0.81 −1.06 0.60 3.64

result is consistent with our finding in off-stoichiometric
Ni2MnGa alloys.13

Furthermore, the trends of �E and �E′ against the
site-occupation configurations differ from each other. For

example, the site-occupation configuration A of the Fe-doped
Mn-deficient alloy is the most stable from spin-polarized
calculations whereas configuration B becomes the most stable
one from non-spin-polarized calculations. An exception is that
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TABLE II. The local magnetic moments (in μB ) of Ni, Mn, Ga, Fe, Co, and Cu atoms on the three different sublattices Ni, Mn, and Ga.
The error is induced by the variation of the compositions and site-occupation configuration.

Ni Mn Ga Fe Co Cu

Ni 0.32 ± 0.02 −2.43 ± 0.06 −0.03 1.39 ± 0.05 1.03 ± 0.02 0.04
Mn 0.15 ± 0.02 3.37 ± 0.02 −0.01 2.83 ± 0.01 1.31 ± 0.03 −0.03
Ga 0.12 ± 0.03 −3.43 ± 0.02 −0.05 2.83 ± 0.02 1.30 ± 0.09 −0.01

�E and �E′ of the Cu-doped Mn-deficient alloy have similar
trends against the site-occupation configurations.

V. EQUILIBRIUM VOLUME

Using the determined stable site-occupation configurations,
we investigated the change of equilibrium volume with respect
to the composition x (0 � x � 0.2) for the three types of Fe-,
Co-, and Cu-doped Ni2MnGa alloys, as shown in Fig. 1. With
the addition of the Fe, Co, or Cu, the equilibrium volume V0

(per atom) of the alloy changes linearly with x. For the Fe-
and Co-doped alloys, no matter which one of Ni, Mn, or Ga
is in deficiency, V0 decreases with increasing x. Cu doping

FIG. 1. (Color online) The equilibrium volume V0 (in Å3) per
atom of Fe- (a), Co- (b), and Cu-doped (c) Ni2MnGa alloys. The
empty squares denote the available experimental data. They are
from Refs. 1,7 and 8, respectively, for the three types of alloys:
Ni2(Mn1−xFex)Ga, (Ni2−xCox)MnGa, and (Ni2−xCux)MnGa.

increases V0 of the Ni-deficient alloys but decreases V0 of the
Mn- and Ga-deficient alloys. The variation of the equilibrium
volume is mainly ascribed to the size difference between the
host (1.24 Å, 1.32 Å, and 1.40 Å for the measured atomic
radius of Ni, Mn, and Ga, respectively) and alloying elements
(1.27 Å, 1.25 Å, and 1.28 Å for Fe, Co, and Cu, respectively).
However, there are two exceptions: The atomic radii of Fe and
Co atoms are slightly larger than that of Ni, but V0 of Fe- and
Co-doped Ni-deficient alloys decreases with increasing Fe or
Co content. This indicates that besides the atomic size, there
must be some other factors, such as magnetic effect, affecting
the change of volume with respect to the composition.

In Fig. 1, we also present the available experimental
volumes. The trends of the theoretical equilibrium volumes
are in general agreement with the experimental findings.1,7,8

For Ni2Mn1−xGaFex , both theoretical and experimental vol-
ume decreases linearly with increasing x. However, for
Ni2−xMnGaCox and Ni2−xMnGaCux , the linearity of the
experimental V0 ∼ x relationship is not as good as the
theoretical one, which might be due to the uncertainty in
the experimental measurement.

It has been widely recognized that the e/a can be considered
a predictor of the composition dependence of martensitic trans-
formation temperature TM : Larger e/a corresponds to higher
TM .15–17 However, for some of the alloys, this correlation
fails. It has been argued that the volume of the alloys may
also be important when tracing TM . To include the volume
effect, Chen et al. proposed the electron density n, defined
as n = (e/a × n1)/Vcell with n1 being the average number of
atoms contained in the unit cell with volume of Vcell, to describe
the composition dependence of TM . For the off-stoichiometric
Ni2MnGa alloys, larger n corresponds to higher experimental
TM .19

Here, in order to examine the correlation between TM

and n in the Fe-, Co-, and Cu-doped alloys, we collected
the experimental TM

1–9,18,43–45 of some alloys which match
roughly the three types of alloys involved in this study. The
volume of these alloys are obtained from the linear V0 ∼ x

relationship as shown in Fig. 1. In Fig. 2, we plot the TM

as functions of the electron density n. Similar to most of
the off-stoichiometric Ni2MnGa alloys, with increasing n, TM

increases for most of the studied alloys except for the Fe-doped
Mn-deficient alloy [shown in Fig. 2(a)]. It is noted that the
violation of the TM ∼ n relationship does not occur for all the
Fe-doped alloys. The Fe-doped Ga-deficient alloy still follows
the larger n-higher TM rule. The doping effect of Fe on the TM

is generally less significant than that of Co. Especially for the
Ni-deficient alloy, Co doping changes TM drastically: A slight
increase in n leads to a very large increase in TM .
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FIG. 2. (Color online) The experimental martensitic transfor-
mation temperature TM with respect to the electron density n

[= (e/a × n1)/Vcell, with n1 being the average number of atoms
contained in the unit cell with volume of Vcell] for the three types of
Fe- (a), Co- (b), and Cu-doped (c) Ni2MnGa alloys. The experimental
TM values are from Refs. 1–9,18,43–45.

The failure of the TM ∼ n correlation for some of the Fe-
doped Ni2MnGa alloys might be due to the fact that n is
not able to describe the details of the electronic structure of
the system. We speculate that the temperature may possibly
account for this problem. In the following part of this paper,
we discuss this problem in more detail.

VI. ELASTIC PROPERTIES

Based on the stable site-occupation configurations and the
equilibrium volume determined in the previous sections, we
calculated the single-crystal elastic constants of the three types
of Fe-, Co-, and Cu-doped Ni2MnGa alloys as functions of the
composition x. As compared to the equilibrium volume V0

(Fig. 1), for most of the alloys, the bulk modulus B (Fig. 3)
follows the general trend that a larger B corresponds to a
smaller V0. However, both V0 and B of Ni2MnGa1−xFex

decrease with increasing x, and B of Ni2−xMnGaFe1−x keeps
almost constant whereas V0 decreases. Our previous investi-
gations have shown that C ′ and C44 of the off-stoichiometric
Ni2MnGa alloys change oppositely with the composition.13,20

FIG. 3. (Color online) The bulk modulus B (in GPa) of Fe- (a),
Co- (b), and Cu-doped (c) Ni2MnGa alloys.

Nevertheless, for the Fe-, Co-, and Cu-doped alloys, this is
not always true. The trend of C ′ (Fig. 4) is the same as
that of C44 (Fig. 5) for Ni2−xMnGaXx (X = Fe and Co) and
Ni2Mn1−xGaXx (X = Fe and Cu) alloys.

The martensitic transformation (MT) of Ni2MnGa-based
alloys results from the soft-phonon modes and their ac-
companying soft tetragonal shear modulus C ′ of the high-
temperature cubic L21 phase.46–48 As demonstrated by our
previous investigations, for the off-stoichiometric Ni2MnGa
alloys, besides e/a, C ′ could also be considered as an index
of the composition dependence of TM : A smaller C ′ indicates
a higher TM .13,20,21,49–53 Moreover, for Ni2Mn(GaAl) where
the TM ∼ e/a relationship fails, the TM ∼ C ′ relationship still
works.21 In order to examine the TM ∼ C ′ of the Fe-, Co-,
and Cu-doped alloys, in Fig. 6 we present the experimental
TM as functions of the theoretical C ′ for some alloys which
match roughly the studied three types of alloys. The C ′ of
these alloys are obtained through interpolation of the C ′ ∼ x

relationship as shown in Fig. 5. For most of the alloys, TM

decreases with increasing C ′, following the general trend
as for the off-stoichiometric Ni2MnGa alloys. However, for
Ni2Mn1−xGaFex , TM increases with increasing C ′, against the
general trend as happens in the TM ∼ n correlation (see Fig. 2).
The sharp change of the TM of Ni2−xMnGaCox with respect
to the composition x is also found by observing the TM ∼ C ′
correlation as in the case of TM ∼ n.
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FIG. 4. (Color online) The shear modulus C44 (in GPa) of Fe-
(a), Co- (b), and Cu-doped (c) Ni2MnGa alloys.

As shown in Fig. 6, for Ni2Mn1−xGaFex there is an inverse
behavior of the TM ∼ C ′ correlation although C ′ is expected to
be a better predictor of the composition-dependent TM than n.
The reason could be that we are using the 0 K C ′ to assess the
TM ∼ C ′ correlation. However, in principle, one should use
C ′ around TM for the TM ∼ C ′ correlation. The C ′ ∼ x slope
for Ni2Mn1−xGaFex at finite temperature might be opposite to
that at 0 K which makes this alloy follow the general TM ∼ C ′
correlation. The strong Co-doping effect for Ni2−xMnGaCox

might have a similar origin: The C ′ ∼ x slope may increase
upon elevating temperature. Our recent investigations on the
temperature-dependent C ′ of Ni2+xMn1−xGa show that the
density of state smearing induced by temperature changes C ′
significantly.54 In the hope of clarifying the violation of the
general TM ∼ C ′ correlation for these alloys, first-principles
calculations of the temperature-dependent C ′ of these alloys
are now ongoing.

VII. ELECTRONIC STRUCTURE

Previous investigations have demonstrated that the stability
of the L21 Ni2MnGa is closely related to the minority (spin-
down) density of states (DOS) around Fermi level.55–57 In
order to understand the physics underlying the composition-
dependent C ′, in Fig. 7 we plot the minority DOSs of the Fe-,
Co-, and Cu-doped Ni2MnGa alloys, in comparison with that
of the undoped Ni2MnGa.

FIG. 5. (Color online) The shear modulus C ′ (in GPa) of Fe- (a),
Co- (b), and Cu-doped (c) Ni2MnGa alloys.

For the undoped Ni2MnGa, there exists a pseudogap at
about −0.05 Ry below the Fermi level. This pseudogap forms
mainly due to the hybridization between the Ni 3d and Ga
4p states and represents the covalent bonding between Ni and
Ga.20 On the other hand, a peak occurs at about −0.02 Ry
below the Fermi level, resulting in the Jahn-Teller instability
of the cubic Ni2MnGa.55,57–60 Upon tetragonal distortion, this
peak splits, leading to a more stable martensite phase.55,57–60.

Based on the DOS, the alloying effect on the elastic modulus
may be interpreted in terms of the strength of the covalent
bonding and the Jahn-Teller effect, noting that the Jahn-Teller
effect is directly connected to C ′ since C ′ is the elastic modulus
of the tetragonal distortion. It is expected that a stronger
covalent bond or weaker Jahn-Teller effect should results in
harder C ′.

As seen from Figs. 7(a), 7(b), and 7(c), for the
Ni2−xMnGaXx (X = Fe, Co, Cu) alloys, the pseudogap at
about −0.05 Ry becomes somewhat shallower and narrower
as compared to that of the Ni2MnGa, indicating a weaker
covalent bonding between the atoms in the alloys. This may
contribute to the softening of the C ′ of Ni2−xMnGaXx alloys.
However, the peak at about −0.02 Ry is much lower than that
of Ni2MnGa. This means that the Jahn-Teller instability of
Ni2MnGa is significantly relieved by the alloying elements X,
which results in the hardening of C ′. The calculated weak
C ′ hardening of Ni2−xMnGaXx with increasing x may be
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FIG. 6. (Color online) The experimental martensitic transforma-
tion temperature TM with respect to the theoretical shear modulus
C ′ [= 1

2 (C11 − C12)] for the three types of Fe- (a), Co- (b), and
Cu-doped (c) Ni2MnGa alloys. The experimental TM values are from
Refs. 1–9,18,43–45.

explained as that the C ′ hardening induced by the Jahn-Teller
effect overcomes the softening induced by the covalent bond
strength effect.

For the Ni2Mn1−xGaFex alloy, the depth and width of
the pseudogap around −0.05 Ry remains almost unchanged
whereas the height of the peak at −0.02 Ry increases as
compared to that of Ni2MnGa [see Fig. 7(a)]. Therefore,
the contribution of the covalent bond strength effect to the
variation of C ′ is negligible, and the increasing Jahn-Teller
instability may account for the softening of C ′ with increasing
x as seen in Fig. 5(a). For the Ni2MnGa1−xFex alloy, the
pseudogap at about −0.05 Ry becomes much shallower and
the height of the peak at −0.02 Ry increases, indicating that
the covalent bonding becomes weaker and the Jahn-Teller
instability increases. Therefore, both the bond strength and
Jahn-Teller effects contribute to the softening of C ′. This is
why the alloying induced C ′ softening of Ni2MnGa1−xFex

is much more significant than that of Ni2Mn1−xGaFex [see
Fig. 5(a)]. For the Ni2Mn1−xGaCox and Ni2MnGa1−xCox

alloys, the pseudogap around −0.05 Ry almost disappears
[Fig. 7(b)], indicating much weaker covalent bonding in these

FIG. 7. (Color online) The total density of state (TDOS) per cell
of Fe- (a), Co- (b), and Cu-doped (c) Ni2MnGa alloys, in comparison
with that of standard stoichiometric alloy. The vertical lines indicate
the Fermi level.

alloys than that in Ni2MnGa. The strong weakening of the
covalent bonding induced by Co in these alloys results in
softening of C ′ [Fig. 5(b)], although the decrease in the height
of the peak at −0.02 Ry (weaker Jahn-Teller effect) may have a
positive contribution to the C ′. Similar discussion applies to the
cases of Ni2Mn1−xGaCux and Ni2MnGa1−xCux alloys where
the covalent bonding becomes weaker and the Jahn-Teller
instability is slightly relieved upon Cu doping.

VIII. FINAL REMARKS

Alloying elements affect significantly the martensitic
transition and magnetic properties of the Ni2MnGa-based
magnetic shape memory alloys. The site-occupancy of the
alloying atoms in the alloy is the basis for the understanding
of these effects. Using the first-principles EMTO-CPA method,
we determined the site preference of Fe, Co, and Cu in
the Ni2MnGa alloy by comparing the free energies of the
alloy with different site-occupation configurations. Our results
demonstrated that Fe atoms prefer to occupy the Mn and Ni
sublattices even in Ga-deficient alloys; Co has strong tendency
to take the Ni sublattice in any type of alloy no matter whether
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Ni is deficient or not; Cu always prefers taking the sublattice
of the host element in deficiency.

With the determined stable site occupancy, we calculated
the electron density n (e/a in unit volume) and elastic modulus
of the Fe-, Co-, and Cu-doped Ni2MnGa. It is found that for
most alloys, both n and the shear modulus C ′ can be considered
as predictors of the composition-dependent TM of the alloys:
A larger n or smaller C ′ corresponds to higher TM . However,
Ni2Mn1−xGaFex is out of the general TM ∼ n and TM ∼ C ′
correlations. This is not surprising for the TM ∼ n correlation
since n contains no electronic structure details of the systems.
For the violation of the TM ∼ C ′ correlation, the reason could
be that the temperature effect on C ′ is not considered in the
present work. Based on the calculated density of states, we

propose that the composition-dependent C ′ may be controlled
by the interplay between the covalent bond strength and Jahn-
Teller effects.
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38B. Magyari-Köpe, L. Vitos, B. Johansson, and J. Kollár, J. Geophys.

Res. 107, 2136 (2002).
39A. Landa, C.-C. Chang, P. N. Kumta, L. Vitos, and I. A. Abrikosov,

Solid State Ionics 149, 209 (2002).
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