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Electronic structure and ferromagnetism in the martensitic-transformation material Ni2FeGa
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We calculated the electronic structures of the Heusler alloy Ni2FeGa for both the cubic and the orthorhombic
structures by self-consistent full-potential linearized-augmented plane-wave method. The localized moment of
Fe atom is interpreted based on the electronic structure and the popular explanation of the localized moment of
Mn in Heusler alloyX2MnY. Comparing the density of states of cubic and orthorhombic structures, we
observed that a Ni peak near the density of states ofd band for the cubic structure splits for the orthorhombic
structure, indicating a band Jahn-Teller mechanism should be responsible for the structural transition. Accom-
panied by this transformation, an increase of Ni moment and magnetization redistribution occurred.
Temperature-dependence anisotropy field shows an evidence of martensitic transformation between 125 and
190 K. The magnetic behavior seems to contain a transition from Heisenberg-like at temperature below 70 K
to itinerant magnetism at temperature higher than 160 K upon martensitic transformation. Temperature depen-
dence of saturation magnetization reveals the spontaneous magnetization at martensite and parent phase are
3.170mB and 3.035mB , respectively. The calculated magnetic moment at martensite is 3.171mB , which is quite
consistent with the experimental value. The magnetic moment of Fe and Ni atom in Heusler alloy Ni2FeGa is
analyzed based on the computational results and the experimental magnetization curves. It is found that the
magnetic moment of Fe atoms is about 10–43% larger than that ofa-Fe.

DOI: 10.1103/PhysRevB.69.134415 PACS number~s!: 75.50.Cc, 71.20.Lp, 64.70.Kb
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Heusler alloys have attracted much attention ever si
the discovery by Heusler that some alloys of copp
manganese bronze andB subgroup elements were ferroma
netic although the constituents were themsel
nonferromagnetic.1 The stoichiometric composition of Heu

sler alloy isX2YZ ~space group:Fm3̄m); usually, XY are
transition metals or noble metals andZ is ansp element. Of
these, the most studied system is Mn-based Heusler allo
which the magnetic moment is confined to Mn atoms oc
pying the Y position.2–4 From electronic structure calcula
tions, it was concluded that the 3d electrons are well local-
ized on the Mn atoms and the interactions are long ran
extending to more than eight neighbors. The separation
the Mn ions (.4 Å) is too large for directd-d coupling.5

Thus, the magnetic interaction is thought to arise from
indirect interaction that takes place by means of the polar
tion of the conduction electrons. However, there are co
paratively few studies of electronic structure and magn
properties of Heusler alloy Ni2FeZ. In this work, we report
on these properties of the Heusler alloy Ni2FeGa.6,7

As reported in our previous paper a high chemical ord
ing structureL21, i.e., the Heusler alloy phase, can be sy
thesized with Ni2FeGa composition.6 However, the conven-
tional method failed in synthesizing Ni2FeGaL21 structure,
because there is a strong competition between forming
solid solution phase and intermetallic phase during the
lidification process. On the other hand adoption of the m
spun ribbon technique can avoidg solid solution phase and
directly form the pureL21 phase. Therefore, melt-spun rib
bons were used in this work.
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According to the results of electronic structure calcu
tion, a simple physical explanation of the Fe moment will
given based on the Ku¨bler model that was used to interpr
the localized character of Mn magnetization in mostly He
sler alloy X2MnY.5 Based on the electronic structure com
puted for the cubic parent phase and the orthorhombic m
tensite and the experimental results, the change of magn
moment through the phase transition and the tempera
dependence of magnetization are discussed in detail. It
been suggested that the structural transition is driven b
band Jahn-Teller effect that is also responsible for the re
tribution of the moment between Ni and Fe atoms acr
martensitic transformation.

Heusler alloy Ni2FeGa undergoes a martensitic transiti
from cubic L21 to orthorhombic structure upon cooling
Therefore, we calculated the electronic structure and m
netic moment of Ni2FeGa alloy for both cubic and ortho
rhombic structures by self-consistent full-potent
linearized-augmented plane-wave~LAPW! method based on
the local spin-density approximation within the densit
functional theory,8,9 where the potential and/or the charg
density in the crystal are treated with no shape approxim
tion. The cubic structure with the space groupOh has 16
atoms in the unit cell@see Fig. 1~a!#. This is a close-packed

complex cubic structure with Ni atoms at (1
4

1
4

1
4 ) and

( 3
4

3
4

3
4 ), Fe at~000!, and Ga at (12

1
2

1
2 ). The lattice constant

of 5.7405 Å was taken from experimental data.6 The ortho-
rhombic structure has the space groupD2h . The direction
@010#orth of the supercell corresponds to the directi
@110#cubic of the cubic structure. The supercell of orth
©2004 The American Physical Society15-1
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rhombic structure can be considered to consist of five tet
onal structure cells@the tetragonal structure cell is shown
Fig. 1~b!#. The experimental lattice constants,a55.8565 Å,
b55.7336 Å, andc55.4507 Å~Ref. 6! are used to calculate
the electronic structure of orthorhombic structure.

The muffin-tin sphere radiiR used are 2.2 a.u. for Ni, F
and 2.3 a.u. for Ga atoms. Inside the atomic spheres
charge density and the potential are expanded in crystal
monics up to l 56. The radial basis functions for eac
LAPW are calculated up tol 58 and the nonspherical poten
tial contribution to the Hamilton matrix has an upper limit
l 54. The self-consistency was achieved at 60k point for the
cubic structure and 95k point for the orthorhombic structur
in the first irreducible Brillouin zone. The density plan
wave cutoff isRKmax58.0. The electron states were treat
in a scalar relativistic approximation. Using the energy
genvalues and eigenvectors at these points, the densi
states was determined by the tetrahedral integra
method.10

The fabrication process of the samples has been publis
elsewhere.6 All magnetic measurements were performed
ing a quantum design magnetic property measurement
tem.

Figure 2 shows the calculated density of state~DOS! re-
sults for the ferromagnetic state of Ni2FeGa ribbon with cu-
bic L21 structure. One rather strong major peak of Ga at
at about 15.48 eV below the Fermi energy is omitted fro
plotting the DOS graph, because it is symmetric for up-s
and down-spin states, and contributing little to the mag
tism. We can see that electron states from Ni and Fe
found to have the largest contributions to the DOS. For
majority-spin states, the DOS of Ni is larger than that of
near the Fermi level and there are two major peaks below
Fermi level. In the minority-spin states, the Fermi level li
within the second major peak. In order to see the situa
more clearly, the PDOS ofd component of Ni and Fe fo
both spin electrons are shown in Fig. 3. Comparing with F
2, it is obvious that the total DOS is mainly the decompos
d component. For the majority-spin states, the high-den
region of Ni and Fe is situated in the lower energy reg
below the Fermi level. The Fe spin-upd state are almos
completely occupied and the bandwidth indicates that i
just as delocalized as thed state of Ni. For the minority-spin
states, thed bands of Ni are almost occupied and thed elec-

FIG. 1. Unit cells of the Ni2FeGa~a! cubic L21 structure;~b!
tetragonal structure cell in the@110# direction.
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trons of Fe are partially excluded from the Fe site. The Fe
level situates in a little relative high-density region of Fed
state. The Ni 3d state has almost equal contributions in v
lence band for the majority and minority spins, therefore,
mainly magnetic carrier in the Heusler alloy N2FeGa is Fe
atom.

From precise electronic structure calculations and anal
for a series of Heusler alloy, Ku¨bler et al. have concluded
that the localized character of the magnetization inX2MnZ
alloys results from the exclusion of minority-spin electro

FIG. 2. Calculated spin-projected total DOS plots for cub
Ni2FeGa.~a! The total DOS of Ni2FeGa,~b! the total DOS of Ni
atoms,~c! the total DOS of Fe atoms,~d! the total DOS of Ga
atoms.

FIG. 3. The partial DOS ofd component of the Ni and Fe fo
both spin electrons of the cubic structure. The solid line, the Nid
orbitals; the dotted line, the Fe 3d orbitals.
5-2
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ELECTRONIC STRUCTURE AND FERROMAGNETISM IN . . . PHYSICAL REVIEW B69, 134415 ~2004!
from the Mn 3d shell.5 The spin-down electrons of Fe atom
in Ni2FeGa are mostly pushed above the Fermi energy
shown in Fig. 2. Therefore, as Ku¨bler interpreted the electro
structure forX2MnZ, it may be reasonable to consider th
this kind of localized exclusion is an equally localized regi
of magnetization. Thus, it can be understood that, in
case, the Fe atoms possess localized magnetic moment
posed of itinerant electrons. Put differently, comparing w
the DOS of Ni2MnGa ~Ref. 11! and ours, we easily detec
that the spin-down electrons in Ni2FeGa are excluded from
the small region of 3d shell of Fe atoms not so completely a
that of Mn atoms, which can be attributed to that the e
change splitting of Fed states is not so strong as that of M
atoms in this kind of alloys.

From Fig. 2, one can see that the major peaks in
majority-spin states are below the Fermi level. In t
minority-spin states, the Fermi level is situated in the ‘‘an
bonding region.’’ It implies that, as was described in t
paper dealing with the band structure of Ni3Mn,12 the Heu-
sler alloy Ni2FeGa is favorable to form in disordered sta
This theoretical prediction is consistent with our expe
ments. As we reported previously,6 the pure orderedL21
Heusler phase of Ni2FeGa cannot be easily synthesized
most of Heusler alloys. A nonequilibrium solidifyin
method, melt spinning6 or quenching7 from high temperature
following arc melting, had to be utilized to obtain a pureL21
ordering phase. The similar situation has also been confir
in recent works for preparing Heusler alloys Cu2FeAl,13

NiFeSb.14 Their band calculation, without any exception, i
dicated that their Fermi levels all lie in the antibonding le
els, instead of falling in the deep valley of DOS as show
by Ni2MnGa and the others which are prepared easily by
conventional method.

The Heusler alloy Ni2FeGa melt-spun ribbon undergoes
martensitic transformation from the cubic to the orthorho
bic structures in the ferromagnetic state, so we also ca
lated the DOS of the orthorhombic structures. Figure
shows the PDOS ofd component of Ni and Fe for both spi
electrons. In contrast to Fig. 3, we can see that the DOS o
near the Fermi level are rather similar in both structur
while those of Ni are different in both structures. The DO
of Ni occurs a little split in the orthorhombic structure, whic
has not been observed in the cubic structure.

The total energy of a pure ferromagnetic cubic and ort
rhombic structure at the experimental lattice constants is
obtained. The total energy of cubic structure is 0.59 eV/c
higher than the value of orthorhombic structure, 0.57 eV/c
~We take the total energy of paramagnetic phase as refer
point.! It illuminated that the metastable cubicL21 phase
could be stabilized by orthorhombic distortion in view
energy.

Concurrently, a magnetic moment change between
two states has been found. The calculated magnetic mom
per formula unit for cubic and orthorhombic~martensite!
structures are 3.126mB and 3.171mB , respectively. For the
cubic structure, the individual moment of Ni, Fe, and Ga
0.237mB , 2.673mB , and 20.021mB , respectively. For the
martensitic structure, however, they are 0.271mB , 2.652mB ,
and20.023mB , respectively. At martensite, we will see b
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low that the calculated total moment,m total , 3.171mB , is
quite consistent with the experimental value. Also, our c
culation predicts two kinds of important magnetism that t
Fe atom, contributing a localized moment to Ni2FeGa alloy,
has a large magnetic moment value and the moment o
atom increases upon the martensitic transformation.

From above discussion, we notice that the major D
difference between the cubic and the orthorhombic struc
is that Ni has a peak near the Fermi level for the cu
structure split for the orthorhombic one. It is worth notin
that this peak split and moment transfer behaviors are v
similar to those found in the Heusler alloy Ni2MnGa.11 It
was considered that the splitting behavior plays an impor
role to the cubic→orthorhombic structural transition. There
fore, a band Jahn-Teller effect was expected in this transit
This supposition is confirmed by spin-polarization neutr
scattering experimental results of Brownet al.15 Analogous
to Ni2MnGa, we think the structural transition in Ni2FeGa is
also due to the same mechanism, namely, band Jahn-T
effect. The magnetic moment of Ni increasing across
cubic to orthorhombic structural transition is probably ar
ing from transfer of electrons from the nearly full 3d band of
Ni to a more than half filled 3d band of Fe. When the mar
tensitic transformation occurs, the degenerate energy in
high-temperature phase splits in the low temperature, wh
enables the electrons to redistribute themselves so a
lower the free energy. The minority-spin Nieg band is low-
ered in the cubic to orthorhombic transition, whereas ther
no significant change in the Fe bands near the Fermi surf
One can see that our calculation clearly reflected this ph
cal mechanism.

Figure 5 shows the isothermalM -H curves measured
above and below martensitic transformation. The appa
difference between the two phases is clearly seen indica

FIG. 4. The partial DOS ofd component of the Ni and Fe fo
both spin electrons of the orthorhombic structure. The solid line,
Ni 3d orbitals; the dotted line, the Fe 3d orbitals.
5-3
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a reorientation of the magnetic moment. The martens
phase at lower temperature~at 5 K! exhibited a high-
saturated magnetization of 3.170mB and a high-anisotropy
field of 0.6 T, but both decreased to 2.302mB and 0.03 T at
300 K. The dramatic change in saturation field is attribu
to the structural transition. Inset in Fig. 5 shows the tempe
ture dependence of the anisotropy fields of Ni2FeGa. One
can see that the value of anisotropy fieldHA is very small in
the soft cubic phase, being of 0.078 T up to the martens
transformation where there is a large jump taking place. S
sequently, at the martensite phase the values ofHA increase
with decreasing temperature. Thus, we can infer from
plot that the martensitic transformation occurs between
K and 190 K. This transformation behavior is consistent w
the above result that total energy is favorable for the ort
rhombic distortion. For the martensite saturation magnet
tion at 5 K, one can see that the experimental val
3.170mB , is in good agreement with the computational r
sult, 3.171mB .

We measured the saturation magnetizationM (T) as a
function of temperature over the range 5–350 K, as show
Fig. 6. At low temperature, T,70 K, the magnetization
curves follow the spin-wave theory with the functional for
M (T)5M (0)(12AT3/2). Fitting the data to this form yields
a best-fit value for M (0)572.21 emu/g (3.170mB), A
53.7131025 K23/2 ~inset a!. The spin-wave stiffness coef
ficient D from spin dispersion law\v5Dq2 may be calcu-
lated from the parameterA via the relationA52.612(V/S)
3(kB/4pD)3/2, whereV is the volume per magnetic atom
and S is the spin. Calculation for Ni2FeGa gives the value
D590 mev Å2. Upon further heating the parent phaseT
.160 K), M2 becomes linear withT2 ~inset b!. That is,
M (T) is expressed empirically as a function of temperat
as M (T)25M (0)2(12T2/TC

2 ). Linearly extrapolating toT
50 K, the spontaneous magnetizationM (0) can be deter-
mined as 69.76 emu/g (3.035mB). It means that a less satu
ration magnetization would be expected if the Ni2FeGa com-
pound remained cubic structure at 0 K. By the sa
extrapolation toM50 emu/g, the calculated Curie temper
ture of 430 K is in very good agreement with our previo
experimental value measured by ac susceptibility.6 The mag-

FIG. 5. Magnetization as a function of magnetic field f
Ni2FeGa ribbons at various temperatures. Inset graph shows
temperature dependence of anisotropy field.
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netization undergoes a change fromT3/2 to T2 behavior and
may come from the magnon-magnon interactions. The m
rial undergoes a martensitic transformation, leading to
structural transition. The variation of magnetism arises fr
the change of dynamic interaction between magnons. T
we observed the magnetic behavior seems to evolve f
Heisenberg-like at low temperature to itinerant magnetism
high temperature.16 This kind of behavior was also observe
in NiMnSb, in which Mn possesses localized magnetic m
ment. Differently, the mechanism for this crossover
NiMnSb, from spin-wave excitations to Stoner-like ind
vidual excitations, arises from the half-metallic ferromagn
to normal ferromagnet transition.16

In many Heusler alloys of Ni2YZ, the ferromagnetism
mainly contributes from theY atoms. Among the Heusle
alloys of Ni2MnZ where the Mn atoms fully occupied th
Y-fcc sites, many works indicated that an indirectd-d cou-
pling achieved by conduction electrons makes the Mn ato
coupled as the ferromagnetic with a large magnetic mom
(3 –4mB),5 but the moment on Ni atoms is negligible. Ou
calculation shows that Ni2FeGa is in the same case. Whe
Ni2FeGa structured in Heusler alloy, the nearest-neigh
Fe-Fe distance is about 4.05 Å, which is much larger th
that in purea-Fe and some other iron alloys, and ordina
direct coupling would have been insulated. Therefore, it
quite possible that the long-range magnetic coupling betw
localized moments through conducting electrons, which n
is widely accepted as the dominant exchange mechanis
Mn-related Heusler alloys,5 might also be valid in Fe-related
Heusler alloys. Therefore, like Co2FeZ alloys, the newly de-
veloped Heusler alloy Ni2FeGa becomes one more good o
ject to investigate the ferromagnetism of Fe in the indir

he

FIG. 6. Saturation magnetization as a function of temperat
for Ni2FeGa ribbons was measured over the range 5–350 K. I
graph ~a! shows the ribbon dataM as a function ofT3/2 for T
,70 K. The solid line in the inset graph is a linear fit to th
Ni2FeGa data, demonstrating theT3/2 dependence of the magnet
zation for this low-T range. Inset graph~b! shows the ribbon data o
M2 as a function ofT2 for T.160 K. The solid line in the inset
graph is a linear fit to the Ni2FeGa data, demonstrating theT2

dependence ofM2 for this high-T range.
5-4
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ELECTRONIC STRUCTURE AND FERROMAGNETISM IN . . . PHYSICAL REVIEW B69, 134415 ~2004!
coupling environment. Especially Ni2FeGa exhibits marten
sitic transformation which has not been observed in ot
X2FeZ Heusler alloys.

Furthermore, in order to compare the calculated va
with the experimental value for iron moment in our Ni2FeGa
alloy, the moment of Ni, should be deducted from the to
magnetic moment measured experimentally. In the pre
work, however, we could not measure themNi directly. For-
tunately, there are many relevant results on it in the previ
investigations.

Campbell reported that the contribution of Ni atom to t
magnetization is zero in studying the magnetic properties
quartenary Heusler alloys Ni2MnxT12xSn (T 5 Ti, V, Cr!.17

Buschow also reported a smallmNi , 0.065mB /f.u., in ternary
Heusler alloy Ni2CrAl.18 In Heusler alloy Ni2MnGa, al-
though Webster did not give the exact value of Ni mome
they show clearly that polarized neutron measurements
suggest that there is a small Ni moment, less than 0.3mB .19

All these results illustrate that the Ni atom provides a ve
little moment in Heusler alloy Ni2YZ. Actually, it is evident
from the DOS plot that the Ni 3d state has almost equa
contributions in valence band for the majority and minor
spins, as reported inX2MnZ.5

More recently, however, the study of Brownet al. has
indicated that the magnetization of Ni and Mn will be red
tribution with the variation of temperature in Ni2MnGa by
means of polarized neutron scattering experiments.15 The Ni
moment is 0.24mB /atom and 0.36mB /atom for the parent
and martensite phase, respectively. Furthermore, they h
given a successful explanation by using band Jahn-Telle
fect.

According to mNi50mB suggested by Campbell an
Buschow, the Fe moment has the largest value of ab
3.170mB in our Ni2FeGa, that is, the ferromagnetism is t
tally from the Fe site. Following the estimation ofmNi
50.3mB by Webster, however, iron moment still has a qu
large value of 2.570mB/atom in Ni2FeGa. Counting the re
distribution of the Fe and Ni ferromagnetism upon the m
tensitic transformation as the work of Brownet al. work,
taking the Ni moment of 0.360mB at martensite phase~the
largest reported value of Ni moment in Ni-based Heus
alloy up to now! and 0.24mB for the austenite, the net mo
ment value per iron atom is 2.450mB for the martensite and
2.555mB for the austenite. Thus, one can see that, in all
perimental cases, the Fe moment in Ni2FeGa is larger than
that in purea-Fe, 2.217mB/atom, by about 10–43 %.

We would like to evaluate here the utilization of themNi
value. TakingmNi50 might be possible in the case of som
paramagnetic alloys, such as Ni2CrAl, but not for the ferro-
magnetic compounds. Campbellet al. reported a doubtfully
large value of 5mB/Fe atom in quaternary Heusler allo
Ni2Mn0.9Fe0.1Sn by neglecting the Ni moment~taking mNi
50).20 On the other hand, taking the value from the marte
site, 0.36mB ,15 seems to be so large that it would subs
quently deduce a small value of Mn moment of abo
3.40mB in Ni2MnGa, which is contrary to the fact ofX2MnZ
Heusler alloys in which the Mn moment usually shows t
nearly integral value of 4.0mB/atom. So far the consisten
13441
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value of mNi between calculation11 and experiment15 is
0.24mB/atom and is very close to our calculated value
0.237mB for the cubic and 0.271mB for the orthorhombic.

Thus, our calculatedmFe value and the above experimen
tal values all strongly suggested that Fe atom has a tend
to present a large magnetic moment in Ni2FeGa. Clearly,
such moment is larger than the value about 2.2mB in Ni host
and some other Fe-based alloys. Evidentially, in Heusler
loy X2FeZ, such as Co2FeGa and Co2FeAl, the Fe moment
is usually larger than 2.5mB ;21,22 it is 2.54mB in semi-
Heusler alloy PtFeSb;23 and we reported similar results i
quaternary NiMnFeGa Heusler alloys.24

Therefore, it is reasonable to believe that the large m
ment of Fe atom in Ni2FeGa arises from the indirect cou
pling environment. It is very interesting to show some cou
terevidence that the iron moment would drop down
2.2mB , once Fe atoms situate at theX site and have a direc
coupling. For example, it occurred in the case of the inv
tigation on the Fe moment as turning Co2FeGa to
Fe2CoGa.25,26

Finally, for the Ni moment upon the martensite transitio
let us turn back to the one we calculated. The calculat
predicts that the Ni moment increased about 17% from 0.
to 0.271mB upon the martensitic transformation. This in
creased tendency has been experimentally observed in re
work of Brownet al. on NiMnGa alloy,15 although there is a
discrepancy between our calculation value and the exp
mental one.

In conclusion, the electronic structures of both the cu
and the orthorhombic are calculated in this paper. The res
reveal that Fe atoms in Heusler alloy Ni2FeGa tend to be
behaved as localized moment like Mn in Heusler all
X2MnY. The DOS difference between the cubic and orth
rhombic structures shows that a split of Ni peak near
Fermi level occurred through the structural transition, su
gesting that a band Jahn-Teller effect is expected during
transformation. This transformation mechanism causes
redistribution of electron, leading to the increase of Ni ma
netization. The computational saturation magnetic mom
of the martensite for Ni2FeGa is 3.171mB , very close to the
experimental value, 3.170mB . It has been analyzed that F
atoms contributed a moment up to 2.450–3.170mB to the
Ni2FeGa compound based on the different possible value
Ni moment in Heusler alloys shown in references, which
about 10–43 % larger than that of pure Fe. This large m
ment behavior arises from the indirect interaction betwe
Fe-Fe atoms through conduction electrons. We also find
temperature dependence of saturation magnetization sh
evidence of spin-wave excitations at low temperature a
Stone excitations at high temperatures, which may be du
the change of interaction between magnon arising from m
tensitic transformation.

The authors would like to appreciate Professor Din
sheng Wang for his helpful discussion on the electro
structure calculation. This work was supported by Natio
Natural Science Foundation of China Grant No. 5013101
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