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The structural, electronic, magnetic, elastic, and hyperfine-interaction properties of Fe;NiGa have been
determined by means of X-ray diffraction, >’Fe Mdssbauer spectroscopy, and magnetic measurements
and ab initio calculations. The compound studied crystallizes in the cubic space group F43m with lattice
constant a = 5.7961(4) A. Evidence is provided for the presence of significant structural disorder in the
compound. Fe;NiGa is predicted to be half-metallic with covalent chemical bonding. It orders ferro-
magnetically with the Curie temperature Tc = 586.0(7) K. The saturation magnetization per formula unit
and the estimated Fe magnetic moments at the A and B sites are 3.00, 1.87(2), and 2.25(2) ug, respec-
tively. The ab initio calculations overestimate the values of the A- and B-site Fe magnetic moments. It is
observed that the magnetic properties of Fe,NiGa are very strongly dependent on its heat treatment. The
calculated hyperfine-interaction parameters show general agreement with the experimental ones. It is
demonstrated that the compound studied decomposes when heated and kept at temperatures above
around 500 K. The Debye temperature of Fe,NiGa is found to be 378(5) K.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Heusler compounds are a class of more than 1000 ternary in-
termetallic materials with composition X,YZ or XYZ, where X and
Y are transition metals and Z is a main group element [1]. They
exhibit a rich variety of physical properties [2]. They occur as
metals, semiconductors, or superconductors. These are com-
pounds with different magnetic ordering. They possess shape-
memory characteristics, exhibit heavy-fermion behavior, have
giant magnetoresistance and enhanced thermoelectric properties.
Some of them are topological insulators. Some of these properties
have great potential for practical applications in, for example,
spintronics or magnetocaloric technology.

Heusler compounds crystallize in the cubic space groups Fm3m
or F43m. Within these two space groups, different types of atomic
disorder, i.e., various possible distributions of the X, Y, and Z ele-
ments among the specific crystallographic sites, are possible [3]. It
is this disorder upon which the physical properties of the Heusler
compounds are strongly dependent [2].

A subset of the Heusler compounds, Fe,;NiZ, is of current in-
terest, especially from a theoretical point of view [4-10]. A few
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experimental studies of the Fe,NiZ compounds have also been
carried out [5,7,11-14]. Here we report the results of X-ray dif-
fraction, °’Fe Méssbauer spectroscopy, and magnetic study, com-
plemented by first-principles electronic structure and hyperfine-
interaction parameters calculations, of Fe,NiGa.

2. Experimental and theoretical methods

An ingot of nominal composition Fe,NiGa was prepared by arc
melting the constituent elements of purity 99.9% in an atmosphere
of purified argon. The ingot was then wrapped in a tantalum foil
and vacuum-annealed at 1073 K for two weeks [14].

The X-ray diffraction (XRD) spectrum of Fe,NiGa was measured
at 298 K in Bragg-Brentano geometry on a PANalytical X'Pert
scanning diffractometer using Cu Ko radiation in the 26 range 20—
120° in steps of 0.02°. The K/ line was eliminated by using a Kevex
PSi2 Peltier-cooled solid-state Si detector.

The dc magnetization was measured in the temperature range
from 3.0 to 720 K and in magnetic fields up to 90 kOe using the
vibrating sample magnetometer (VSM) option of the Quantum
Design physical property measurement system (PPMS). The VSM
oven option was used for dc magnetization measurements at
temperatures higher than 400 K. The magnetic measurements
were done on a solid Fe,NiGa specimen in the form of a
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parallelepiped.

The >’Fe Méssbauer measurements were carried out using a
standard Mossbauer spectrometer operating in sine mode and a
57Co(Rh) source at room temperature. The spectrometer was ca-
librated with a 6.35-pm-thick a-Fe foil [15], and the spectra were
folded. The Mossbauer absorber for low-temperature ( <300 K)
measurements consisted of a mixture of powdered Fe,NiGa, and
powdered boron nitride, which was pressed into a pellet and put
into a high-purity, 8-pm-thick Al disk container to ensure a uni-
form temperature over the whole absorber. The M&ssbauer ab-
sorbers for two series of high-temperature ( >300 K) measure-
ments were mixtures of powdered Fe;NiGa and powdered boron
nitride, that were placed into the solid boron-nitride containers.
The low-temperature Mdéssbauer absorber was put into a Mdss-
bauer cryostat in which it was kept in a static exchange gas at-
mosphere at a pressure of ~7 x 10~ 3 mbar. The high-temperature
Mossbauer absorbers were put into a Moéssbauer oven in which
the dynamic pressure was ~2 x 10~> mbar. The surface densities,
oexp, Of the prepared low-temperature/high-temperature Moss-
bauer absorbers were, respectively, 21.9, and 21.6, 33.0 mg/cm?.
These surface densities correspond to an effective thickness
parameter [16] t, in the range (5.9-9.0) f,, where f, is the Debye-
Waller factor of the absorber. Since t, > 1, the resonance line shape
of the Mdssbauer spectrum was described using a transmission
integral formula [17].

Ab initio electronic structure and Mossbauer hyperfine-inter-
action parameter calculations have been performed within the
framework of density functional theory using the full-potential
linearized augmented-plane-wave plus local orbitals (FP-
LAPW +lo) method, as implemented in the WIEN2k package [18].
In this method, one partitions the unit cell into two regions: a
region of non-overlapping muffin-tin (MT) spheres centered at the
atomic sites and an interstitial region. The wave functions in the
MT regions are a linear combination of atomic radial functions
times spherical harmonics, whereas in the interstitial regions they
are expanded in plane waves. The basis set inside each MT sphere
is split into a core and a valence subset. The core states are treated
within the spherical part of the potential only and are assumed to
have a spherically symmetric charge density in the MT spheres.
The valence wave functions in the interstitial region were ex-
panded in spherical harmonics up to [=4, whereas in the MT re-
gion they were expanded to a maximum of /=12 harmonics. For
the exchange-correlation potential, the generalized gradient ap-
proximation (GGA) scheme of Perdew, Burke, and Ernzerhof [19]
was used. A separation energy of —-6.0 Ry between the valence and
core states of individual atoms in the unit cell was chosen.

The values of 2.36 a.u., 2.36 a.u., and 2.30 a.u. were used as the
MT radii for Fe, Ni, and Ga, respectively. The plane-wave cut-off
parameter was set to Ryt x Kvax = 7, where Ryt is the smallest MT
radius in the unit cell and Kyax is the maximum K vector used in
the plane-wave expansion in the interstitial region. A total number
of 286 k-points was used within a 21 x 21 x 21 k-mesh in the ir-
reducible wedge of the first Brillouin zone. A convergence criterion
for self-consistent field calculations was chosen in such a way that
the difference in energy between two successive iterations did not
exceed 10~*Ry. The experimental lattice constant a in the space
group F43m (vide infra) was used in the calculations.

3. Results and discussion
3.1. Structural characterization
The room-temperature XRD pattern of Fe;NiGa is shown in

Fig. 1. Based on Burch's rule [20], it is expected that Fe,NiGa
should crystallize in the F43m space group, ie., the Fe atoms
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Fig. 1. X-ray diffraction pattern of Fe,NiGa at 298 K. The experimental data are
denoted by open circles, while the line through the circles represents the results of
the Rietveld refinement. The row of vertical bars shows the indexed Bragg peak
positions for the Fm3m space group. The symbol : indicates the Bragg peak posi-
tion corresponding to an unidentified impurity phase. The lower solid line re-
presents the difference curve between experimental and calculated patterns.

should occupy the A (0,0,0) and B (0.25,0.25,0.25) sites, and the Ni
and Ga atoms should occupy the C (0.5,0.5,0.5) and D
(0.75,0.75,0.75) sites, respectively. A Rietveld refinement [20] of
the XRD pattern in the F43m space group (Fig. 1) yields the lattice
constant a = 5.7961(4) A. The absence of the (111) and (002) fcc
superstructure Bragg peaks in the experimental pattern (Fig. 1) is
indicative that the studied Heusler compound is not well ordered,
i.e,, some structural disorder (possible random occupation of the
constituent elements in the available crystallographic sites) must
exist in the compound. As has been noticed earlier [2], it is vir-
tually impossible to determine the type of disorder in Heusler
compounds using only the standard XRD technique.

The crystal structure of Fe;NiGa in the F43m space group is
shown in Fig. 2. The presence of covalent bonding (vide infra) is
indicated pictorially by rods in the unit cell (Fig. 2).

3.2. Ab initio calculations
3.2.1. Charge density distribution
Fig. 3 shows the calculated valence charge density distribution

in the (110) and (100) planes in Fe,NiGa. One observes a high
degree of electron charge localization around the Ni and FeA (Fe
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Fig. 2. The unit cell of the Fe,NiGa compound in the F43m space group.
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Fig. 3. Electron charge density distribution (in units of e/A*) in the (110) plane (a) and the (100) plane (b).

atoms at the A site) atoms in the (100) plane [Fig. 3(b)] and rela- electron charge is less localized which leads to shrinking of the
tively large low-density (yellow-red) regions between these low-density regions. As a result, a directional covalent bonding
atoms. Consequently, there is rather weak covalent bonding be- between the neighboring Fe and Ga, and Fe and Ni, atoms is

tween the Ni and FeA atoms. However, for the charge density formed. The nature of the covalent bonding between the Fe and Ga
distribution in the (110) plane [Fig. 3(a)], one finds that the atoms is due to p—d hybridization.
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Fig. 4. Total, atom-, and orbital-resolved density of states of Fe,NiGa in the nonmagnetic state.
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By comparing the valence electron configuration of Ga with
that of Fe and Ni, one expects the formation of p--d covalent bonds
in which two electrons (from each of two Fe atoms) from 3d states
along with three electrons from the Ni 3d states join the 4p states
of Ga, forming relatively strong covalent bonds. One can also argue
that, because the neighboring atoms in the (100) plane are on
average further apart than the ones in the (110) plane, the elec-
trons in the (100) plane are less likely to participate in forming
bonds (Fig. 2). The Coulomb interaction between the neighboring
atoms in the (100) plane is not large enough (due to their rela-
tively large separation) to overcome the atomic binding of the
electrons to their nuclei, which results in the localization of the
electrons around their parent atoms. However, in the (110) plane
the atoms are relatively closer to each other, and therefore the
interaction between the nucleus of one atom and the electrons of
the neighboring atom is large enough to form strong covalent
bonds.

3.2.2. Nonmagnetic and ferromagnetic states
The nonmagnetic state of Fe,NiGa refers to a high-temperature

F Nejadsattari et al. / Physica B 477 (2015) 113-122

regime in which thermal agitations are strong enough to overcome
any preferred magnetic ordering. Fig. 4 shows the total, atom-, and
orbital-resolved density of states (DOS) of Fe,NiGa in the non-
magnetic state. One notices a large concentration of electronic
states around the Fermi energy ( Eg), which gives rise to good
thermal and electrical conductivities. One can also notice (Fig. 4) a
high degree of overlap of electronic states around Eg. This leads to
chemical bonding of the covalent type. The dominant contribution
to the DOS comes from the 3d states of FeB (Fe atoms at the B site)
and Ni. The contributions of the Ga s and p states, which are
peaked, respectively, at around 7 and 3.5 eV below Er (Fig. 4), are
very small.

The DOS for the e; and t, states of FeA, FeB, and Ni has also
been calculated (Fig. 4). As expected, the eg states lie higher in
energy than the f,, states. For Ni, the e states extend from about
3.5 eV below E; to the immediate vicinity of Er and are peaked at
0.5 eV below Eg, whereas the t,; states are peaked at around 2.5 eV
below Eg. The location of these states for FeB is quite similar. Thus,
both the e, and 64 states are not localized, i.e., they are spread in
energy below Eg.
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Fig. 5. Spin-polarized total, atom-, and orbital-resolved density of states of Fe,NiGa in the ferromagnetic state.
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By examining the band structure of Fe;NiGa in the non-
magnetic state [Fig. 6(a)], one observes a large number of acces-
sible states at and below Eg. These states are localized in energy, as
compared to other states lower in energy, in all directions of the
Brillouin zone and they are dominated by the Fe and Ni d states.
One can also notice [Fig. 6(a)] a rather high density of conduction
bands in the energy region between about 4 and 7 eV above Eg.

The spin-polarized total, atom-, and orbital-resolved DOS of
Fe,NiGa in the ferromagnetic state is shown in Fig. 5. For each spin
configuration, the DOS is dominated by the Fe and Ni d states. For
the spin-up configuration, these states are spread in the energy
region from about 1 to 4.5 eV below E, i.e., they are almost absent
in the vicinity of Eg. This leads to the formation of a gap above E;.
However, for the spin-down configuration (Fig. 5), these states are
spread between about —4 and 2 eV with respect to Eg. Thus, there
is a rather high concentration of accessible spin-down states at E.
These characteristics are reminiscent of half-metallic behavior, a
behavior that can have important implications in the fields of
spintronics where one considers spin-dependent currents. The
spin-up electrons face a potential barrier and are blocked, whereas
the spin-down current can freely flow. This creates a spin filter, or
a spin switch, that can be used in quantum computation whereby
the traditional bits “0” and “1” are replaced by the spin-dependent
currents.

One also observes (Fig. 5) that the d states of FeA and FeB are
the main contribution to the DOS, both for spin-up and spin-down
configurations. Regarding the spin-up configuration, the FeA d
states are widely spread from —4 to —1 eV with respect to Er and
are highly peaked around —1 to — 1.5 eV. The FeB states, however,
are strongly peaked at —1.5 and — 3.3 eV. In the case of spin-down
configuration, the FeA d states occupy a region from —2 to 2 eV in
energy with respect to Er and are strongly peaked at —1to 1 eV. A
similar pattern is observed for FeB d states but with a smaller
concentration of DOS below E;.

Within the Fe d states, the e, states are peaked closer to E,
whereas the t, states are distributed over lower energies, similar
to the situation observed in the nonmagnetic state (Fig. 4). For
both the spin-up and spin-down configurations the contributions
of the e, and t, states are of almost the same weight. The DOS
arising from the Ni d state is different from that of the Fe d states
in the sense that the main contribution of the d states for the spin-
up configuration is mainly of the e, type and is concentrated be-
tween about 1 and 1.8 eV below Er. However, for the spin-down
configuration the dominant contribution of the Ni d states is
peaked at about 2 eV below Er and is mainly of the &, type. The
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separation of spin-up and spin-down DOS for Fe and Ni leads to
nonzero Fe and Ni magnetic moments. This is a direct result of the
unfilled 3d shells in both atoms. As one can see from the bottom
graph in Fig. 5, the total contribution of Ga to the overall DOS is
negligibly small. More importantly, the states in both spin-up and
spin-down configurations are distributed in a similar way. This
accounts for the fact that the value of the Ga magnetic moment is
close to zero. The calculated magnetic moments g, (A), ug(B), pyi»
and ¢, in the ferromagnetic state of Fe,NiGa are 1.941, 2.680,
0.492, and -0.054 p, respectively. The fact that ug(B) is larger
than pg (A) can be deduced by inspecting Fig. 5. One observes that
the difference in the distribution of the FeB d states between spin-
up and spin-down configurations is larger than that of the FeA d
states. The calculated magnetic moment per formula unit g, is
4.9585 [21].

The spin-polarized band structure of Fe;NiGa is shown in Fig. 6
(b) and (c). The spin-up band structure shows an energy gap below
Eg, while the spin-down band structure does not exhibit such a
gap. One observes a large number of accessible states around Er in
the spin-down band structure [Fig. 6(c)], whereas in the spin-up
band structure [Fig. 6(b)] there are only a few bands around Eg.
This gives rise to a nearly half-metallic behavior as discussed
earlier.

3.2.3. Elastic parameters

The elastic parameters discussed here were calculated for the
optimized lattice constant of 5.7646 A derived from the structural
optimization of Fe,NiGa (Fig. 7). The calculated density p of
Fe,NiGa is 8.1903 g/cm3. For the cubic structure of Fe,NiGa, the
calculated second-order elastic constants [22] Cyy, Cy», and Cy4 are
233.04, 196.20, and 175.40 GPa, respectively.

Using the calculated values of p and the elastic constants,
one finds longitudinal and transverse sound velocities
(vi=1(G1+ 04QC44 + G2 — G)/pI'2, vt = [(Cas — 02(2Caq + G2 — G1)/p]/?) Of
6624.5 and 3712.1 m/s, respectively. This allows one to calculate
the Debye temperature from the expression [22]
Op = h/kg(3nNap/4M)!3v,,, where h is the Planck constant, kg is
the Boltzmann constant, n is the number of atoms per formula
unit, Ny is the Avogadro constant, M is the molecular weight of the
compound, and v, is the average sound velocity
(Vm = [1/32/v¢ + 1/v})17'/3). The calculated @p is 427 K. We also
calculated the equilibrium bulk modulus By = 204.2 GPa.

3.2.4. Hyperfine-interaction parameters
Numerical analysis of Mossbauer spectra yields the three most
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Fig. 6. (a) Energy band structure of Fe;NiGa in the nonmagnetic state. (b) Spin-up and (c) spin-down band structures of Fe,NiGa in the ferromagnetic state.
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Fig. 7. Total energy as a function of primitive cell volume in the fcc structure of
Fe,NiGa.

important hyperfine-interaction parameters: the isomer shift, o,
the hyperfine magnetic field, Hy¢, and the principal component of
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the electric field gradient (EFG) tensor, V;,, with the asymmetry
parameter, 7 [16]. If the crystal structure of a compound studied is
known, these parameters can be also obtained from first-princi-
ples calculations [23]. For the compound studied here, the Fe
atoms are located at the sites with the point symmetry 43m, which
ensures a vanishing EFG tensor.

The isomer shift results from the difference in the total electron
density at the Mossbauer nucleus in the compound studied, p(0),
and in the reference compound, p.(0),

80 = a(p(0) — prr (0)), M

where « is a calibration constant. In calculating p(0), relativistic
spin-orbit effects were invoked in order to account for the possi-
bility of the penetration of the p,, electrons into the 57Fe nuclei.
An a-Fe (with the bcc structure and the lattice constant of
2.8665 A) was chosen as a reference compound. The calculated
value of p.(0) is 15309.918 a.u.~3. The calculated values of p(0) at
the A and B sites are 15308.677 and 15309.300 a.u.” >, respectively.
Using the calibration constant a= —0.291 a.u.> (mm/s) (Ref. [24]),
Eq. (1) gives §p(A) = 0.361 mm/s and &9(B) = 0.180 mmy/s.

— T T T T T T T T T T

0 100 200 300

H.; (kOe)

Fig. 8. °’Fe Méssbauer spectra of the Fe,NiGa Mossbauer absorber (Gexp = 21.9 mg/cm?) at the indicated temperatures fitted (blue solid lines) (left panel) with the A-site and
B-site (dark red and dark green solid lines) Zeeman patterns resulting from the hyperfine magnetic field distributions P (Hyr) (right panel). The zero-velocity origin is relative
to a-Fe at room temperature. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)
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The hyperfine magnetic field at the Mdssbauer nucleus in a
magnetically ordered material consists of three main contribu-
tions: the Fermi contact term H,, the magnetic dipolar term, Hgjp,
and the orbital moment term, H,,;, [16]. Of these, the first term is
usually significantly larger in magnitude than the last two terms.
The Fermi contact term is given by

8

H. =

c= ?MBZ(% ©0) - 14 0)),

)
where p,(0) and p, (0) are the spin-up and spin-down densities at
the Mdssbauer nucleus, respectively. The magnitudes of H. at the A
and B sites in Fe;NiGa calculated from Eq. (2) are H.(A) = 166 kOe
and H,(B) = 260 kOe.

3.3. Madssbauer spectroscopy

The room- and low-temperature >’Fe Méssbauer spectra of
Fe,;NiGa (Fig. 8) are in a form of significantly broadened Zeeman
patterns that are very similar to the patterns observed for Fe-
containing amorphous alloys [25]. These spectra clearly must re-
sult from the presence of a distribution P(Hys) of the hyperfine
magnetic fields Hy at the A- and B-sites. This distribution origi-
nates from significant structural disorder present in the compound
studied. Good fits of these spectra (left panel of Fig. 8) were ob-
tained with the distributions [26] P(Hys) at the A- and B-sites
shown in the right panel of Fig. 8.

Fig. 9 shows the first series of consecutively measured high-
temperature °’Fe Mossbauer spectra of Fe,NiGa. One observes that
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the last spectrum of this series measured at 300.2 K and its cor-
responding distributions P (Hy¢) are very different from the 300.2 K
spectrum and the corresponding distributions measured at the
beginning of this series. This indicates that the specimen studied
must have decomposed at ~500 K.

In the second series of consecutively measured high-tempera-
ture >’Fe Méssbauer spectra (Fig. 10), the first high-temperature
spectrum was measured at 600.2 K. It is in the form of a single line
which indicates that the Curie temperature T of Fe,NiGa must be
smaller than 600.2 K. Similar to the first series, the last 300.2 K
spectrum and the corresponding distributions P (Hy¢) are very
different from the 300.2 K spectrum and its distributions mea-
sured at the beginning of the second series (Fig. 10). This confirms
that the studied compound decomposes when heated above
~500 K.

The average values of the hyperfine magnetic field at the A and
B sites, Hys(A) and Hye(B), at a given temperature were calculated
from the corresponding P (Hys) distributions at that temperature
(Figs. 8-10). The temperature dependence of Hys(A) and Hye(B) is
presented in Fig. 11. One notices a strong, almost linear decrease of
Hpe(A) and Hys (B) with increasing temperature and a sudden dis-
appearance of Hyr(A) and Hpr(B) above ~560K. This unusual
temperature dependence of Hpr(A) and Hyr(B) could be fitted
neither to a Brillouin function [27] nor to a Bean-Rodbell function
[28]. The Curie temperature T = 580.2(20.0) K was estimated from
the observation (Fig. 11) that Hp(A) # 0 and Hye(B) # 0 at 560.2 K,
but Hps(A) = Hyr (B) = 0 at 600.2 K.

The saturation values of the hyperfine magnetic field
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000 200 300
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Fig. 9. >’Fe Mossbauer spectra of the Fe,NiGa Méssbauer absorber (oexp = 21.6 mg/cm?) at the indicated temperatures fitted (blue solid lines) (left panel) with the A-site and
B-site (dark red and dark green solid lines) Zeeman patterns resulting from the hyperfine magnetic field distributions P(Hpr) (right panel). The spectra were measured
consecutively starting with the spectrum at 300.2 K (top left column) down to the spectrum at 300.2 K (bottom left column). The zero-velocity origin is relative to a-Fe at
room temperature. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)



120 F Nejadsattari et al. / Physica B 477 (2015) 113-122

100.0
99.5
99.0f
98.5f

100
99¢
98f
97¢
96§

95

100

©
o

100

REL. TRANSMISSION (%)

©
(oo}

97}

100
99}

98}

VELOCITY (mm/s)

‘0 ok
@) i
~ 6l
@ i
o 4f
= i
— 2
= 03
L s
o r
6
4f
2f
oF.,
10} .
5t ]
o——— . .
0 100 200 300

H. . (kOe)

Fig. 10. 5"Fe Méssbauer spectra of the Fe,NiGa Méssbauer absorber (oexp =33.0 mg/cm?) at the indicated temperatures fitted (blue solid lines) (left panel) with the A-site
and B-site (dark red and dark green solid lines) Zeeman patterns resulting from the hyperfine magnetic field distributions P (Hp¢) (right panel). The spectra were measured
consecutively starting with the spectrum at 300.2 K (top left column) down to the spectrum at 300.2 K (bottom left column). The zero-velocity origin is relative to a-Fe at
room temperature. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)

T
o

TT

250

T
=
ES
>
>
=
N

A, (kOe)
o
o

[TTTT T TT T T TT T T T T TTTTT

+
I
I
[ A A A A A A

0 Lo v b v b b b by 7
0 100 200 300 400 500 600
T (K)

Fig. 11. Temperature dependence of the average hyperfine magnetic fields Hyg(A)
and Hp¢(B).

Hiro(A) = 234.3(2.2) kOe and Hygo(B) = 280.9(2.1) kOe were ob-
tained from a linear extrapolation of the Hys(A) and Hiy(B) data to
0 K (Fig. 11). The experimental values of Hy¢o(A) and Hygo(B) found
here are higher, respectively, by 41% and 8.0% than the calculated
H.(A) and H.(B) contributions. This confirms a general observation
of the IHyjp + Horpl contribution being smaller in magnitude than
the H. contribution.

To a first approximation, Hys is proportional to the on-site
magnetic moment of iron atoms ug through the relation
Hiys = apg., where the value of the proportionality constant a is
compound specific [29]. In converting Hyr to pg, the value
a = 125 kOe/ug was used [7]. Thus, the experimental Hyso(A) and
Hifo(B) values correspond to Freo(A) = 1.87Q2)puy  and
Freo(B) = 2.25(2)up, respectively. These values of g, o(A) and
freo(B) are only 4% and 16% lower than the calculated
Hre(A) = 19415 and g, (B) = 2.680y5, respectively. It would be
useful to estimate the experimental value of uy; in Fe,;NiGa from
the ®'Ni M&ssbauer measurements [30] and compare it with the
calculated value of 0.492y;.
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(b) the absorption spectral area A. The solid lines are the fits to Eq. (1) in (a) and to
Eq. (3) in (b), as explained in the text.

The temperature dependence of the average values of the
center shift at the A and B sites (relative to a-Fe at 298 K), § (A) and
5 (B), determined from the fits of the M&ssbauer spectra in Figs. 8—
10, is shown in Fig. 12(a). The §(T) dependence is given by

8(T) = 80 + son(T), 3)

where g is the intrinsic isomer shift and 6sop(T) is the second-
order Doppler (SOD) shift which depends on the lattice vibrations
of the Fe atoms [16]. In terms of the Debye approximation of the
lattice vibrations, 6&sop(T) is expressed in terms of the Debye
temperature ©p as

9kgT( T ¥ ro0lT x3dx
8son(1) = _EW(@_D) L ey @

where M is the mass of the Mossbauer nucleus and c is the speed
of light. By fitting the temperature dependence of §(A) and § (B)
(Fig. 12) to Eq. (3), the quantities &p(A) = 0.391(9) mm/s,
Op(A) = 256(15) K and §0(B) = 0.305(8) mm/s, Op(B) = 498(14) K
were determined. The experimental value of §y(A) determined
here is quite close to the calculated value of 0.361 mmy/s. However,
the experimental value of &9(B) is significantly larger than the
calculated value of 0.180 mm/s. The observed inequality
Op(A) < ©p(B) is indicative of a much larger bonding strength of
the Fe atoms at the B sites than at the A sites. This conclusion can
also be deduced from Fig. 4 where one can observe a higher degree
of overlap between FeB and Ni states in comparison to that of FeA
and Ni states. The Debye temperature of Fe,NiGa calculated as the
weighted average of @p(A) and &p(B) is then 385(10) K.

There is a second method of determining the Debye tempera-
ture from Mossbauer spectroscopy data. Fig. 12(b) displays the
temperature dependence of the oexp— normalized absorption
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Fig. 13. Hysteresis curves of Fe;NiGa at selected temperatures in the magnetic field
range —90 to +90 kOe.

-90 -60

spectral area A derived from the fits of the Mdssbauer spectra in
Figs. 8-10. This area is proportional to the absorber Debye-Waller
factor f,, which is given in the Debye theory by [16]

~ 3 E? T\ roolT  xdx
fam—e""{‘zm[”‘*(@—n)fo ]|

where E, is the energy of the Mdssbauer transition. The fit of the
experimental dependence A(T) [Fig. 12(b)] to Eq. (5) yields
Op = 374(6) K. The weighted average of the above two &p values
determined from the temperature dependence of two different
physical parameters is 378(5) K. This value is 11% lower than the
calculated @p = 427 K.

3.4. Magnetic measurements

The magnetic field dependence of magnetization curves M(H)
measured at selected temperatures (Fig. 13) are typical for a fer-
romagnet. They show that M at 3 K saturates in the highest field
available of 90 kOe. The value of M at 3 K in that field is 69.86 emu/
g (3.00y/f. u.). This value of 3.00ug/f. u. is significantly lower than
the calculated pp =4.9584; and the experimental values of
4.89u;/f. u. reported in Ref. [5] and 4.20y;/f. u. reported in Ref. [7].

In order to determine the Curie temperature Tr of the Fe;NiGa
ferromagnet, the temperature dependence of the magnetic sus-
ceptibility y in external magnetic fields of 10 and 100 Oe was

TR T A B
" :cooo0ocooocoocoooccooococmmm% :
. 0.08F : -
Q L
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o i
ﬁf L
O —
30.04: . 1006
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Fig. 14. Temperature dependence of the magnetic susceptibility of Fe,NiGa mea-
sured in external magnetic fields of 10 and 100 Oe.
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measured (Fig. 14). If one uses the definition of T, as the tem-
perature where the y(T) curve has an inflection point (Fig. 14),
then Tc is 587(1)K [585(1) K] as determined from the 10 Oe
[100 Oe] y(T) curves. It is thus concluded that the y(T) data in-
dicate that Tc = 586.0(7) K. This value of T is close to the less-
precise value of 580.2(20.0) K estimated from the Hyg(T) data. We
note that our Tc=586.0(7)K is significantly smaller than
Tc = 785K reported in Ref. [5] (specimen annealed at 925 K for
three days) or Tc = 845 K reported in Ref. [7] (specimen annealed
at 673 K for two weeks). As the specimen studied here was an-
nealed at 1073 K for two weeks, this wide spread of Tc and pg, is
indicative of a dramatic influence of heat treatment on magnetism
of the Heusler compound Fe,NiGa.

4. Conclusions

The results of X-ray diffraction, >’Fe Méssbauer spectroscopy,
and magnetic measurements and of ab initio calculations of the
electronic, magnetic, and hyperfine-interaction properties of
Fe,NiGa are presented. Both the X-ray diffraction spectrum and
the Mossbauer spectra indicate the presence of significant struc-
tural disorder in the compound studied. It is predicted that
Fe,NiGa is half-metallic with covalent chemical bonding. It is de-
monstrated that Fe,NiGa is a ferromagnet with the Curie tem-
perature Tc = 586.0(7) K. The Fe magnetic moments at the A and B
sites estimated at 0 K and the saturation magnetization per for-
mula unit are, respectively, 1.87(2), 2.25(2), and 3.00yz. We find
that ab initio calculations overestimate the Fe magnetic moments.
It is observed that different heat treatments of Fe,NiGa result in its
dramatically different magnetic properties. There is a reasonable
agreement between the calculated and measured hyperfine-in-
teraction parameters. We find that the Debye temperature of
Fe,NiGa is 378(5) K. It is observed that the compound studied
decomposes when heated and kept at temperatures above around
500 K.
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