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Half-metallic ferromagnets (HMF) are on one of the most promising materials in the field of
spintronics due to their unique band structure consisting of one spin sub-band having metallic char-
acteristics along with another sub-band with semiconductor-like behavior. In this work, we report
the synthesis of a novel quaternary Heusler alloy FeMnVAl and have studied the structural, mag-
netic, transport, and electronic properties complemented with first-principles calculations. Among
different possible structurally ordered arrangements, the optimal structure is identified by theoret-
ical energy minimization. The corresponding spin-polarized band structure calculations indicates
the presence of a half-metallic ferromagnetic ground state. A detailed and careful investigation of
the x-ray diffraction data, Mössbauer and nuclear magnetic resonance spectra suggest the presence
of site-disorder between the Fe and Mn atoms in the stable ordered structure of the system. The
magnetic susceptibility measurement clearly establishes a ferromagnetic-like transition below ∼213
K. The 57Fe Mössbauer spectrometry measurements suggest only the Mn-spins could be responsi-
ble for the magnetic order, which is consistent with our theoretical calculation. Surprisingly, the
density-functional-theory calculations reveal that the spin-polarization value is almost immunized
(92.4% → 90.4%) from the Mn-Fe structural disorder, even when nonmagnetic Fe and moment
carrying Mn sites are entangled inseparably. Robustness of spin polarization and half metallicity in
the studied FeMnVAl compound comprising structural disorder is thus quite interesting and could
provide a new direction to investigate and understand the exact role of disorders on spin polarization
in these class of materials, over the available knowledge.

I. INTRODUCTION

In recent years, research on spintronics and related
materials have emerged as one of the most exciting and
promising branch in the field of magnetic materials, ma-
terial sciences, condensed matter physics and magneto-
electronic devices [1]. Unlike contemporary electronics,
which is related to charge of the carrier particles, spin-
tronics deals with spin of electron and the associated
magnetic moment [2]. Specialized semiconductor mate-
rials are needed in electronics in order to regulate the
passage of charge through transistors. Since generating
a current to maintain electron charges in a device is more
energy-intensive than changing spin, spintronics devices
are more energy-efficient. Data transmission is expedited
by the ease with which spin states can be changed. As
spin is non-volatile because the spin of electron is not
energy-dependent, the information transmitted through
spin remains stable even when energy is lost [1–3]. Ma-
terials having higher spin-polarization are generally con-
sidered ideal for application in spintronics devices [3].

Half-metallic ferromagnets (HMF) are one such
promising materials, often known to exhibit high spin-
polarization [4]. The band structure of HMF are com-
prised of one spin sub-band that shows metallic behav-
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ior and another spin sub-band with semiconductor-like
behaviour, resulting in a unique band mechanism capa-
ble of very high spin-polarization [5]. Theoretically, even
100 % spin-polarized current can be achieved in HMF.
Among different classes of reported HMFs, Heusler al-
loys have attracted extensive attention in the research
direction of spintronics and related phenomena due to
their high Curie-temperature (TC) and tunable electronic
structure [6–8].

Full Heusler alloys, belonging to Cu2MnAl-type, are
represented stoichiometrically by X2Y Z (where X, Y are
the transition elements and Z is the s-p group elements)
and are found to crystallize in L21-type structure where
X, Y and Z atoms occupy 8c, 4b and 4a sites respec-
tively in space group Fm3̄m (No. 225) [8]. Such crystal
structure consists of four interpenetrating face-centered-
cubic (fcc) sublattices. Interestingly in X2Y Z, if one of
the X atoms is replaced by a different transition element
X ′, a quaternary Heusler alloy with a crystal structure of
the Y-type (LiMgPdSn-type) is formed, in which four in-
terpenetrating sublattices are formed with four different
atoms [9]. As a consequence, the 8c site in Fm3̄m is split
in 4c and 4d in space group: F 4̄3m (No. 216). From the
point of view of both fundamental physics and applica-
tion oriented research, quaternary Heusler alloys occupy
an important place, as some of them exhibit the recently
discovered characteristics of spin-gapless semiconductors
(SGS) [9–12].
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SGS is a subclass of HMF materials in which one spin
sub-band is semiconducting and another spin sub-band is
semi-metallic [13, 14]. In the presence of such a unique
band structure, SGSs are not only capable of yielding
100 % spin- polarization but also exhibit very high elec-
tronic mobility [14]. Furthermore, with the application
of external perturbations (electric field, pressure, mag-
netic field), one can easily tune and switch between n-
and p-type spin-polarized carriers; making these materi-
als perfect candidate for spintronics application [9]. So
far, only a limited number of such quaternary Heusler al-
loys are reported and thus the advancement of this field
of research strongly depends on the discovery of new ma-
terials of this type. Among the experimentally reported
members, only a few Co-based and Ni-based quaternary
Heusler alloys are explored so far [9, 10, 15, 16]. Re-
search on Fe-based quaternary Heusler alloys is in its
infancy [17], although some theoretical predictions exist
[18–20]. Furthermore, the presence of structural disor-
der in various Heusler-based HMFs is quite inherent and
it is almost impossible to obtain a disorder-free crystal
structure. The presence of disorder can have a substan-
tial impact on the observed spin-polarization value [21].
Thus, in addition to synthesizing new HMF with the aim
of having negligible/mimimum amount of disorder, it is
also of great interest to probe the disorder present in the
material and to examine its role on the observed phys-
ical, transport, and spin- polarization value and related
phenomena.

In this work, we synthesized the new quaternary
Heusler alloy FeMnVAl and experimentally explored its
structural and physical properties complemented by band
structure calculations using density functional theory
(DFT). The presence of microscopic local structural dis-
orders was also identified by two different nuclear mag-
netic spectrometry techniques, viz., Mössbauer spectrom-
etry and nuclear magnetic resonance (NMR). The mag-
netic and transport properties of this system have also
been probed and discussed using different experimental
techniques and theoretical investigations.

II. METHODS

A. Experimental

The polycrystalline FeMnVAl was synthesized by arc
melting process taking appropriate high purity (>99.9
%) constituent elements under an argon atmosphere.
The sample was melted 5-6 times by flipping after each
melt to achieve better homogeneity. To compensate
the amount of Mn evaporated, an additional 2% extra
Mn was added during the melting. For distinguishing
some elemental contributions in NMR spectra, the com-
pound FeMnVAl0.5Ga0.5 was also synthesised as a refer-
ence material. Room temperature powder X-ray diffrac-
tion (XRD) measurements were carried out using Cu-Kα
radiation on TTRAX-III diffractometer (Rigaku, Japan).
The single-phase nature and crystal structure of the sam-

ple were determined by performing a Rietveld refinement
using the FULLPROF software package [22]. Magnetic
measurements were performed in a commercial SQUID-
VSM (M/s Quantum design Inc.(USA)) in the tempera-
ture range 3–380 K and magnetic fields up to 70 kOe. Re-
sistivity measurements have been carried out using Phys-
ical Property Measurement System (M/s Quantum de-
sign Inc. (USA)) with the standard four-probe technique.
The hyperfine structures of the Fe sites were studied by
57Fe transmission Mössbauer spectrometry to get infor-
mation on the local environment of 57Fe at the atomic
scale. Spectra were obtained at 300 K and 77 K using
an electromagnetic transducer with a triangular velocity
form and a 57Co source diffused into a Rh matrix and a
bath cryostat. The samples consist of a thin layer of pow-
der containing about 5 mg Fe/cm2. The hyperfine struc-
tures were modelled by means of a least-square fitting
procedure involving quadrupolar doublets composed of
Lorentzian lines using the in-house program ‘MOSFIT’.
The values of isomer shift are quoted to that of α–Fe at
300 K while the velocity was controlled by using a stan-
dard of α–Fe foil. Nuclear magnetic resonance (NMR)
measurements were performed with a Bruker 300 MHz
Ultrashield magnet operated at 70.045 kOe, Thamway
PROT4103MR spectrometer and a cryostat of Oxford
Instruments. The cryostat houses the home-made NMR
sample rod that has ‘tuning’ and ‘matching’ capacitors,
and a Cernox temperature sensor near the rf sample coil.
Spectra at different temperatures in the range of 80-295
K were recorded by the process of integration of the spin-
echo signals while sweeping the rf in discrete steps over
the position of resonance using a π

2 − τ −
π
2 − solidecho

pulse sequence.

B. Computational

First principles calculations in the frame of DFT were
conducted using the projector augmented wave (PAW)
method [23] implemented in the Vienna ab initio simu-
lation package (VASP) [24, 25]. The exchange-correlation
was described by the generalized gradient approxima-
tion modified by Perdew, Burke and Ernzerhof (GGA-
PBE) [26]. Plane waves with a cutoff of E = 600 eV were
included in all calculations. After performing the volume
and ionic (for disordered compounds) relaxation steps,
the tetrahedron method with Blöchl correction [27] was
applied. Spin-polarization calculations were systemati-
cally implemented. In order to model statistical chem-
ical disorder in FeMnVAl, unit cells based on the con-
cept of special quasirandom structure (SQS) [28] were
used. To generate the SQS, the cluster expansion for-
malism for the multicomponent and multisublattice sys-
tems [29] was used as implemented in the Monte-Carlo
code (MCSQS) containing the Alloy-Theoretical Auto-
mated Toolkit (ATAT) [30, 31]. Subsequent DFT calcu-
lations were performed to test the quality of the SQS and
to see how reliable the DFT results were. The root mean
square error (rms) was used as another quality criterion
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besides the calculations including a different order of in-
teractions. The rms error describes the deviation of the
correlation function of the SQS (Πk

SQS) from the corre-

lation function of a fully random structure (Πk
md) for all

k clusters.

rms =

√∑
k

(Πk
SQS −Πk

md)
2 (1)

Several tests on the dependence of the type and
number of clusters were performed to generate the
disordered structure (Al 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). Finally, 7
pairs, 5 triplets and 11 quadruplets interactions were con-
sidered to obtain reliable results (see the distribution of
the k -chosen clusters in Supplementary Material [32]).
For the fully disordered LiMgPdSn phase, a quaternary
SQS cell of 28 atoms was generated. The heat of forma-
tion ∆fH has been calculated by total energy difference
with pure elements in their stable ground state (i.e. fer-
romagnetic bcc Fe, etc).

III. RESULTS AND DISCUSSION

A. Electronic structure calculations - Ordered
structure

(a) (b) (c) 

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

In order to optimize the crystal structure and find
the most stable configuration, density functional theory
(DFT) calculations on FeMnVAl in the LiMgPdSn-type
structure were first performed. In a quaternary Heusler
alloy XX ′Y Z, if the Z atoms are considered at position
4a (0,0,0), the remaining three atoms X, X ′ and Y could
be placed in three different 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).
As the permutation of the atoms in 4c and 4d positions
results in energetically invariant configurations, out of a
total six possible combinations, only three independent
structures are feasible, they are represented in Fig. 1. We
considered these three configurations (Type-1,2 and 3) in
our calculations and the result are summarized in Table I.

According to our DFT calculations, Type 2 ordered
structure is the most stable configuration yielding Al+V
and Fe+Mn is the same cubic planes (100), respectively
(Table I). This result is consistent with other quaternary

TABLE I. Calculated enthalpy of formation ∆fH for each
ordered structure type of FeMnVAl, and one disordered case
(see text).

4a 4b 4c 4d ∆fH (kJ/mol)

Type 1 Al Fe Mn V -2.31

Type 2 Al V Mn Fe -32.70

Type 3 Al Mn V Fe -0.96

disordered Al V Fe:Mn Fe:Mn -34.14

Heusler compounds, where the least electronegative atom
occupies 4b position [8] . Fig. 2 shows the calculated spin-
polarized band structure and density of states (DOS) of
the energetically most favorable configuration (Type 2).

Full and quaternary Heusler alloys in ordered configu-
rations obey the Slater-Pauling (S-P) rule, which states
that the total magnetic moment for Heusler alloys is gov-
erned by the relation m=(NV -24) µB/f.u., where NV
is the total valence electrons count (VEC) for a mate-
rial [33]. For transition metal-based alloys, NV is the
number of outer (s+ d) electrons for the main-group el-
ement, while it is the total number of outer (s+ p) elec-
trons for sp-group element. The S-P rule is generally
considered to be a very important criterion that relates
the magnetism (the total spin-magnetic moment) to the
electronic structure of a material, as all the reported half-
metallic Heusler ferromagnets are known to obey the S-
P rule [8, 9, 33]. In case of FeMnVAl, the total VEC
is 23, and therefore the total magnetic moment should
be -1 µB/f.u. Before presenting our results, it is impor-
tant to point out that this compounds with VEC < 24
has negative total spin moments and the gap is located
at the spin-up band due to the S-P rule. Moreover, in
contrast to the other Heusler alloys [33], the spin-up elec-
trons correspond to the minority-spin electrons and the
spin-down electrons to the majority electrons [34]. From
the DFT calculation, the total magnetic moment is es-
timated to be -0.97µB/f.u. which is in close agreement
with the Slater-Pauli (S-P) rule. For the most stable
configuration (Type 2), the magnetic moments of the el-
ements were also been estimated by the calculations at
Fe = -0.60µB/f.u., Mn = -0.90µB/f.u., V = 0.52µB/f.u.
and Al = 0.01µB/f.u., leading to a ferrimagnetic cou-
pling between z = 0 and z = 1

2 layers along the c-
direction. However, it may also noted that the theoretical
estimate of the magnetic moment does not always quanti-
tatively correspond to the experimentally realized value,
but should rather be treated primarily as a qualitative
description. Furthermore, vanadium has no independent
magnetic moment and the estimated magnetic moment
of 0.52 µB/f.u. at the V-atom can at best be considered
as a result of magnetic induction by ordered Mn-spin. In
the paramagnetic region where the Mn moments are not
yet ordered, vanadium does not exhibit any independent
magnetic characteristics and, therefore, the magnetic sus-
ceptibility is expected to exhibit a simple Curie-Weiss be-
haviour controlled primarily by the rather localized mag-
netic moments of Mn (discussed in Sec.III C). The finite
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(a) Majority (spin-down) band (c) Minority  (spin-up) band (b) Density of states 

FIG. 2. Spin-polarized band structure and density of states of FeMnVAl in ordered Type 2 structure: (a) majority (spin-down)
band (b) density of states, (c) minority (spin-up) band. The energy axis zero point has been set at the Fermi level, and the
spin-up (minority) and spin-down (majority) electrons are represented by positive and negative values of the DOS, respectively.

line-width of 51V NMR spectra below the Curie temper-
ature confirmed the induced character of magnetic mo-
ment at the V-site (discussed in Sec.III F).

It can be seen that DOS exhibits a band-gap at Fermi
level (EF) for the minority (spin-up) band while the ma-
jority (spin-down) band is typical of a metal. The band
structure for the minority (spin-up) band shows an in-
direct band-gap. The present calculations show a very

high polarization P = DOS↑(EF)−DOS↓(EF)
DOS↑(EF)+DOS↓(EF)

= 92.4%, in-

dicating that FeMnVAl in the Type 2 ordered structure
is nearly a half-metallic ferromagnet.

B. Structural analysis - Hypothetical ordered
structure

Fig. 3 shows the room temperature Rietveld refine-
ment of the powder XRD pattern. The refinement con-
firms that the compound crystallizes in a LiMgPdSn-type
crystal structure with space group F 4̄3m (No. 216). The
cubic lattice parameter is a = 5.821 Å. The Rietveld re-
finement further reveals that the experimental data could
not be well described by Type 1 and Type 3 structure ei-
ther, as elaborated in Fig. 4. The best fit is obtained
with Type 2 structure (represented in Fig. 5), which cor-
responds with the most stable ordered hypothetical struc-
ture calculated by DFT.

A highly ordered structure is one of the main require-
ments for achieving high spin-polarization in Heusler al-
loys, while the presence of significant disorder can hinder
spin-polarization [35]. A Heusler alloy is generally con-
sidered to be fully-ordered when (111) and (200) super-
lattice peaks are present in the diffraction pattern. In
the presence of disorder, these alloys generally form in
disordered structures of the A2 and B2 -type (”Struk-
turbericht”). In case of an A2 -type structure, both su-
perlattice reflections are absent, while for the B2 -type
disorder, only the (200) peak is present. The presence of
peaks (111) and (200) in the XRD pattern of the stud-
ied FeMnVAl compound clearly indicates that the crystal
structure of the material is in the ordered limit. A rough

estimation of the chemical disorder can be made by cal-
culating the ratio of the peak intensity I(111)/I(220) and
I(200)/I(220) [9, 36].

The (111) and (200) reflections of the super-
lattice are directly proportional to the order pa-
rameter, S2 and S2(1 − 2α)2, where S2 =
[I(200)/I(220)](exp.)/[I(200)/I(220)](theo.) and S2(1 − 2α)2

= [I(111)/I(220)](exp.)/[I(111)/I(220)](theo.). For a well-
ordered structure, S = 1 and α = 0 , and for disor-
dered A2- and B2-type structures, S = 0, α = 0 , and
S = 1, α = 0.5, respectively. The obtained values S and
α are found to be 0.980 and 0.0167 for FeMnVAl, which
are close to those of the ordered structure. The slight
discrepancy, however, may be due to the presence of fi-
nite disorder present in the system, which remains below
the resolution limit of our XRD studies. In order to de-
tect and confirm the presence of possible disorder, 57Fe
Mössbauer measurements were performed in FeMnVAl at
300 K and 77 K (Sec. III D).

C. Magnetic properties

The temperature dependence of magnetic susceptibil-
ity of FeMnVAl measured in an applied field of 100 Oe
under both zero-field-cooled (ZFC) and field-cooled (FC)
conditions, is shown in Fig. 6. The compound undergoes
a paramagnetic (PM) to ferromagnetic (FM) phase tran-
sition below TC = 213 K (±0.5). The TC is determined
as the temperature at which dχ/dT exhibits a minimum
(data not shown here). Thermomagnetic irreversibility
is observed between ZFC and FC susceptibilities below
T < TC, indicating the critical field value (Hc) of the
isothermal hysteresis is greater than 100 Oe. The ther-
momagnetic irreversibility vanishes with an application
of 500 Oe (data not shown here). Above the ordering
temperature magnetic susceptibility data follows Curie-
Weiss (CW) law given by χ = C/(T − θP ), where C is
the Curie constant and θP is paramagnetic Curie tem-
perature. The linear CW fit to the inverse susceptibility
(Fig. 6) in the region 250-380 K yields θP = +241.3(3)
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FIG. 3. Rietveld refinement of the powder XRD pattern mea-
sured at room temperature considering Type 2 ordered struc-
ture.
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FIG. 4. Reitveld refinement of the powder XRD assuming (a)
Type 1 (b) Type 3 (c) Type 2 structure.

K. The positive sign of θP further confirms the presence
of ferromagnetism in this material. In order to verify
whether the magnetism of this compound is localized
(dominated by Mn-spin) or itinerant-type, we determined
the Rhodes-Wohlfarth ratio (RWR) [37]. RWR is defined
as the ratio of PC/PS , where PC is the paramagnetic mo-
ment obtained as µ2

effective = PC(PC+2) and PS is the
saturation magnetization at low temperature. For the
localized moment system, RWR is close to 1 and for con-
ventional itinerant system RWR is found to be greater
than unity [37]. For FeMnVAl, RWR is estimated to be
1.51 which is quite low compared to other reported con-
ventional itinerant ferromagnets [37–39], but rather close
to unity as expected in local moment systems. To fur-
ther validate the non-dominant nature of itinerant mag-
netism, we have also plotted (figures not shown here) M2

S

FIG. 5. Crystal structure of FeMnVAl in Type 2 ordered struc-
ture.

vs. T2 below Curie temperature (TC) and M4 vs. H/M
near TC. According to the self-consistent renormalization
(SCR) theory for itinerant electron magnetism, the above
two plots should be linear in nature [40, 41]. The devia-
tion from linearity for both the curves in the present case
confirms that the nature of the magnetism in the studied
compound is not of itinerant type, but dominated by the
localized Mn-spin moment.
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FIG. 6. (Left panel) Temperature dependence of magnetic
susceptibility of FeMnVAl measured in a 100 Oe applied mag-
netic field under ZFC and FC condition. (Right panel) Inverse
susceptibility data measured under FC condition.

.

As mentioned earlier, the total VEC for FeMnVAl is
23, and therefore the total magnetic moment should be
-1 µB/f.u. To verify the applicability of the S-P rule,
isothermal magnetization measurements as a function of
field were performed for the system. Fig. 7 shows the
M(H) behavior measured at 3 K (T < TC) and 300 K
(T > TC). FeMnVAl shows a soft ferromagnetic-like
behavior with negligible hysteresis (∼125 Oe), confirm-
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FIG. 7. Isothermal magnetization of FeMnVAl measured at
3 K and 300 K. Solid line represent the Slater-Pauli value.
Inset shows the saturation magnetization fitting.

ing the thermomagnetic irreversibility of the magnetic
susceptibility measured only under a low magnetic field
(HC >100 Oe). The saturation moment at 3 K, as es-
timated by linear extrapolation of the high field magne-
tization data shown in the inset of Fig. 7, is found to
be Msat = 0.84µB/f.u.. The origin of such deviation
could be due to the presence of minor disorder in the
compound studied, as suggested previously in the analy-
sis of the XRD pattern. The estimated value of Msat is
slightly lower than the expected Slater–Pauling moment
value for this compound with NV = 23. This decrease
in magnetic moment resulting from structural disorder
is also supported by our spin-polarized band structure
calculations discussed later in Sec. III G.

D. Mössbauer spectrometry

In order to better understand the structural disorder
and magnetism in FeMnVAl, 57Fe Mössbauer measure-
ments were performed at 300 K and 77 K. The spectra
show a single broadened and asymmetrical line which
cannot be well described by a single Lorentzian line. As
shown in Fig. 8, the spectrum at 300 K can be better de-
scribed by considering at least two quadrupolar doublets
with small values of quadrupolar splitting which is consis-
tent with the nearly cubic symmetric environment of the
Fe atom. At 77 K, the significantly broadened spectrum
can also be described by two quadrupolar components
but the increase in the quadrupolar strength cannot be
reasonably explained. One of the simplest possibilities
is to consider that the spectrum to be described by two
components, nearly of equal intensities. The low values of
hyperfine fields (0.7 and 1.9 T) indicate that the Fe mo-
ments participate in the ferromagnetic ordering but the
major contribution to the total magnetic moment comes
from the Mn moment, that is also consistent with the
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FIG. 8. Mössbauer spectra of FeMnVAl taken at 300 K and
77 K.

TABLE II. Fitted parameter values for the Mössbauer of
FeMnVAl. Isomershift (δ) , Linewidth at half height (Γ)
(quoted relative to α-Fe at 300 K), quadrupolar shift ( Q

2ε
),

hyperfine field (Bhf ) and relative proportions (%) are esti-
mated at 300 K and 77 K.

T (K) Site δ (mm/s) Γ (mm/s) Q
2ε

Bhf (T ) %

±0.01 ±0.01 ±0.01 ±0.3 ±2

300 Fe1 0.08 0.28 0.01 - 50

Fe2 0.09 0.28 0.21 - 50

77 K Fe1 0.20 0.36 0.00 0.7 48

Fe2 0.20 0.36 0.00 1.9 52

theoretical calculations. Although in the ordered struc-
ture of Type 2, Fe has a single crystallographic site, the
appearance of two quadrupolar doublets clearly indicates
the presence of two sites for Fe atom having similar struc-
tural environment. In ordered Type-2 structure of FeM-
nVAl, the Mn (4c site) and Fe (4d site) atoms have an
equivalent environment consisting of 4 V + 4 Al as near-
est neighbour (NN). Similarly, Al (4a site) and V (4b site)
atoms also have identical environments which consist 4
Fe + 4 Mn atoms as NN. For the studied compound, Fe
occupies 4d position in the Type 2 structure, but the
presence of two doublets in Mössbauer spectra suggests
the presence of Fe at 4c position as well, in consonance
with the 4c and 4d positions having a similar environ-
ment. The two Mössbauer components are a priori rather
equiprobable but it is important to note that the lack
of resolution of the total hyperfine structure prevents a
physically accurate estimation.

E. Structural analysis - Disordered structure

As the analysis of Mössbauer spectra asserts the pres-
ence of two different Fe-sites with 50% occupancy at
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FIG. 9. Reitveld refinement of the powder XRD assuming
(a) disordered (50-50 swap between Fe-Mn; (L21-type crystal
structure) (b) Type 2 ordered structure (Y-type crystal struc-
ture).

FIG. 10. Crystal structure (L21-type) of FeMnVAl in disor-
dered structure.

each sites, we must revisit the XRD analysis presented
earlier Sec. III B where we had considered a completely
ordered crystal structure with only one site occupancy
for Fe. In the ordered structure (Type 2) Fe occupies
4d position, while the Mössbauer spectra indicate pres-
ence of two sites for Fe atoms having 50/50 occupancy
in each site. Subsequently, we checked the possibility of
the presence of the Fe atom at two sites by exchanging
Fe with other atoms in all possible combinations, namely
(4a,4d), (4b,4d) and (4c,4d), respectively. The Rietveld
refinements were performed by considering all the possi-
ble combinations, but the quality of the fit deteriorates
for both the 4a & 4d position permutation types as well
as 4b & 4d for 50% cross-swapping of the respective oc-
cupants. On the other hand, the quality of fit remains
essentially invariant to the ordered structure when 50% of
Fe (4d) is placed in Mn (4c)-site and vice-versa (Fig. 9).
As Mn and Fe are neighbouring elements in the periodic
table, they have very close X-ray scattering cross-sections

and hence the XRD analysis therefore can not distinguish
the two different configurations. The XRD analysis, how-
ever, establishes that if the Fe atoms are distributed in
two different sites, it can only be between the 4c and 4d
sites. Interestingly, due to the 50:50 exchange between
the Fe (4d sites) and Mn (4c sites) atoms in the Y-type
crystal structure (space group: F 4̄3m, no. 216 ), the re-
sultant structure reverts to the more symmetric L21-type
crystal structure (space group: Fm3̄m, no. 225) describ-
ing the ordered structure for full Heusler alloy. We would
like to point out here that in a later section ( III G), it was
established that the formation energy of the disordered
structure (represented in Fig 10) is lower in comparison
to that of the ordered structure (Type-2). The two Fe
sites (4c and 4d) in this disordered structure having a
similar environment, which is consistent with the results
obtained by Mössbauer spectrometry.

F. Nuclear Magnetic Resonance (NMR)

Fig. 11 shows the NMR spectra of FeMnVAl at vari-
ous temperatures 80-295 K with respect to the position

of reference frequencies of the ligand nuclei 27Al (νrefAl =

78.157 MHz) and 51V (νrefV = 78.895 MHz). Two distinct
peaks are observed in the spectra taken at room temper-
ature (295 K). As the temperature is lowered, a consid-
erable broadening of the spectra is observed, accompa-
nied by an overall shift towards the lower frequencies. It
is interesting to note that at 80 K the spectrum is dis-
tributed over a frequency range of about 18 MHz, which
is much larger than the spectral distribution of about 1
MHz in ternary Heusler alloy systems [42, 43]. Such a
large temperature-dependent broadening and shift of the
resonance line indicates a hyperfine electron-nuclear in-
teraction and a magnetic dipolar interaction with intrin-
sic localized electronic magnetic moments in the system.

A close examination of the spectra reveals that the
part of spectra near the reference positions, i .e., around
77-82 MHz is rather weakly affected by the temperature
variation compared to the low-frequency part where the
broadening and the shift are much more pronounced. In
other words, the spectra at all temperatures may have
a narrow component which is largely unaffected by tem-
perature variation, and a broad component for which the
position and the width depend upon temperature. This
clearly indicates that part of the sample is non-magnetic
whereas the other part is magnetic, pointing towards the
inhomogeneous magnetic nature of the sample.

Vanadium atoms are non-magnetic in these Heusler al-
loy systems as already known from an earlier study of 51V
NMR in Fe2VSi [44] and also from the study of both 27Al
and 51V NMR in Fe2VAl [43]. In the latter study, 27Al
and 51V resonance lines were narrow and well-resolved,
and so it was possible to carry out spin-lattice relaxation
time measurements for both 27Al and 51V resonance. The
results indicated that even though νrefAl < νrefV , the res-
onance of 27Al occurred at a higher frequency than that
of 51V. It was thus established that 27Al has a positive
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FIG. 11. NMR spectra of FeMnVAl at various temperatures.
The vertical lines indicate the reference frequency positions
of 27Al and 51V.

shift whereas 51V resonance is affected by a stronger and
negative shift in Fe2VAl. In metallic alloys, the dominant
contribution in the shift of nuclear resonance position is
produced by the Fermi contact interaction with the con-
duction electrons, and is called the Knight shift. In pres-
ence of localized magnetic moments, the polarization of
conduction electrons may produce a negative Knight shift
in ligand atomic nuclei. However, owing to the presence
of d-electrons and consequent strong core electron polar-
ization of vanadium atoms, 51V nuclei should experience
a larger negative magnetic hyperfine field in comparison
to the small field in 27Al [43].

In the present case, it is therefore reasonably assumed
that the NMR spectra arise from both 27Al and 51V res-
onances, with a narrow and a broad component for both
the resonances. So, the spectra at all temperatures have
been simulated as a sum of four components. The various
resonance frequencies (ν) have been taken as,

νdiaAl = νrefAl (1 +Kdia
Al )

νdiaV = νrefV (1 +Kdia
V )

νmagAl = νrefAl (1 +Kmag
Al )

νmagV = νrefV (1 +Kmag
V ) (2)

where, dia denotes the resonance corresponding to the
weakly magnetic or diamagnetic environment and mag
is that to the magnetic environment. It follows from the
considerations described above that the various K, the
isotropic shift of the respective components, should be
related to each other as,

Kdia
Al > 0, and,Kmag

V < Kmag
Al < Kdia

V < 0 (3)

In deconvolution, we have used line broadening f(ν) ∝
exp(−(ν−νi)

2

(ωG
i )2

), for the non-magnetic components, and

Lorentzian broadening, f(ν) ∝ ωL
i

1+[(ν−νi)ωL
i ]2

for the

paramagnetic components. In these expressions, νi are
the resonance frequencies as in the left hand side of
eqn. 2, ωGi is the corresponding linewidth parameter
when the resonance component is Gaussian, and ωLi is
the linewidth parameter when the resonance component
is Lorentzian.

Fig. 12 shows the result of the simulation of the spec-
trum at 295 K. However, in order to further confirm
the positions of 27Al and 51V resonances, we prepared
a sample with partial substitution of Al with Ga, i .e.,
FeMnVAl0.5Ga0.5. Here, we present the NMR spectra of
FeMnVAl0.5Ga0.5 that has shown magnetization behav-
ior and overall room temperature NMR linewidth similar
to those of FeMnVAl. The NMR spectra of both these
samples are simulated and shown in Fig. 12. 51V reso-
nance components, as designated, become stronger com-
pared to 27Al resonances when Al is partially replaced
by Ga, thus confirming the positions of 27Al and 51V
resonances in the composite spectrum of FeMnVAl.

The simulation of the spectra at various temperatures
80-295 K are shown in Fig. 13. Even at lower temper-
atures where the spectra are quite broad, the simulated
spectra well fit the experimental ones. It should be men-
tioned that anisotropic magnetic broadening was not con-
sidered in the simulation. Moreover, it is assumed that
structural disorder as obtained here does not significantly
alter the characteristic local cubic symmetry of Heusler
alloy systems. Therefore, the broadening effect of nuclear
quadrupolar interaction was neglected.

The temperature dependence of the line widths of the
four resonance components and their positions are pre-
sented in Fig. 14. The positions and linewidths of the
diamagnetic resonance components show only a small
variation, while those of the magnetic components show
a large variation over the temperature range. The res-
onance line width is determined by the temperature-
dependent time-averaged fluctuation of the local mag-
netic field. As expected, the line widths of the diamag-
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FIG. 12. NMR spectra (solid squares) at 295 K of FeVM-
nAl and FeVMnAl0.5Ga0.5 , and their simulations as sum of
component lines corresponding to diamagnetic and magnetic
environments, shown as, Aldia (blue), Almag (purple), Vdia

(red), Vmag (magenta).

netic resonance components 27Al and 51V are not signif-
icantly influenced by the magnetism of the system. On
the other hand, the linewidths of the magnetic compo-
nents increase with decreasing temperature, thus mim-
icking the magnetization.

Over the entire temperature range Kdia
Al is positive and

shows almost no variation, with values between 0.9 to
1.0 %. Kdia

V is negative and shows only a small decrease
with decreasing temperature, varying slowly from -0.4 to
-1.7 %. However, for magnetic components, both Kmag

Al
and Kmag

V show a pronounced decrease with decreasing
temperature.

In metallic systems where non-magnetic ligand nuclei
experience a hyperfine field that is influenced by local-
ized magnetic moments, K is expressed as a sum of (a) a
temperature independent part (K0) that is proportional
to the susceptibilities of core electron diamagnetism, or-
bital magnetism and pauli paramagnetism; and, (b) a
temperature dependent part (K(T )) that is proportional
to magnetic susceptibility (χspin) due to the localized
spin magnetic moments, as given by,

K = K0 + (Hhf/NAµB)χspin(T ) (4)

7 0 7 2 7 4 7 6 7 8 8 0 8 26 8 7 0 7 2 7 4 7 6 7 8 8 0 8 2
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FIG. 13. NMR spectra (solid squares) at various tempera-
tures of FeVMnAl, and their simulations as sum of compo-
nent lines corresponding to diamagnetic and magnetic envi-
ronments, shown as, Aldia (blue), Almag (purple), Vdia (red),
Vmag (magenta).

where Hhf is the hyperfine field at the nucleus. In the
presence of localized moments, χspin is almost identical
to the experimental bulk magnetic susceptibility (χexp).
We have taken χexp values measured at the magnetic
field of 7 T, i .e., about the same field as used in NMR
measurements. The linear fit of K vs. χexp data as shown
in Fig. 14(c) yields, K0

Al' 0.007(±0.002)% and Hhf of

-4.5(±0.3) kOe; and, K0
V' 0.004(±0.003)% and Hhf

V of
-11.8(±0.6) kOe. These values of Hhf are comparable in
order of magnitude to the hyperfine fields obtained for
27Al in ferromagnetic Co2TiAl [45, 46], and also for 27Al
and 51V in ferromagnetic Co2VAl [47]. In the present
study, the linearity of K vs. χ is maintained throughout
the temperature range, i .e., the hyperfine field remains
the same above and below the Curie temperature. It
may be noted here that in some other magnetic Heusler
alloys too, e.g. Co2VAl [47], the transferred hyperfine
fields remain almost same in both ferromagnetic as well
as paramagnetic states.

The deconvolution procedure allows us to roughly esti-
mate the contributions of different types of probe nuclei
in the composite spectrum. The temperature variation of
the integrated intensities of the non-magnetic (combined
for 27Al and 51V) and magnetic (combined for 27Al and
51V) components (see Fig. 14 for details) is shown in the
inset of Fig. 14(b). It shows that from about 200 K down
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FIG. 14. Results of analysis of NMR spectra. The param-
eters corresponding to different components in the spectra
are denoted as, Aldia (square), Vdia (diamond), Almag (solid
square), Vmag (solid diamond). Error bars are shown when
they are significantly large. (a) Temperature dependence
of shift. (b) Temperature dependence of linewidth and in-
set represents the contributions of diamagnetic and magnetic
fractions. (c) Shift vs. bulk magnetic susceptibility χexp of
FeVMnAl. In (a) and (b), the lines are guide to the eye. In
(c), the lines denote fit to the equation 4.

to the lowest observed temperature, about ∼ 10% of the
probe nuclei undergo almost diamagnetic local environ-
ment though it is an overwhelmingly magnetic system.
To understand the presence of such magnetic and non-
magnetic components, we use the following model.

Mössbauer spectra and XRD results confirmed
50/50 exchange in the 4c (0.25,0.25,0.25) and 4d
(0.75,0.75,0.75) position between Fe and Mn atoms. The
Mössbauer spectra also confirm that Fe atoms show no
long range magnetic order, even below TC , and the main
contribution of the total magnetic moment comes mainly

from the Mn site, which is also verified by the band struc-
ture calculations. The crystal structure of FeMnVAl sug-
gests that Al and V occupy octahedral positions and that
both have similar environments due to the symmetry of
the crystal structure. As there is a random distribution
of Fe and Mn atoms in the 4c and 4d sites, the atomic
surroundings for Al and V are subject to local environ-
mental variation. From the macroscopic perspective, the
nearest neighbors (NN) of Al (V) are 4 Mn and 4 Fe for a

50/50 exchange between Fe and Mn at a distance
√

3a/4.
However, as the Mn/Fe arrangement in this disordered
structure is random, the Al(V) sites will experience a va-
riety of different local environments. In the present case,
the Al(V) sites could have 9 different nearest-neighbour
local environments: 8 Fe+0 Mn, 7 Fe+1 Mn, 6 Fe +2
Mn, 5 Fe+3 Mn, 3 Fe+5 Mn, 2 Fe+6 Mn, 1 Fe+7 Mn
and 0 Fe+8 Mn. Since Mn is the major contributor of the
total magnetism and Fe atoms do not carry magnetic mo-
ment in the studied compound, the Al(V) environment
dominated by the Fe atoms (8 Fe+0 Mn, 7 Fe+1 Mn,
6 Fe+2 Mn, etc.) likely to remain nonmagnetic and re-
sponsible for the observed 10 % nonmagnetic component
in the NMR spectra. A similar variation of the local en-
vironment was earlier observed in the NMR spectra of
Co2Mn1−xFexSi [48, 49].

G. Electronic structure calculations- Disordered
structure

As realized from XRD, Mössbauer and NMR measure-
ments, a disordered structure with Fe and Mn equally
distributed among the 4c and 4d sites is the most likely
scenario while considering the crystal structure of FeM-
nVAl. Consequently, we have revisited the electronic
structure analysis by considering such disorder in the
system. Expectedly, we find that the enthalpy of forma-
tion (∆fH) for the SQS-disordered structure is smaller
than that of the ordered Type-2 structure and estimated
to be -34.14 kJ/mol (Table I). The lower formation en-
ergy (∆E = -1.44 kJ/mol) for the disordered structure,
thus confirms that disordered FeMnVAl is energetically
more stable than the ordered one, as expected from the
Mössbauer analysis.

The spin-polarized band structure and the density of
states for the disordered structure are presented in Fig.
15. The Fermi level at the minority (spin-up) band
still maintains the band gap implying that disordered
FeMnVAl retains its half-metallic ferromagnetic ground
state. Despite the disorder, a high spin-polarization is
estimated with P = 90.5%. In fact, the band structure
of disordered compounds is on average similar to that of
Type-2, despite the local atomic arrangement contributes
to decrease the total energy. As in the case of polariza-
tion, the total magnetic contribution also remain essen-
tially unchanged vis-à-vis the ordered structure with for
each element : Fe = -0.27 µB/f.u., Mn = -1.2 µB/f.u.,
V = 0.55 µB/f.u. and Al = 0.01 µB/f.u. and presented
in Fig. 16. The total magnetic moment in disordered
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(a) Majority (spin-down) band (c) Minority  (spin-up) band (b) Density of states 

FIG. 15. Spin polarized band structure and density of states of FeMnVAl in disordered structure: (a) majority (spin-down)
band (b) density of states, (c) minority (spin-up) band. The energy axis zero point has been set at the Fermi level, and the
spin-up (minority) and spin-down (majority) electrons are represented by positive and negative values of the DOS, respectively.

FIG. 16. Electronic DOS (total and partial) of disordered
FeMnVAl

structure is thus estimated to be -0.91 µB/f.u. compared
to the order structure (-0.97 µB/f.u.) and is in agree-
ment with the experimentally observed reduced moment
value of 0.84 µB/f.u. at 70 kOe and 3 K. It can also be
noticed that the magnetic contribution of Mn increases
significantly at the expense of Fe.

H. Resistivity

In order to search for the signature of half-metallic fer-
romagnetism, electrical resistivity of FeMnVAl has been
measured both in the absence as well as in the presence
of magnetic field (H = 50 kOe). However, we found negli-
gible changes in resistivity and for clarity, only zero field
resistivity data is presented in Fig. 17. The value of the
residual resistivity ratio (RRR), i.e., ρ350K/ρ5K=1.553 is
rather low and typical for Heusler alloy. It is known that
there are a number of different contributions to the re-
sistivity of a ferromagnetic materials, while Matthiessen
rule says that those different scattering mechanisms are
independent of each other and additive [9]. The total
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FIG. 17. Temperature dependence of the zero field electrical
resistivity in the temperature range 5-350 K.

resistivity for ferromagnetic materials can be written as

ρ(T ) = ρ0 + ρP (T ) + ρM (T ) (5)

where ρ0 is the residual resistivity that originates from
the lattice defects, lattice irregularities, etc. and the tem-
perature dependent term ρP (T ) and ρM (T ) are due to
phonon scattering and magnon scattering, respectively.
Phonon scattering term is generally written as

ρP = A

(
T

ΘD

)5 ∫ ΘD
T

0

x5

(ex − 1)(1− e−x)
dx (6)

where A is the phonon scattering constant and ΘD is the
Debye temperature [50]. The magnon term which comes
from the spin-flip mechanism is quadratic in temperature
and can be represented as ρM = BT 2 [51]. The ρM term
persists upto TC, but does not make any contribution in
the paramagnetic region.

First, we have attempted to fit the whole data below
TC using eqn. 5. The fitted curve (using eqn. 5) describes
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the experimental data well within the temperature range
80 < T < 190 K, but the fitted curve fails to trace the
experimental data in the low temperature region (5 <
T < 80 K). From the fitted parameters, we found that
the magnon contribution is very small compared to the
phonon contribution. So we have tried to fit the low
temperature (5 < T <80 K) resistivity data with the
equation

ρ = B + CTn (7)

which had been utilized in several Heusler-based HMF
materials [15, 52, 53]. As can been seen in Fig. 17, the
fit to eqn. 7 in this temperature range is quite good
and the value of n estimated is 1.74. However, this
value of n ∼ 1.74 is not associated with any known
kind of scattering process. It is generally known that
when the value of the exponent n is not equal to 2,
it signifies the absence of magnon contribution. This
result is also in consonance with the negligible magnon
contribution that we have inferred from the analysis of
ρ(T ) behavior in temperature range 80< T < 190 K.
Here we mention that similar values of the exponent n
are also reported in literature for different Heusler-based
HMF materials. For example, for CoRhMnGe [15] , the
reported value of n is 1.53 and for recently published
NiCuFeGa [16], the reported value of the exponent is
1.76 which is pretty close to the value obtained in our
material. Although the DFT calculation establishes
FeMnVAl is a ferromagnetic system, the absence of (or
presence of very small) magnetic contribution from the
magnon term below TC at first may look surprising.
This however could be explained from the fact that in
HMFs, one of the sub-bands has negligible DOS at EF,
and therefore the magnetic contribution arising from the
spin-flip scattering gets considerably diminished. Our
resistivity data thus indirectly suggests the presence of
the HMF states in FeMnVAl, in agreement with to the
DFT calculations.

IV. CONCLUSION

A new Fe-based quaternary Heusler alloy FeMnVAl
has been synthesized. Theoretical calculation shows that

V+Al and Fe+Mn in the same cubic plane (Type-2 or-
dered structure) has minimum energy and spin-polarized
band-structure calculations indicates presence of a
half-metallic ferromagnetic ground state. A detailed
combined study of XRD and Mössbauer spectrometry
suggest the presence of site-disorder between Fe and Mn
in Type-2 structure, which is also supported by the esti-
mated lower formation energy obtained from theoretical
calculations. Magnetic susceptibility exhibits distinct
ferromagnetic transition at TC ∼ 213 K. 57Fe Mössbauer
and 27Al & 51V NMR spectroscopic measurements, cou-
pled with the magnetic susceptibility results, confirms
that Mn is the major contributor of the magnetism
which is further supported by first principle calculations.
DFT calculations further shows that the value of the
spin-polarization changes only nominally from 92.4 %
in ordered structure to 90.4 % in disordered structure,
which is quite a striking feature and emphasizes the
robustness of half-metallicity in FeMnVAl compared to
other half-metallic ferromagnets reported in literature.
The disordered structure possessing lower formation
energy and maintaining high spin-polarization coincide
to a very unusual scenario where the introduction of
this particular type of disorder actually results in an
enhancement of symmetry of the crystal structure from
F 4̄3m (no. 216) to Fm3̄m (no. 225). Absence (or small
contribution) of magnon term in the resistivity data also
provides an indirect support towards the presence of a
HMF ground state.
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Rev. Lett. 110, 100401 (2013).
[15] D. Rani, K. G. Suresh, A. K. Yadav, S. N. Jha, D. Bhat-

tacharyya, M. R. Varma, and A. Alam, Phys. Rev. B 96,
184404 (2017).

[16] T. Samanta, S. Chaudhuri, S. Singh, V. Srihari, A. K.
Nigam, and P. A. Bhobe, J. Alloys Compd. 819, 153029
(2020).

[17] Y. Venkateswara, S. S. Samatham, P. D. Babu, K. G.
Suresh, and A. Alam, Phys. Rev. B 100, 180404 (2019).

[18] S. A. Khandy, I. Islam, D. C. Gupta, R. Khenata, and
A. Laref, Sci. Rep. 9, 1 (2019).

[19] M. Shakil, H. Arshad, S. Aziz, S. S. A. Gillani,
M. Rizwan, and M. Zafar, J. Alloys Compd. 856, 157370
(2021).

[20] A. Amudhavalli, R. Rajeswarapalanichamy, and
K. Iyakutti, J. Magn. Magn. Mater. 441, 21 (2017).

[21] Y. Miura, K. Nagao, and M. Shirai, Phys. Rev. B 69,
144413 (2004).
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