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In this work, we report the successful synthesis of a Fe-based novel half-metallic quaternary Heusler
alloy FeMnVGa and its structural, magnetic and transport properties probed through different
experimental methods and theoretical techniques. Density functional theory (DFT) calculations
performed on different types of structure reveal that the structure with Ga at 4a, V at 4b, Mn at
4c and Fe at 4d (space group: F43m) possess minimum energy among all the ordered variants.
Ab-initio simulations in the most stable ordered structure show that the compound is half-metallic
ferromagnet (HMF) having a large spin-polarization (89.9 %). Neutron diffraction reveal that the
compound crystalizes in disordered Type-2 structure (space group: Fm3m) in which Ga occupy at
4a, V at 4b and Fe/Mn occupy 4c¢/4d sites with 50:50 proportions. The structural disorder is further
confirmed by X-ray diffraction (XRD), extended X-ray absorption fine structure (EXAFS),5"Fe
Mossbauer spectrometry results and DFT calculations. Magnetisation studies suggest that the
compound orders ferromagnetically below Tc ~ 293 K and the saturation magnetization follows
Slater-Pauling rule. Maossbauer spectrometry, along with neutron diffraction suggest that Mn is
the major contributor to the total magnetism in the compound consistent with the theoretical
calculations. First principle calculations indicate that spin-polarization remain high (81.3 %) even
in the presence of such large atomic disorder. The robustness of the HMF property in presence
of disorder is a quite unique characteristic over other reported HMF in literature and make this

compound quiet promising for spintronics applications.

I. INTRODUCTION

In the realm of spintronics, half-metallic ferromagnetic
(HMF) materials are one of the most promising systems
that can potentially generate 100 % spin-polarised cur-
rent due to their unusual band structure [I, 2]. In such
systems, one spin sub-band acts like a metal whereas
the other sub-band behaves like a semiconductor [3H5].
Heusler alloys have generated a lot of interest because of
their tunability among the several types of HMF materi-
als that have been reported [0} [7].

The stoichiometric representation of the Heusler alloy
is XoY Z, where XY are the transition elements and Z is
the sp-group element [7]. Recently, it was found that the
quarternary variant of Heusler alloys, XX'Y Z, have a
great potential to simultaneously exhibit the spin-gapless
semiconducting (SGS) [8HI0] and HMF properties, which
have enormously intrigued the interest of scientific com-
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munity [TTHI4].

SGS are a type of HMF in which the metallic sub-band
only touches the Fermi level instead of complete overlap-
ping, while the other sub-band remains as a semiconduc-
tor [8, [15]. Incidentally, most members of this sub-class
of Heusler alloys are found to be Co-based. Although
the theoretical predictions have extended to many other
Heusler alloys beyond the Co-based analogues [I6} [17],
only a few have been experimentally realized so far, ex-
hibiting HMF and SGS properties [9 [10]. It is primarily
because, most of those theoretically proposed composi-
tions were often found to be experimentally untenable to
crystallize. Even those which could be formed in single
phase, the majority were found to consist of multiple ele-
ments belonging to the same period of the periodic table
which is highly conducive to the cross-site occupation,
resulting in significant structural disorder [7]. For exam-
ple, MnCrVAl has been theoretically predicted to be a
SGS when formed in a perfectly ordered crystal struc-
ture [17, [I8]. However, the compound were found to
form with considerable atomic disorder and without the
expected SGS characteristics. The absence of SGS be-



haviour in this material is attributed to the site-disorder
present in the actual compound [19, 20]. Similar circum-
stance also occurs for the compound NiFeMnSn which
was theoretically predicted to be a HMF, but in the pres-
ence of large structural disorder, the compound becomes
metallic, instead of HMF [21]. It is therefore quite logical
and sensible that one either has to prepare the compound
as defect-free or try to identify the compounds where the
SGS and HMF properties remain robust despite the pres-
ence of site-disorder(s).

In this work, we have extended our search for new
quarternary Heusler alloys beyond the Co-based systems
and report the synthesis and physical properties of a
new compound, FeMnVGa. We have determined the
structural disorder using different local and bulk probes
viz. Mossbauer spectrometry, Extended X-ray Absorp-
tion Fine Structure (EXAFS) and neutron diffraction.
First principle calculations in both ordered and disor-
dered phases reveal that the spin-polarization of the ma-
terial is robust with respect to structural disorder. The
magnetic and transport properties have also been inves-
tigated using different experimental tools.

II. METHODS
A. Experimental

The polycrystalline FeMnVGa was prepared by arc
melting procedure taking suitable high purity (>99.9 %)
component elements. To obtain better homogeneity, the
sample was melted 5-6 times under argon environment
and flipped after each melt. During the melting process,
an extra 2% Mn was added to compensate for its evap-
oration. For structural characterization, both neutron
and X-ray diffraction methods have been used. Powder
neutron diffraction (A = 2.43 A) data were collected at
400 and 3 K at ECHIDNA beamline in ANSTO, Aus-
tralia [22]. Cu-Ka radiation on X-ray diffractometer
(Model: TTRAX-III, M/s Rigaku Corp., Japan) was
used to obtain powder X-ray diffraction (XRD) pattern
at room temperature. The sample’s single-phase nature
and crystal structure were determined by performing Ri-
etveld refinement of neutron diffraction as well as X-
ray diffraction data using the FULLPROF software pro-
gramme [23].

EXAFS measurements of the FeMnVGa samples were
carried out at the Energy Scanning EXAFS beamline
(BL-9) at Indus-2 Synchrotron source (2.5 GeV, 300 mA)
at the Raja Ramanna Centre for Advanced Technology
(RRCAT), Indore, India. The beam line operates in the
photon energy range of 4-25 keV. In this beamline a
Rh/Pt coated meridional cylindrical mirror is used for
vertical collimation of the beam coming from the storage
ring. The collimated beam is monochromatized by a Si
(111) (2d = 6.2709 A) based double crystal monochro-
mator (DCM). Second crystal of the DCM is a sagittal
cylindrical crystal, which is used for horizontal focusing
of the beam while another Rh/Pt coated bendable post

mirror facing down is used for vertical focusing of the
beam at the sample position. Rejection of higher har-
monics content in the incident X-ray beam is done by
detuning the second crystal of the DCM. In the present
case, the measurements have been carried out in fluores-
cence mode where the sample is placed at 45 degrees to
the incident X-ray beam, and a fluorescence detector is
placed at right angle to the incident X-ray beam to col-
lect the signal. One ionization chamber detector is placed
prior to the sample to measure the incident flux (Ip) and
florescence detector measures the fluorescence intensity
(If). In this case, the X-ray absorption coefficient of the
sample is determined by p=(If/I), and the full absorp-
tion spectrum was obtained as a function of energy by
scanning the monochromator over the specified range.

Magnetic measurements were carried out in a commer-
cial MPMS3 (Quantum Design Inc., USA) in the temper-
ature range of 3—380 K and magnetic fields of up to +
70 kQOe. °"Fe transmission Mdssbauer spectrometry was
used to investigate the atomic scale local environment
and nuclear hyperfine structure of Fe. An electromag-
netic transducer with a triangular velocity shape and a
57Co source diffused into a Rh matrix and a bath cryostat
were utilized to acquire spectra at 300 K and 77 K. The
samples are made up of a thin coating of powder with a
Fe content of around 5 mg Fe/cm?. Using the in-house
software ‘MOSFIT’, the hyperfine structures were sim-
ulated using a least square fitting approach employing
quadrupolar doublets formed of Lorentzian lines. The
isomer shift values were compared to those of a—Fe at
300 K, and the velocity was regulated with an a—Fe foil
standard. Four-probe resistivity measurements were car-
ried out in a commercial Physical Property Measurement
System (Quantum Design Inc., USA).

B. Computational

The density functional theory (DFT) is used to cal-
culate the stability and ground-state properties of the
material. The projector augmented wave (PAW) ap-
proach [24] included in the Vienne ab-initio simulation
package (VASP) was used to carry out DFT calcula-
tions [25, 26]. The exchange correlation was described
by the generalized gradient approximation modified by
Perdew, Burke and Ernzerhof (GGA-PBE) [27]. All cal-
culations included an energy band up to a cutoff of E
= 600 eV. The tetahedron approach with Blochl correc-
tion [28] was used after performing volume and ionic (for
disordered structure) relaxation procedures. All calcula-
tions were done taking spin-polarization in consideration.
Unit cells based on the notion of special quasirandom
structure (SQS) [29] were created to model the numer-
ous possible disorder schemes in FeMnVGa in order to
model statistical chemical disorder. The cluster expan-
sion formalism for multicomponent and multisublattice
systems [30], as implemented in the Monte-Carlo (MC-
SQS) algorithm provided in the Alloy-Theoretic Auto-
mated Toolkit (ATAT) [31] [32], was utilised to build the



SQS. Subsequently, DFT calculations were performed to
see how trustworthy the DFT results are and to test the
quality of the SQS. Aside from the calculations with a dis-
tinct order of interactions, the root mean square (rms)
error was utilised as another quality criterion. For all
clusters k, the rms error defines the departure of the SQS
(HgQ ) correlation function from the correlation function

of a totally random structure (TI% ).

rms = \/Zm’ng k)2 W
k

To develop the disordered structure, several tests
were performed to optimize the clusters type and their
numbers (Ga at 4a (0,0,0), V at 4b (0.5,0.5,0.5)
and Fe=0.5/Mn=0.5 at 4c¢ (0.25,0.25,0.25) and
Fe=0.5/Mn=0.5 at 4d (0.75,0.75,0.75) from the
LiMgPdSn-type crystal structure (Space group: F43m).
Finally, to acquire reliable results, 7 pairs, 5 triplets,
and 11 quadruplets interactions were considered. After
several convergence tests, the best SQS cell with 28
atoms and a 50:50 mixing on 4c¢ and 4d sites, was
considered to simulate the disordered description.

III. RESULTS AND DISCUSSION

A. Electronic structure calculations — Ordered
structure

FIG. 1. Primitive unit cell representation of (a) Type-1 (b)
Type-2 and (c) Type-3 ordered structure as described in Ta-
ble [T

DFT studies on FeMnVGa in LiMgPdSn-type struc-
tures (Space group: F43m) were first done in order to
optimise the crystal structure and identify the most
stable configuration. In a quaternary Heusler alloy
XX'YZ, if the Z atoms are considered at position 4a
(0,0,0), the remaining three atoms X, X’ and Y might
be put in three alternative fcc sublattices, namely 4b
(0.5,0.5,0.5), 4c (0.25,0.25,0.25) and 4d (0.75,0.75,0.75).
Since the permutation of the atoms in the 4c¢ and 4d
positions leads to energetically invariant configurations,
only three independent structures are viable, out of
a total of six potential combinations. Fig. [1] depicts
primitive representations of the three type of structures
described in Table [l In our calculations, we took into
account these three combinations, and the results are
presented in Table[l]

TABLE I. Calculated enthalpy of formation AyH for each
ordered type of FeMnVGa, and one disordered case.

4da 4c  4b  4d AyH (kJ/mol)
Typel Ga Mn Fe V -13.41
Type2 Ga Mn V  Fe -27.21
Type3 Ga V Mn Fe -7.38
disordered Ga Fe:Mn V Fe:Mn -28.58

According to our calculations, Type-2 structure is the
most stable arrangement. Since the shortest atomic dis-
tance is along [111] direction, the three structure types
should be first compared along this direction. Type-2
in the only type that prevents Fe and Mn atoms being
nearest neighbors and promotes V and Ga atoms as their
nearest neighbors. Based on this result and on a recent
Bader analysis on the compound Fes VAl [33], it can be
surmised that V (the most electropositive atom) and Ga
atoms play the role of “cations” whereas Fe and Mn play
the role of “anions” in FeMnVGa. The Type-2 struc-
ture, with its Ga — Mn — V — Fe sequence along [111],
would be the only sequence alternating “cations” and
“anions”. Total magnetic moment of full and quaternary
Heulser alloy can be determined using Slater-Pauling rule
given by m = (Ny-24) pg/f.u., where m is the total mag-
netic moment and Ny, is the total valence electron count
(VEC) [34]. Since VEC = 23 for FeMnVGa, following the
Slater-Pauling rule the total magnetic moment should be
equal to -1 ug/fu. Tt is crucial to note that these com-
pounds with VEC < 24 have negative total spin moments
and that the gap is situated at the spin-up band as a re-
sult of the S-P rule [35]. Additionally, as contrary to
the other Heusler alloys [34], the spin-up electrons corre-
sponds to the minority-spin electrons while the spin-down
electrons match the majority electrons [35]. The total
magnetic moment is calculated to be -0.93 up /f.u., which
is quite close to -1up/f.u, as predicted by the Slater-
Pauling (S-P) rule. The element-specific moments have
also been calculated for the most stable configuration
(Type-2), with Fe = -0.56 ug/f.u., Mn = -0.92 ug/f.u.,
V = 0.53 up/f.u. and Ga = 0.02 ug/f.u., resulting in
ferrimagnetic coupling between z = 0 and z = 1/2 lay-
ers along c-direction. The predicted spin-polarized band
structure and density of states (DOS) of the most ener-
getically favourable configuration (Type-2 ordered struc-
ture) are shown in Fig. [2| The minority (spin-up) band
exhibits an indirect band-gap at Fermi level (Er), while
the majority (spin-down) band is metallic. The current

calculations show that FeMnVGa in the Type-2 structure
DOST(Er)—DOSY(Er) __
DOST(Er)+DOSY(Er)
89.9%, indicating that it is almost a half-metallic ferro-
magnet.

has a very high polarisation P =
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FIG. 2. Spin-polarized band structure and density of states of FeMnVGa in ordered Type-2 structure: (a) majority (spin-down)
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FIG. 3. Rietveld refinement of the Neutron diffraction pattern
of FeMnVGa taken at 400 K.

B. Neutron diffraction

In the studied compound FeMnVGa, all the con-
stituents atoms (Fe, Mn, V and Ga) belongs from the
same period of the periodic table. For such cases in
Heusler alloy, X-ray diffraction often gives delusive re-
sults about the extent of atomic disorder within the crys-
tal structure due to the close-by X-ray scattering factors
of the constituent elements. Because of its capability to
distinguish nearby atoms in the periodic table whose co-
herent scattering amplitudes in neutron diffraction pro-
cess are dramatically different, neutron diffraction is gen-
erally more sensitive to site-disorder than X-ray diffrac-
tion technique [211, (30 [37]. The neutron diffraction pat-
tern of FeMnVGa taken at 400 K (T>T¢) is presented
in Fig. It has already been mentioned before that
one of the primary prerequisites for attaining high spin-
polarization in Heusler alloys is to have a highly ordered
structure since the structural disorder generally acts as

a strong deterrent [38]. A2 and B2-type disorders are
known to be the most frequently observed disorders in
Heusler alloys. In A2-type disorder, all the constituent
atoms (X, X', Y and Z) randomly mix with each other,
whereas for B2-type disorder, the Y & Z and X & X'
atoms randomly mix with each other in the 4a & 4b
and 4c¢ & 4d sites, respectively [7, [1I]. In general, the
observation of (111) and (200) superlattice peaks sig-
nifies the ordered formation of the crystal. In an A2-
type disorder, both superlattice reflections are missing,
whereas only the (200) peak is present in a B2-type dis-
order [7, B9]. Structural optimization calculations dis-
cussed above have proposed that Type-2 ordered struc-
ture having Ga-4a, V-4b, Mn-4¢ and Fe-4d possess min-
imum energy among all the probable ordered structural
arrangements. However, neutron diffraction data taken
at 400 K could not be explained with an ordered Type-
2 arrangement. Interestingly, in the neutron diffraction
data taken in the paramagnetic region (400 K), the (111)
peak is clearly visible, ruling the possibility of both the
A2 and B2-type disorders. It can thus be concluded that,
it is neither intermixing of all the constituent atoms (X,
X', Y and Z) in each sites nor the intermixing of Y & Z
and X & X' atoms, in 4a & 4b and 4c¢ & 4d sites, respec-
tively. However, the crystal structure can not be iden-
tified as ordered Type-2 structure as we find the (200)
Bragg peak is diffused in the neutron diffraction data in-
dicating the possible presence of another kind of atomic
disorder. We have attempted to carry out the Rietveld
refinement on the 400 K data with a disordered structure
in which Ga at 4a, V at 4b and Fe/Mn with 50:50 pro-
portions at 4c and 4d sites, respectively. Such disordered
structure presented in the Fig. [f] perfectly fits the exper-
imental data in the paramagnetic region (Rpyqqq = 1.29,
Ry = 3.45). Moreover, neutron diffraction also indicates
5% of anti-site disorder between Ga and V sites. It is very
fascinating to note that the disorder between Fe/Mn en-
hances the symmetry of the crystal structure and the dis-
order structure becomes L2i-type (space group: Fm3m,
no. 225) which is the ordered structure of ternary Heusler
alloy.



FIG. 4. Atom distribution of FeMnVGa in disordered crystal
structure (L2:-type, space group: Fm3m).

C. X-ray diffraction
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FIG. 5. Rietveld refinement of the powder XRD pattern of
FeMnVGa disordered structure measured at room tempera-
ture. Bragg peaks are mentioned in vertical first bracket.

To determine the lattice parameter more accurately
(at room temperature), we have probed the system with
X-rays, using a shorter wavelength compared to neu-
tron. Due to Fe, Mn, V and Ga displaying very similar
atomic X-ray scattering factors, an independent struc-
tural analysis of X-ray diffraction (XRD) data, not con-
sidering the structural model from neutron diffraction
extracted above, could not be carried out. Any simu-
lated X-ray patterns lead to the (111) and (200) lines
being very weak or absent, making indistinguishable or-
dered or disordered structures [40]. In such cases, one had
no other option but to rely on the structural model ex-
tracted from the neutron diffraction data analysis. Fig.[f]

represents the powder XRD data taken at room tempera-
ture and its Rietveld refinement, assuming the disordered
structure (presented in Fig. E[) obtained from the neutron
diffraction measurements. The calculated XRD pattern
matches very well the experimental data (RBmgg = 6.66,
R; = 18.6), showing that both diffraction experiments
fully agree. The fitted lattice parameter is found to be a
= 5.829 A. It may however be pointed out here that the
neutron diffraction and XRD patterns analysis provides
only the macroscopic information on the atomic disor-
ders. To investigate the nature of disorders in the local
atomic environment, we have utilized the extended X-
ray absorption fine structure (EXAFS) [41H43] and °"Fe
Mossbauer measurements

D. EXAFS

Unlike XRD, extended X-ray absorption fine structure
(EXAFS) technique focuses on the atomic environment
around the selected atoms. We conducted EXAFS mea-
surements on FeMnVGa sample at the Fe, Mn, and V
edges to investigate the structural disorder in a more re-
stricted and local scale.

Fig. [6] shows the normalised EXAFS (u(E) vs E) spec-
tra of the FeMnVGa sample measured at Fe, Mn, and V
edges. Analysis of the EXAFS data have been processed
following the standard procedure [44]. In brief, to ob-
tain quantitative information about the local structure,
the absorption spectra (u(E) vs E) has been converted
to absorption function x(E) defined as follows:

w(E) — po(E)
Apio(Eo)

where Fj is the absorption edge energy, 1o (Ep) is the bare
atom background and Apg(Ep) is the absorption edge
step in u(FE) value. The energy dependent absorption
coefficient x(E) is then converted to the wave number
dependent absorption coeflicient using the relation:

X(E) = (2)

2m(FE — Ey

=y ®)
where, m is the electron mass. x(k) is weighted by k?
to amplify the oscillation at high k and the y (k)&* func-
tions are subsequently fourier transformed in R space
to generate the y(R) vs. R plots in terms of the real
distances from the center of the absorbing atom. The
ATHENA subroutine available within the Demeter soft-
ware package [45] has been used for the above data reduc-
tion including background reduction and Fourier trans-
form. Fig. [7] shows Fourier transformed EXAFS spectra
(x(R) vs. R plots) of the FeMnVGa sample at Fe, Mn,
and V edges.

Subsequently, the above experimental x(R) vs. R data
were fitted with theoretically generated plots. The struc-
tural parameters (lattice parameters and atomic coordi-
nation numbers) acquired from the XRD/ND data have



1.0F i ey
- — Fe Edge
g
= (a)
€ 05}
o
Z
0.0 _.-'J. 1 1 1 1
7000 7200 7400 7600 7800
Energy(eV)
1.0} M
3
:f' = Mn Edge
: (b)
Z 05 B
O'O -‘-.J 1 1 1
6600 6800 7000
Energy(eV)
1.0 r/\/\/\‘/\/\__l — —
—_ —V Edge
g
= (c)
= 0.5
:
Z
0.0 J
5600 5800 6000
Energy(eV)

FIG. 6. Normalized EXAFS spectra of FeMnVGa taken at (a)
Fe edge (b) Mn edge and (c) V edge.

been used for theoretical modelling of the EXAFS spec-
tra of FeMnVGa. During the fitting, bond distances (R),
co-ordination numbers (N) (including scattering ampli-
tudes) and disorder (Debye-Waller) factors (o2), which
give the mean square fluctuations in the distances, have
been used as fitting parameters. In this work, x(R) wvs.
R plots measured at Fe, Mn, and V edges are fitted si-
multaneously with common fitting parameters and for all
the edges data fitting was done for a distance up to 5 A.

3.0

0 | 1 | 2 3 | 4 | 5
Radial distance (A)

FIG. 7. Fourier transformed EXAFS spectra of FeMnVGa
taken at Fe, Mn and V edges.

The goodness of fit has been determined by the value
of the Ryqctor defined by:

R _ [Im(xdat(ri) =xen (ri)]* +[Re((Xdat (i) —xen ()]%]?
factor [Im(xdat (ri)2)+[Re(xdat (:)2] @
4

where, Yg4a: and g, refer to the experimental and the-
oretical values respectively and Im and Re refer to the
imaginary and real parts of the respective quantities. The
subroutines ATOMS and ARTEMIS available within the
Demeter software package [45] have been used respec-
tively for generation of the theoretical paths from the
crystallographic structure and fitting of the experimen-
tal data with the theoretical simulation. Fig. [7] shows
the best fit theoretical spectra along with the experimen-
tal data and the best fit parameters have been given in
Table Il

It can be seen from Fig. [7]that the Fourier transformed
spectra of FeMnVGa at all the three edges (Fe, Mn, V)
look identical to each other, with a major peak near 2.25
A. A similar type of EXAFS spectra was earlier observed
for CoFeMnGe [42]. It is also to be noted that simul-
taneous fitting of all the edges (Fe, Mn, and V) is only
possible assuming a disordered structure. In the Fourier
transformed spectra of FeMnVGa (Fig. E[), for the Fe
edge, the first major peak near 2.25 A has contributions
from Fe-Ga (2.48 A), Fe-V (2.48 A), Fe-Mn (2.87 A) and
Fe-Fe (2.87 A) paths. The peak near 3.75 A has contri-




TABLE II. Bond length (R), coordination number (N), and Debye-Waller or disorder factor () obtained by EXAFS fitting

for FeMnVGa at Fe, Mn and V edge.

Fe edge

Mn edge

V edge

Path R (A) N o? Path R (A)

N o? Path R (A) N o?

Fe-Ga 2.48+£0.01 4 0.008840.0006 Mn-Ga 2.48+0.01

0.00734£0.0009 V-Fe 2.48+0.01 4 0.008540.0010

Fe-V  2.4840.01 0.01754+0.0009 Mn-V 2.48+0.01

0.017540.0009 V-Mn 2.48+0.01 4 0.025040.0081

Fe-Mn 2.8740.03 0.004940.0044 Mn-Fe 2.87+0.01

0.0049+0.0044 V-Ga 2.87£0.01 6 0.0088+0.0010

Fe-Fe 2.87£0.03 0.017440.0079 Mn-Mn 2.87+0.01

0.0166+0.0047 V-V 4.13£0.03 12 0.024140.0042

DWW |

Fe-Fe 4.06+0.03 0.00724+0.0013 Mn-Mn 4.06£0.01

0.002440.0022 V-Mn 4.86+0.02 12 0.025040.0240

Fe-Mn 4.2440.03 6 0.0075+0.0016 Mn-Fe 4.2440.01

oo | o e |

0.0033+0.0028 V-Fe 4.86+0.02 12 0.0070+0.0019
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12 0.0029£0.0011

Fe-V  4.80+0.03 12 0.0300+0.0097 Mn-V 4.80£0.01

0.0300+0.0146

butions from Fe-Fe (4.06 A) and Fe-Mn (4.24 A) paths,
while the peak near 4.50 A has contributions from Fe-Ga
(4.80 A) and Fe-V (4.80 A) paths. Similarly, for the Mn
edge, the major peak near 2.25 A has contributions from
Mn-Ga (2.48 A), Mn-V (2.48 A), Mn-Fe (2.87 A) and
Mn-Mn (2.87 A) paths, while for the peak near 3.75 A
has contribution from Mn-Mn (4.06 A) and Mn-Fe (4.24
A) paths. Second major peak near 4.5 A has contribu-
tions from Mn-Ga (4.80 A) and Mn-V (4.80 A) paths.
For the V edge, the first major peak near 2.25 A has
contributions from V-Fe (2.48 A), V-Mn (2.48 A), and
V-Ga (2.87 A) paths. The small peak near 3.75 A has a
contribution from V-V (4.13 A), and the peak near 4.5
A is due to V-Mn (4.86 A) and V-Fe (4.86 A) paths. We
have also estimated a ratio of mixing of Fe/Mn at 4¢ and
4d site from the EXAFS fitting which is found to be 50:50
from the Fe edge. Our EXAFS analysis results thus fur-
ther support the presence of disordered structure and is
consistent with the neutron diffraction results (Sec
and DF'T calculations on the disorder structure discussed

later (Sec{IITH).

E. Magnetic properties

Fig. [§| represents the temperature variation of mag-
netic susceptibility of FeMnVGa measured at 500 Oe un-
der zero-field cooled (ZFC) and field-cooled (FC) con-
dition. Magnetic susceptibility data clearly show ferro-
magnetic type behaviour and the transition temperature
is determined to be 293 K, obtained from the temper-
ature derivative of the FC magnetic susceptibility data
(figure not shown here). The Slater-Pauling (S-P) rule
asserts that the total magnetic moment for Heusler al-
loys is determined by the relation m=(Ny — 24) up/f.u.,
where Ny is the total valence electrons count (VEC) for
a material [34]. The S-P rule is commonly considered
as a useful information for determining the relationship
between a compound’s magnetism (total spin-magnetic
moment) and its electronic structure (the appearance of
half-metallicity) [46]. Generally, all the reported Heusler-
based HMF are known to follow the S-P rule [7, 1I]. For
FeMnVGa, the VEC is 23, and hence the expected S-P

X (emu/mole-Oe)

200 300

T (K)

0 100 400

FIG. 8. Temperature dependence of magnetic susceptibility of
FeMnVGa measured in a 500 Oe applied magnetic field under
zero field-cooled (ZFC) and field-cooled (FC) configuration.
Curie temperature, T¢c, is determined from the minima in
dx/dT wvs. T plot.

moment is 1 ug/f.u.. The isothermal magnetization of
FeMnVGa measured at 5 K (Fig. [0] ) exhibits soft ferro-
magnetic properties with low hysteresis and the obtained
saturation magnetization is to be ~ 0.92 pp/f.u., which
is fairly close to the value predicted by S-P rule and DFT
calculations.

F. Mossbauer spectrometry

5TFe Mossbauer measurements at 300 K and 77 K were
carried out to obtain further insight of the structural dis-
order and magnetism in FeMnVGa, in relation to the
Fe atom. In Fig. for both the temperatures, there
is just one widened and slightly asymmetrical line in
the spectrum, and it is not of Lorentzian shape. Based
on the Fe atom’s nearly-cubic symmetric surroundings,
the 300 K spectrum may be explained by at least two
quadrupolar doublets with tiny quadrupolar splitting val-
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FIG. 10. Mossbauer spectra of FeMnVGa taken at (bottom)
300 K and (bottom) 77 K (top).

ues as shown in Fig. [I0]and Table[[Tl} At 77 K, the spec-
trum is widened further and may be represented by two
quadrupolar components. A slight increase in quadrupo-
lar strength may be perceived as due to the development
of a hyperfine field which is weak enough to be properly
convoluted due to poor resolution. For the simplicity
of analysis, the spectrum can be characterised by two
components of almost equal intensity. Lower values of
hyperfine fields (7 kOe and 20 kOe at the two Fe sites ,
respectively) suggest that Fe atoms do not participate in
ferromagnetic ordering, indicating that the Mn moments
are the primary contributor to most of the total mag-
netic moment. This is perfectly consistent with neutron
diffraction (Sec[lITB)) and DFT-based theoretical mod-
els (Sec discussed later. One may note here that

TABLE III. Fitted parameter values for the M&ssbauer spec-
tra of FeMnVGa. Isomer shift (§) , Line-width at half height
(T") (quoted relative to a-Fe at 300 K), quadrupolar shift (%),
hyperfine field (Bxs) and relative proportions (%) are esti-
mated at 300 K and 77 K.

T (K) Site § (mm/s) T' (mm/s) £ Bus(T) %

+0.01 +0.01 +0.01 +£0.3 =2

300 Fel 0.19 0.26 0.00 - 50
Fe2  0.19 0.26 0.22 - 50
77T K Fel 0.31 0.34 0.00 0.7 50
Fe2  0.31 0.32 -0.01 2.0 50

although Fe has just one crystallographic site in Type-2
ordered structure, the existence in the Mdssbauer spec-
tra of two components of almost equal intensities and
similar hyperfine parameters suggests the availability of
two locations for Fe atoms with nearly analogous struc-
tural environments. The crystal symmetry of quaternary
Heusler alloy (space group: F43m) is such that all the
4a, 4b, 4c and 4d sites correspond to tetrahedral symme-
try and cannot be distinguished, leaving four options for
the two Fe-sites. Nonetheless, in the disordered Type-2
structure where Fe and Mn randomly share the same sites
(Sec, the 4¢ and 4d sites become equivalent and the
structure can then be described by space group Fm3dm.
The 4c and 4d sites of F43m merge into the 8c site of
Fm3m with tetrahedral symmetry, whereas the 4a and
4b sites of the latter space group display a distinguish-
able octahedral symmetry. By suggesting that the two
locations for Fe atoms display analogous structural envi-
ronments, Mossbauer thus confirms the structural model
derived from neutron diffraction. The two components
are a priori rather equal, but the whole hyperfine struc-
ture is not well resolved, preventing a physically accurate
estimation.

G. DMagnetic Structure

Neutron diffraction measurement in the magnetically
ordered state can also help us in understanding the mag-
netic spin arrangement in the system. For this purpose,
we have performed the neutron diffraction experiment at
3 K and represented in Fig much below the mag-
netic transition temperature of 293 K. For antiferromag-
netic (AFM) materials, below their ordering tempera-
ture, additional Bragg peaks are observed in the neu-
tron diffraction pattern. In contrast to AFM, no addi-
tional peaks are seen in the diffraction pattern of a fer-
romagnetic lattice, although some of the existing Bragg
peaks become more intense below Tc. For FeMnVGa,
a clear increase of (200) Bragg peak is overtly evident
(inset of Fig. which confirms the occurrence of long-
range FM ordering, assuming the structural model ob-
tained from the paramagnetic region (400 K) remain in-
variant. Rietveld refinement of the 3 K data was per-
formed with an additional consideration of a magnetic
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FIG. 11. Rietveld refinement of the Neutron diffraction pat-
tern of FeMnVGa taken at 3 K. The inset in (b) shows the
enhancement of (200) Bragg peak intensity due to ferromag-
netic ordering.

structure. Given the cubic symmetry of the crystal struc-
ture of FeMnVGa, powder neutron diffraction cannot
determine the direction of the moments in a FM struc-
ture. The obtained total magnetic moment is found to
be 0.81(2) pp/f.u. for Mn atoms, which closely matches
with the moment obtained from the isothermal magne-
tization (0.92 pp/f.u. measured at 5 K). The neutron
diffraction measurement thus confirms that Mn is the
major contributor to observed magnetism in the studied
compound, consistent with the Mossbauer analysis which
confirmed absence of long-range ordering nature of Fe-
atoms (Sec[[ITF)) and theoretical calculations (Sec/[[ITH).
DFT calculations also estimated a site specific moment of
0.53 up/fu. for the V atoms. However, neutron diffrac-
tion discard any possibility of long-range order of V atom.
The moment on the V-site can be best considered as a
induced moment, induced by the magnetically ordered
Mn-spin. Theoretical estimates of the magnetic moment
often considered as qualitative descriptions because they
do not always quantitatively correlate to the empirically
obtained value.

H. Electronic structure calculations—Disordered
structure

When considering the crystal structure of FeMnVGa,
the most plausible scenario is a disordered structure with
Fe and Mn evenly distributed among 4c and 4d sites, as
determined by Neutron diffraction. As a result, we have
revised the electronic structure analysis to account for
the system’s disorder. Subsequently, we find that the
SQS disordered structure’s enthalpy of formation (A H)
is indeed lower than that of the ordered Type-2 structure,
with a value of -28.58 kJ/mol, i.e. the formation energy
is 1.37kJ /mol lower for the disordered structure vis-a-vis
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FIG. 12. (a) Density of states of FeMnVGa in disordered

structure (b) Electronic DOS (total and partial) of disordered
FeMnVGa.

the ordered structure. Fig. [12] represents the spin polar-
ized density of states (DOS) of the disordered structure.
The band gap is maintained by the Fermi level at the
minority (spin-up) band, meaning that disordered FeM-
nVGa preserves its half-metallic ferromagnetic ground
state. Despite the strong atomic disorder, the robust-
ness of half-metallicity is evident as the spin-polarisation
value is changed only marginally (P = 81.3%) in the dis-
ordered structure. This is due to strange fact that dis-
order (between 4¢ and 4d sites) enhances the symmetry
of the crystal structure from space group: F43m (no.
216) to space group : Fm3m (no. 225) conserving the
main features (half-metallic ferromagnetic) of the elec-
tronic structure. The total magnetic contribution in the
disordered structure (-0.89 pp/fu.) basically remains
constant in comparison to the ordered structure, as it is
in the case of polarisation. Even though the magnetic



contributions of V and Ga to the total magnetic moment
remain equal to the ordered structure, V.= 0.50 up/fu.
and Ga = 0.02 pp/f.u., the contribution of Mn to the
magnetic moment grows substantially at the expense of
Fe: Fe = -0.21 pp/fau., Mn = -1.2 pp/fu.

I. Resistivity

To find the signature of HMF state in FeMnVGa, tem-
perature variation of the resistivity (p(T)) was measured
in the regime 5—350 K (Fig. [13). Throughout the mea-
surement range, the p(T) data displays metal-like be-
haviour. Near the magnetic transition temperature, how-
ever, a blunt change in slope was detected. The resid-
ual resistivity ratio (RRR=ps50x/ps5x) was estimated to
be 2.45. The low value of the RRR points toward the
presence of structural disorder which earlier has been
confirmed by Méssbauer, Neutron and EXAFS measure-
ments [A7H50]. We attempted to fit the resistivity data
in the magnetically ordered state (5 < T < 270 K) using
the following formula [51], [52],

©p

T\’ [T z° 2
p(T)—Po-l-A(@D) /0 (e“"—l)(lfe*ﬂ”)dx—i—BT
(5)
where py is the residual resistivity that arises due to
lattice defects, irregularities, etc. and the second term
provides the phonon scattering mechanism, in which,
A and ©p are phonon scattering constant and Debye
constant [53], respectively. The last term, BT? is
due to magnon scattering, which remains only up to
Tc [6]. It may be noted here that in most of the known
HMF systems, the magnon contribution is reported to
be quite small, in comparison to phonon contribution.
The same is true in the present system, FeMnVGa, as
well [0, [111 [47].

Eqn. 5] however, could not fit the experimental data
well in the low temperature region 5—85 K. Instead, low
temperature (5—85 K) data could be well fitted using the
following equation,

p=B+CT" (6)

and the value of n is found to be 1.76, which can not be
associated with any known kind of scattering. Eqn. [f] is
widely used to fit the resistivity data for Heusler-based
HMF systems in the low temperature region. Different
values of the exponent n are reported in literature in
many HMF systems [47, [50] 54}, 55]. For a simple ferro-
magnetic (FM) material, a quadratic temperature depen-
dence of p(T) is expected due to the magnon scattering.
This value of n not equal to 2 signifies the absence of
magnon scattering in the magnetically ordered region,
which may look surprising at first sight. However, it is
worth to mention here that in contrast to the standard
FM compounds, the HMF systems possess only one kind
of band (majority or minority) at the Fermi level (Ep).
Magnon contribution, which primarily associated with
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FIG. 13. Temperature dependence of the electrical resistivity
measured in the absence of magnetic field in the temperature
range 5—350 K.

spin flip scattering , therefore may not able to contribute
in a HMF system due to absence of one kind of band at
Er. Thus, our resistivity data also provide an indirect
support to the presence of HMF state in FeMnVGa.

IV. CONCLUSION

In summary, we have reported here the formation of a
Fe-based novel quaternary polycrystalline Heusler alloy
FeMnVGa in single phase using arc-melting technique.
Structure optimization calculations of the compound in
various combinations reveal that it crystallizes in Type-
2 ordered structure (having minimum energy among all
probable ordered structure) with Ga at 4a, V at 4b, Mn
at 4c¢, and Fe at 4d. DFT calculations further reveals that
in this ordered structure, the compound is half-metallic
ferromagnetic with 89.9 % spin polarization. However,
neutron and X-ray diffraction, EXAFS, 5"Fe Mdssbauer
spectrometry results, together with DF'T calculation con-
firms that the compound crystalizes in Type-2 disordered
structure in which Ga is at 4a, V at 4b and Fe/Mn
at 4c¢/4d with 50:50 proportions. Magnetic suscepti-
bility unambiguously exhibits ferromagnetic transistion
near 293 K. The saturation magnetic moment obtained
from isothermal magnetization is found to be 0.92 up/f.u.
which is very close to the value 1 ug/f.u. predicted by the
Slater-Pauling rule. Mossbauer spectrometry, along with
neutron diffraction suggest that Mn is the major contrib-
utor to the total magnetism in the compound consistent
with the theoretical calculations. DFT calculations on
the disordered structure reveal that the HMF state per-
sists even in the disordered structure, as the spin polar-
ization merely changes from 89.9 % to 81.3 % as a result
of this disorder. Such robustness of HMF behaviour de-
spite having a large crystal disorder are rarely displayed



by the Heusler alloy group of material and is quite unique
over other reported HMF materials in Heusler alloys.
The reason behind such unique phenomena i.e. coexis-
tence of structural disorder and high spin-polarization is
due to the strange fact that structural disorder enhances
the symmetry of the crystal structure maintaining it’s
prime feature (half-metallcity) near the Fermi level. A
similar type of robust half-metallicity has been theoreti-
cally estimated for CoFeMnSn [50], in which the Co and
Fe site disorder has the least impact on half-metallicity
compared to other types of disorder that reduce the sym-
metry. Anti-site (swap) disorder in the 50:50 ratio of
Co and Fe likewise improves crystal structural symmetry
from F43m to F'm3m, which is consistent with our obser-
vations. Due to the introduction of structural disorder in
the thin films or devices based on HMFs materials, ex-
isting reported HMF exhibit very low polarization when
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compared to their poly-/single-crystalline mother com-
pound. In such cases, a compound like FeMnVGa, whose
HMF property is very robust or unaffected by structural
disorder, would be very useful in the preparation of thin
films and devices for spintronic applications.
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