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6

We determine the phase diagram of Ni2+xMn1−xGa as a function of x �0�x�0.35� from ac susceptibility
and differential scanning calorimetry �DSC�. Total energy and density of states calculated using the ab initio
full potential linearized plane-wave �FPLAPW� method explain the phase diagram. A martensitic paramagnetic
phase for x�0.2 has been identified. The structure of this phase is found to be tetragonal from high-
temperature x-ray-diffraction �XRD� studies. XRD, magnetization, and DSC measurements show that the
paramagnetic tetragonal phase evolves from the lower temperature ferromagnetic tetragonal phase through a
second-order phase transition without any change of structure. The unoccupied conduction band has been
studied by inverse photoemission spectroscopy. It is dominated by Mn 3d-like states, and is in good agreement
with FPLAPW based calculations.

I. INTRODUCTION

Ni2MnGa is a unique ferromagnetic, thermoelastic mate-
rial that has emerged as an important candidate for magneti-
cally controlled shape memory applications. The highest
known magnetic-field-induced strain of 10% has been ob-
served in Ni1.95Mn1.19Ga0.86 at ambient temperature in a
magnetic field of 1 T in the martensitic phase.1,2 The strain
in Ni2MnGa is related to a magnetic-field-induced rearrange-
ment of the twin variants that occurs due to high magneto-
crystalline anisotropy energy of the material so that the easy
axis �c axis� of the unit cell turns along the magnetic-field
direction. Moreover, what makes Ni2MnGa technologically
highly attractive is that it has orders of magnitude faster dy-
namic response than conventional shape memory alloys that
are driven by temperature or stress. Ni2.2Mn0.8Ga also exhib-
its a large negative magnetoresistance of 5% that makes it a
possible candidate for magnetic sensor applications.3 More-
over, Ni2+xMn1−xGa exhibits interesting changes in struc-
tural, magnetic, and electronic properties as a function of
composition.4–9 The martensitic start temperature �TM� of
Ni2MnGa is around 210 K, while the Curie temperature �TC�
is at 376 K.10 For Ni2+xMn1−xGa, as x increases up to 0.2, TC
decreases while TM increases.4

We have recently studied the electronic structure of
Ni2+xMn1−xGa using photoemission spectroscopy and com-
pared the valence band with full potential linearized plane-
wave �FPLAPW� calculations.11 In this paper, we report the
phase diagram of Ni2+xMn1−xGa from the variation of Curie
and martensitic transition temperatures as a function of x. We
have identified a paramagnetic martensitic phase for x�0.2
and report its structural and magnetic properties. The phase
diagram and the variation of TC and TM are explained by
total-energy calculations. The electronic structure of the dif-
ferent phases has been studied through total and partial den-

sity of states �DOS�. The unoccupied states, studied using
inverse photoemission spectroscopy �IPES�, are in good
agreement with theory and are dominated by Mn 3d-like
states.

II. METHODOLOGY

Polycrystalline ingots of Ni2+xMn1−xGa were prepared by
arc furnace melting in inert Ar atmosphere. All the samples
were inverted and remelted several times to ensure homoge-
neity. This was followed by annealing at 1100 K for 9 days
and finally quenching in ice water. X-ray diffraction, energy
dispersive analysis of x-rays �EDAX�, and resistivity have
been used to characterize the specimens. The final composi-
tions after sample preparation have been determined by
EDAX attached to a scanning electron microscope �Jeol JSM
5600�. Differential scanning calorimetry �DSC� measure-
ments were performed using Model 2910 from TA Instru-
ments at a heating and cooling rate of 10 °C/min.
Temperature-dependent low-field ac susceptibility ��ac� was
measured using a double balanced coil arrangement under
26.0 Oe field and 33.33 Hz. Magnetization measurements
were performed with Lakeshore 7404 vibrating sample mag-
netometer with a high-temperature oven and maximum field
of 1.4 T. The sample is kept in an inert atmosphere of flow-
ing argon to prevent oxidation at high temperature. High-
temperature x-ray diffraction �XRD� has been performed
with a diffractometer from STOE & Cie GmbH, Germany
using Mo K�1 radiation. The powdered sample was annealed
in high vacuum �10−7 mbar� at 773 K for 10 h to get rid of
the residual stresses. The sample was filled in a quartz cap-
illary of 0.5 mm diameter and 0.01 mm wall thickness. To
minimize the effect of preferred orientation, the capillary
was rotated during data collection. The sample capillary was
filled with nitrogen gas and inserted vertically in the high-
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temperature oven. Temperature was controlled with a Euro-
therm programmable temperature controller. In order to de-
termine the structure and the lattice constants, the XRD
patterns have been simulated by Rietveld refinement
method.12

Since inverse photoemission experiments are highly sur-
face sensitive probing about 10–15 Å of the sample, these
experiments were performed under ultrahigh vacuum �UHV�
at a base pressure of 6�10−11 mbar. The sample surface has
been mechanically scraped in UHV using a diamond file to
obtain an atomically clean surface. An electrostatically fo-
cused electron gun of Stoffel Johnson design and an acetone
gas filled photon detector with a CaF2 window have been
used for the IPES experiments.13,14 IPES has been performed
in the isochromat mode where the kinetic energy of the in-
cident electrons have been varied at 0.05 eV steps and pho-
tons of fixed energy �9.9 eV� are detected with an overall
resolution of 0.55 eV.14

The WIEN97 code15 has been used to perform the ab initio
relativistic spin-polarized FPLAPW calculations using gen-
eralized gradient approximation �GGA� as given by Perdew
and co-workers.16 An energy cutoff for the plane-wave ex-
pansion of 16 Ry and lmax=10 were used. The muffin-tin
radii were taken to be Ni 1.19 Å, Mn 1.27 Å, Ga 1.19 Å.
The number of k points in the irreducible Brillouin zone for
self-consistent field cycles and DOS calculation varied be-
tween 147 and 168 for different structures. The total energies
have been calculated with a convergence criterion of
0.1 mRy, i.e., with the accuracy of ±0.025 mRy/atom
�±0.34 meV/atom�. This number is an order of magnitude
smaller than the smallest difference in energy between any
two phases that we report. The Etot value for each calculation
is fully converged starting from initial crystalline charge den-
sity in each case. The details of the calculation are given in
Refs. 11 and 17.

FPLAPW calculation for the ferromagnetic cubic �FC�
austenitic phase has been done with the L21

structure with
Fm3m space group and the lattice constant has been deter-
mined by total-energy minimization.15 For Ni2MnGa, we
find the lattice constant a=5.805 Å, which is in good agree-
ment with the experimentally reported value of 5.825 Å,10,18

and the previous theoretical value of 5.81 Å.19 To simulate
Ni doping, calculations were performed by replacing one Mn
by Ni and the resulting composition is Ni2.25Mn0.75Ga
�x=0.25�. For the Ni2.25Mn0.75Ga FC phase, the experimental
lattice constant is not reported in literature and by total-
energy minimization we find a to be 5.80 Å. For the marten-
sitic ferromagnetic tetragonal �FT� phase of Ni2MnGa
�x=0�, the calculations were performed with the experimen-
tally determined face centered unit cell with a=b=5.92 Å,
c=5.56 Å.18 For Ni2.25Mn0.75Ga, the experimentally deter-
mined structure for Ni2.24Mn0.75Ga1.02 has been used with a
=b=5.439 Å, c=6.563 Å.20 The structures of the ferromag-
netic tetragonal �FT� and the paramagnetic tetragonal �PT�
phases are taken to be the same, based on our XRD results
discussed below. The paramagnetic calculations have been
performed by constraining the majority and minority spin
occupancies to be equal.

III. RESULTS AND DISCUSSION

We have determined the martensitic start �TM� and
Curie �TC� transition temperatures for Ni2+xMn1−xGa for
0�x�0.35 from DSC and ac magnetic susceptibility ��ac�
measurements, as shown in Fig. 1. From the inflection points
of the DSC heating and cooling curves, it is possible to find
TM �martensitic start�, martensitic finish �TMf

�, austenitic
start �TAs

�, and austenitic finish �TAf
� temperatures that char-

acterize a martensitic transition. For nearly stoichiometric
Ni2MnGa �x=0.03�, TM and TMf

are 205 and 189 K, while
TAs

and TAf
are 216 and 234 K, respectively. The width of

hysteresis, that we define as the difference between
�TAs

+TAf
� /2 and �TM +TMf

� /2, turns out to be 28 K �Fig.
1�a��. For Ni2.24Mn0.75Ga1.02 �x=0.24�, TM and TMf

are 434
and 408 K, respectively, while TAs

and TAf
are 423 and

447 K, respectively �Fig. 1�b��. For Ni2.35Mn0.66Ga0.98
�x=0.35�, the transition temperatures are even higher
�TM, TMf

, TAs
, and TAf

are 537, 523, 553, and 582 K, respec-
tively, Fig. 1�c��. The width of hysteresis for x=0.24 and
0.35 are 14 and 37.5 K, respectively. The small width of
hysteresis in Ni-Mn-Ga is the characteristic of shape memory
alloys and indicates that the martensitic transformation is
highly thermoelastic, the interface between the parent and
the martensite is mobile, and the strain involved in the mar-
tensitic transition is less. This is in contrast to the nonther-
moelastic martensites like Fe-Ni alloy that are usually char-
acterized by one order of magnitude larger width of
hysteresis and absence of shape memory effect.

In Fig. 1�d�, we show �ac as a function of temperature for
near stoichiometric Ni2MnGa. �ac exhibits a sharp decrease
both at TC and TM, in agreement with previous studies.3,4,21

FIG. 1. The exothermic and endothermic heat flow for �a� nearly
stoichiometric Ni2MnGa �Ni2.03Mn0.96Ga �x=0.03��, �b�
Ni2.24Mn0.75Ga1.02 �x=0.24�, and �c� Ni2.35Mn0.66Ga0.98 �x=0.35�;
arrows indicate the heating and cooling directions. Real part of ac
magnetic susceptibility ��ac� for �d� nearly stoichiometric Ni2MnGa
�Ni2Mn1.05Ga0.95�, �e� Ni2.24Mn0.75Ga1.02 �x=0.24�, and �f�
Ni2.35Mn0.66Ga0.98 �x=0.35� during cooling. TM, TC, and TP are the
martensitic start, Curie, and pre-martensitic transition temperatures,
respectively.



In this case, the martensitic transition takes place in the fer-
romagnetic state and �ac decreases at TM because of higher
magnetocrystalline anisotropy in the FT martensitic phase.22

For x=0.24 and 0.35, �ac�T� is completely different. An
asymmetric peak is observed �Figs. 1�e� and 1�f�� with a
sharp decrease in the high-temperature side which indicates
ferro- to paramagnetic transition. A relatively gradual de-
crease is observed toward lower temperature. In fact, below
TC, a decrease in �ac is observed for all compositions where
TM �TC, in contrast to almost constant �ac for compositions
with TM �TC �Fig. 1�d��. This striking difference is due to
the occurrence of the Curie transition in the martensitic
phase in the former, while in the latter it occurs in the aus-
tenitic phase. Large magnetocrystalline anisotropy in the
martensitic phase suppresses �ac, since the thermally induced
magnetic fluctuations decrease below TC. TC, determined
from the maximum of d� /dT, is 351 and 320 K for
x=0.24 and 0.35, respectively �Fig. 1�. The signature of this
second-order phase transition is also shown by DSC, where a
peak due to a change in specific heat is observed at TC �Figs.
1�a� and 1�b��. This peak appears at the same temperature
between heating and cooling cycles and has similar intensity,
which are charactersitic of a second-order phase transition
�Fig. 1�b��. In contrast, hysteresis as well as a difference in
intensity of the heating and cooling peaks are observed at the
martensitic transition, which are signature of a first-order
phase transition. A weak feature �marked by TP in the �ac
data in Fig. 1�d� at 250 K� corresponds to the pre-martensitic
transition.6,23,24 The signature of a pre-martensitic transition
is also observed from the DSC data �Fig. 1�a��. For higher x
compositions, the pre-martensitic phase is not observed since
it is suppressed by the martensitic phase.6

The phase diagram determined from the variation of TC
and TM with x is shown in Fig. 2. Between x=0 and 0.2, our
data are in agreement with literature,4,9 where we find that TC
decreases and TM increases with x. TC and TM merge around
x=0.2 giving rise to a coupled magnetostructural

transition.4,9 For x=0.24, we find TM �434 K� to be larger
than TC �351 K�. This trend continues until the highest com-
position studied, x=0.35. Thus a paramagnetic phase appears
between paramagnetic cubic �PC� and the ferromagnetic te-
tragonal �FT� phase and the martensitic transition occurs in
the paramagnetic state �Fig. 2�. Smooth lines corresponding
to the four different phase boundaries �PC-FC, FC-FT, PC-
PT, and PT-FT� that meet at x=0.2 have been defined by
fitting the data with third-order polynomials.

Magnetization �M� versus magnetic field �H� hysteresis
loop for x=0.35 at 293 K in the FT phase clearly shows that
it is ferromagnetic with saturation magnetization �Ms� of
1.4�B / f.u. �Fig. 3�a��. This value is less than half of Ms for
x=0 �3.05�B / f.u. at room temperature �RT��. The decrease in
Ms with increasing Ni content is because Ni has small local
moment �0.33�B� compared to Mn �3.84�B�.10 This has been
reported earlier from magnetization studies22,25 and has also
been shown by our recent FPLAPW calculations.11 The hys-
teresis loop is very narrow, and the intrinsic coercivity turns
out to be small: 4 mT, as shown in the inset. Such small
values of coercivity have been reported for Ni-Mn-Ga single
crystals.26 In Fig. 3�b�, we show M as a function of tempera-
ture, measured at a low field of 5 mT for both heating and
cooling. The sharp decrease in M above 320 K �=TC� is the
signature of Curie transition and no hysteresis at TC is ob-
served. Also, the absence of any feature in M�T� across TM

�Fig. 3�b�� shows that the martensitic structural transition
does not involve any magnetic transition. These results indi-
cate that the PT phase is indeed a single phase that evolves
from the FT phase through a second-order ferro- to paramag-
netic transition without any change of structure. The possi-

FIG. 2. �Color online� Phase diagram of Ni2+xMn1−xGa
�0�x�0.35� showing the austenitic paramagnetic cubic �PC� and
ferromagnetic cubic �FC� phases. The martensitic ferromagnetic te-
tragonal �FT� and paramagnetic tetragonal �PT� phases are also
shown.

FIG. 3. �a� Magnetization versus field �M-H� hysteresis loop at
293 K, the region close to H=0 is shown in the inset and �b� M as
a function of temperature in low field �5 mT� for Ni2.35Mn0.66Ga0.98

�x=0.35�.



bility of any mixed phase is ruled out by the absence of any
evidence for structural transition at TC or magnetic transition
at TM.

To prove that the structure of the martensitic paramag-
netic �PT� phase is indeed tetragonal, powder XRD patterns
of x=0.35 in the FT �293 K�, PT �450 K�, and the PC
�600 K� phases have been investigated �Fig. 4�. The PC aus-
tenitic phase exhibits cubic L21 structure that can be well
described by Fm3m space group. A similar space group has
been used in the literature for Ni-Mn-Ga in the austenitic
phase.10 We find the lattice constant �a� to be 5.826 Å. The
XRD patterns of both PT and FT phases are characteristic of
a tetragonal unit cell. Tetragonal I4 /mmm space group with a
body centered �I� cell with 8 atoms describes the structure
quite well and all the peaks can be indexed. The quality of
the Rietveld fitting is good, as shown by the residues in Fig.
4. The tetragonal phase can be equivalently described by a
face centered �F� unit cell with 16 atoms, and the lattice
constants are related by a=aF=�2�aI and c=cF=cI. We
report the lattice constants of the tetragonal phase relative to
the F cell so they can be compared to the cubic phase. Thus
the lattice constants for the PT phase are a=5.47 Å and c
=6.54 Å. We do not find any unaccounted peaks in the PT or
FT phase XRD pattern, which could be related to any rem-
nant cubic phase or modulation of the structure that has been
reported for stoichiometric Ni2MnGa.10 This observation is
supported by previous structural studies at room temperature,
where it was found that modulation is absent for structures
with c /a�1 and TM higher than 300 K.7,8

The phase diagram given in Fig. 2 is in agreement with
the calculation based on Landau expansion of free energy;
and in particular the paramagnetic tetragonal �PT� phase has
been predicted.27 Recently, Khovailo et al. have reported a

phase diagram of Ni2+xMn1−xGa as a function of x, based on
transition temperatures determined by DSC and M�T�. The
present data are in gross agreement with Ref. 25 and the PT
phase is observed in both cases. However, Khovailo et al.
find TM �TC for x�0.27, while we observe this for
x�0.24. Moreover, for x�0.3, TM reported in Ref. 25 varies
between 600 and 650 K, while our values are between 500
and 550 K. Since the transition temperatures are highly com-
position dependent, these disagreements could be caused by
differences in sample composition. In particular, TM values
above 600 K have been reported in the literature for Ni ex-
cess and Ga deficient compositions like Ni2.34Mn1.01Ga0.65 or
Ni2.36Mn0.77Ga0.86, while for Ni2.33Mn0.64Ga1.03 it is around
500 K.7,28 Thus while our TM values are in agreement with
earlier literature,7,28 TM �600 K reported in Ref. 25 for
x�0.3 could probably be due to Ga deficiency. Khovailo
et al. did not determine the compositions after sample prepa-
ration and have assumed the final and the intended starting
compositions to be the same. Since the intended and the final
compositions are generally different, we have determined the
final compositions of all the samples by x-ray spectral analy-
sis, as is the standard practice in the literature.3,7,8,18,28–30

In order to explain the magnetic transitions in the phase
diagram �Fig. 2� using an ab initio all electron method like
FPLAPW, we first deal with the magnetic Curie transition by
calculating the total energy �Etot� for Ni2MnGa �x=0� in the
ferromagnetic cubic �FC� and paramagnetic cubic �PC�
phases. Etot for the FC phase turns out to be lower than the
PC phase by 322 meV /atom for x=0. This explains why the
FC phase is the lower temperature phase. In order to relate
this energy difference to TC, we show below from the total
DOS in Fig. 5 that both Ni2MnGa �x=0� and Ni2.25Mn0.75Ga
�x=0.25� satisfy the Stoner condition of ferromagnetism that
In�EF��1. Here, n�EF� is the DOS at EF and I is the ex-
change interaction constant.31 In both cases, the DOS exhib-
its a sharp peak at EF that has predominant contribution from

FIG. 4. �Color online� X-ray-diffraction pattern �solid line� of
Ni2.35Mn0.66Ga0.98 �x=0.35� at different temperatures corresponding
to the different phases. The simulated patterns using Rietveld re-
finement �blue dashed curve� and the residue �solid line with open
circles� are also shown.

FIG. 5. �Color online� Total DOS and Ni 3d, Mn 3d, and Ga
partial DOS of �a� Ni2MnGa �x=0� and �b� Ni2.25Mn0.75Ga
�x=0.25� in paramagnetic cubic �PC� austenitic phase compared to
�c� x=0.25 DOS in the paramagnetic tetragonal �PT� martensitic
phase.



the Mn 3d-like states. n�EF� in both cases is high: 13.6 and
14 states/eV f.u. for x=0 and 0.25, respectively. The value of
I can be estimated from the ratio of magnetic moment and
exchange splitting �I=	ex /��. The magnetic moment for the
FC phase is reported to be 4.13�B /f.u.17 The exchange split-
ting can be estimated from the separation of the band centers
of the occupied majority-spin band and of the empty
minority-spin band, which for FC phase turns out to be about
4 eV.17 Thus I is roughly 1 eV �B

−1. Thus both x=0 and
0.25 satisfies the Stoner criterion for ferromagnetism. The
DOS centered around −2 eV has predominantly Ni 3d char-
acter, whereas the states around EF are dominated by Mn 3d
like states. Thus there is a clear separation of about 0.5 eV
between the Ni and Mn 3d dominated region in the PC phase
of x=0, as shown in Fig. 5�a�. In the x=0.25 PC phase, this
separation is reduced to about 0.4 eV. The lower energy Ni
3d states are bonding in nature, while the Mn 3d states are
antibonding in nature.32 For the x=0.25 PC phase, extra
states related to the doped Ni �Ni2� in the Mn position appear
at higher energy �−0.65 eV� compared to Ni at the Ni posi-
tion �Ni1� that are centered around −2 eV. In Fig. 5�c�, we
show the DOS of the x=0.25 PT phase. n�EF� is smaller
�12.2 states/eV f.u.� in the PT phase compared to the FT
phase. The most notable difference is the absence of any
separation between the Ni 3d and Mn 3d dominated states.
The Ni2 3d states appear at slightly lower energy around
−0.75 eV, and Ni1 3d-like states broaden to fill up the low
DOS region. Ni1 3d partial DOS �PDOS� is smoother, and
the Mn 3d-like peak just above EF at 0.3 eV is broader in the
PT phase.

We show the FC phase DOS of x=0 and 0.25 in Fig. 6.
Comparing the PC phase DOS with the FC phase, we find
that in the latter the Ni 3d and Mn 3d PDOS extend over the
whole valence band with the main peak at −1.5 eV �feature
B�. Unlike the PC phase, any separation between Ni and Mn
3d-like states is absent. Thus enhanced hybridization be-
tween Ni and Mn 3d-like states for both x=0 and 0.25 is the
reason why the FC phase is more stable. As in the martensi-
tic FT phase,11 we find that Ni2 3d related extra states appear

between −1 and −0.3 eV for Ni2.25Mn0.75Ga that are related
to bonding between Ni atoms in Ni positions and doped Ni
atom in the Mn position. There are some significant differ-
ences in the DOS between stoichiometric �x=0� and Ni ex-
cess �x=0.25� compositions. For x=0, feature A appears at
−0.2 eV, while a peak above EF is observed at 0.45 eV. For
x=0.25, feature A is reduced in intensity and appears at
−0.25 eV, while the peak above EF appears at a lower energy
at 0.15 eV. The intensity of feature D is substantially re-
duced in x=0.25.

For x=0.25, TM �TC and the magnetic transition occurs
in the martensitic phase between the PT and FT phases. So,
the energy difference has been calculated between these
phases, and we find that the FT phase is stable by
219 meV/atom. Since Ni2MnGa satisfies the Stoner criterion,
TC can be taken to be proportional to 	Etot.

32 Thus the lower
value of 	Etot for x=0.25 �210 meV/atom� compared to that
of x=0 �322 meV/atom� explains the decrease in TC with
increasing x. To understand why in x=0 the FT phase trans-
forms to the FC phase and not to the PT phase, we note that
the energy difference between the PT and the FT phases is
much higher �316 meV/atom� than the FC and the FT phases
�3 meV/atom�.

To explain the martensitic transition by FPLAPW, we
note that since the martensitic phase is the low-temperature
phase, its total energy is expected to be lower than the high-
temperature austenitic phase. Higher total-energy difference
between the two phases would imply greater stability of the
latter and hence enhanced TM. For x=0, the martensitic tran-
sition occurs between the FC and the FT phases. From the
calculated total energies, we find the FT phase to be lower in
energy than the FC phase by 3 meV/atom. Our recently pub-
lished detailed theoretical study, done by finding the equilib-
rium lattice constants of the FT and FC phases, show that the
FT phase is stable by 3.6 meV.17 For x=0.25, where modu-
lation is absent in the structure,7,8 the martensitic transition
occurs between the PC and the PT phases, and the latter is
lower in energy by 39 meV/atom. Higher stability of the
martensitic phase for x=0.25 compared to x=0 explains the
trend in the phase diagram �Fig. 2�, where TM increases from
about 210 to 537 K between x=0 and 0.35.

In Ref. 11, we have studied the valence band of
Ni2+xMn1−xGa using ultraviolet photoemission spectroscopy.
We have shown that the calculated valence band of Ni2MnGa
using FPLAPW is in good agreement with experiment. Here,
we report the unoccupied conduction band of Ni2+xMn1−xGa
using IPES �Fig. 7�. The Ni2MnGa spectrum, recorded at
room temperature, corresponds to the FC phase. It exhibits a
clear Fermi cutoff at 0 eV and a prominent peak at 1.9 eV
�arrow�. The IPES spectrum has been calculated by broaden-
ing the calculated unoccupied DOS in Fig. 6 by the instru-
mental and lifetime broadening. The inelastic background
and the matrix elements are not considered. The calculated
spectrum is in overall agreement with experiment, and from
the calculated Mn 3d contribution �dashed curve� it is clear
that the 1.9-eV peak is dominated by the Mn 3d-like states
�feature D in Fig. 6�. The states near EF have similar contri-
butions from Ni and Mn 3d-like states. The experimental
spectrum continues to increase in intensity beyond 3 eV.
This is due to the inelastic scattering background. For

FIG. 6. �Color online� Total DOS and Ni 3d, Mn 3d, and Ga
partial DOS of �a� Ni2MnGa and �b� Ni2.25Mn0.75Ga �x=0.25� in the
ferromagnetic cubic �FC� austenitic phase.



x=0.25, i.e., Ni2.25Mn0.75Ga, the room-temperature IPES
spectrum corresponds to the FT phase. We find that the Mn
3d related peak appears almost at the same energy as in
Ni2MnGa in the FC phase. This is corroborated by the un-
changed position of feature D in the unoccupied DOS of
x=0.25 FC �Fig. 6� and the FT phases �see Fig. 2 of Ref. 11�.
This shows that the Mn 3d states are hardly affected by Ni
doping, unlike the Ni 3d states in the valence-band photo-
emission spectra where Ni2 3d states appear.11

A close comparison reveals some significant differences
between the experimental IPES spectra and the calculation.
For example, the states near EF are broader and the 1.9-eV
peak is shifted toward higher energy by 0.4 eV with respect
to the calculated spectrum. These differences could be re-
lated to the fact that the FPLAPW method is based on
density-functional theory �DFT� that is a ground-state calcu-
lation and the electron-electron interaction is considered in
an average way. The deviation from DFT is quantified in
terms of self-energy, where the real part gives the energy
shift and the imaginary part gives the broadening. Self-
energy effects in the unoccupied states have also been ob-
served in 3d transition metals like Cu.33 So, the shift and the
extra broadening in the experimental IPES spectra might be
related to the limitation of the DFT based calculations. How-

ever, sample related effects like the presence of antisite de-
fects and site disorder that are not considered in the calcula-
tion might also be responsible for the disagreements.
Moreover, since IPES is a surface sensitive technique that
probes 10–15 Å of the surface, surface relaxation might af-
fect the spectra. For the photoemission spectra, the minor
differences between experiment and theory have been related
to antisite defects and/or surface relaxation.11

IV. CONCLUSIONS

The phase diagram for Ni2+xMn1−xGa has been deter-
mined experimentally by measuring the Curie and martensi-
tic transition temperatures for a series of samples with
0�x�0.35 using differential scanning calorimetry and ac-
magnetic susceptibility. We find that for x�0.2, a paramag-
netic tetragonal �martensitic� phase appears as the martensi-
tic transition temperature becomes larger than the Curie
temperature. The structure and the magnetic properties of
Ni2.35Mn0.66Ga0.98 �x=0.35� have been studied as a function
of temperature by powder x-ray diffraction and magnetiza-
tion, respectively. The total energies have been calculated by
ab initio FPLAPW method for the different phases and com-
positions to explain the phase diagram. We show from the
DOS that for both Ni2MnGa and Ni2.25Mn0.75Ga, the stability
of the ferromagnetic phase is related to the hybridization of
the Ni and Mn 3d states. The unoccupied conduction band
determined using inverse photoemission spectroscopy is
dominated by Mn 3d-like states. The experimental IPES
spectra agree with the FPLAPW calculations, and the minor
disagreements could be related to self-energy effects or to
sample related effects that are not considered in the DFT
based theory.
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