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Half-metallic ferromagnets (HMFs) are one of the most promising materials in the field of spintronics
due to their unique band structure, consisting of one spin subband having metallic characteristics along with
another subband with semiconductor-like behavior. In this work, we report the synthesis of a novel quaternary
Heusler alloy—FeMnVAl—and we have studied the structural, magnetic, transport, and electronic properties
complemented with first-principles calculations. Among different possible structurally ordered arrangements,
the optimal structure is identified by theoretical energy minimization. The corresponding spin-polarized band-
structure calculations indicate the presence of a half-metallic ferromagnetic ground state. A detailed and careful
investigation of the x-ray diffraction data, Mössbauer spectra, and nuclear magnetic resonance spectra suggests
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 that only the Mn spins could be responsible 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. The
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 this class of materials, beyond the available knowledge.

DOI: 10.1103/PhysRevB.106.115148

I. INTRODUCTION

In recent years, research on spintronics and related mate-
rials has emerged as one of the most exciting and promising
branches in the field of magnetic materials, material sciences,
condensed-matter physics, and magnetoelectronic devices [1].
Unlike contemporary electronics, which is related to the
charge of the carrier particles, spintronics deals with the spin
of an electron and the associated magnetic moment [2]. Spe-
cialized semiconductor materials 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, spintron-
ics devices are more energy-efficient. Data transmission is
expedited by the ease with which spin states can be changed.
As spin is nonvolatile because the spin of an electron is not
energy-dependent, the information transmitted through spin
remains stable even when energy is lost [1–3]. Materials hav-
ing higher spin-polarization are generally considered ideal for
application in spintronics devices [3].
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Half-metallic ferromagnets (HMFs) are one such promis-
ing material, often known to exhibit high spin-polarization [4].
The band structure of HMFs is comprised of one spin sub-
band that shows metallic behavior and another spin subband
with semiconductor-like behavior, resulting in a unique band
mechanism capable of very high spin-polarization [5]. Theo-
retically, even 100% spin-polarized current can be achieved in
HMFs. Among different classes of reported HMFs, Heusler
alloys have attracted extensive attention in the research direc-
tion 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 rep-
resented stoichiometrically by X2Y Z (where X and Y are the
transition elements, and Z is the s-p group elements), and they
are found to crystallize in L21-type structure where X , Y , and
Z atoms occupy 8c, 4b, and 4a sites, respectively, in space
group Fm3̄m (no. 225) [8]. Such a 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 interpenetrating 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.
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216). From the point of view of both fundamental physics
and application-oriented research, quaternary Heusler alloys
occupy an important place, as some of them exhibit the
recently discovered characteristics of spin-gapless semicon-
ductors (SGSs) [9–12].

SGSs are a subclass of HMF materials in which one
spin subband is semiconducting and another is semimetal-
lic [13,14]. In the presence of such a unique band structure,
SGSs are not only capable of yielding 100% spin-polarization,
but they also exhibit very high electronic mobility [14].
Furthermore, with the application of external perturbations
(electric field, pressure, magnetic field), one can easily tune
and switch between n- and p-type spin-polarized carriers,
making these materials perfect candidate for spintronics ap-
plication [9]. So far, only a limited number of such quaternary
Heusler alloys have been reported, and thus the advance-
ment of this field of research depends strongly on the
discovery of new materials of this type. Among the ex-
perimentally reported members, only a few Co-based and
Ni-based quaternary Heusler alloys have been explored so
far [9,10,15,16]. Research on Fe-based quaternary Heusler
alloys is in its infancy [17], although some theoretical pre-
dictions exist [18–20]. Furthermore, the presence of structural
disorder 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 substantial
impact on the observed spin-polarization value [21]. Thus, in
addition to synthesizing new HMFs with the aim of having
a negligible/minimum amount of disorder, it is also of great
interest to probe the disorder present in the material and to
examine its role in the observed physical, 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 calcu-
lations using density functional theory (DFT). The presence
of microscopic local structural disorders was also identified
by two different nuclear magnetic spectrometry techniques,
viz., Mössbauer spectrometry and nuclear magnetic resonance
(NMR). The magnetic and transport properties of this system
have also been probed and discussed using different experi-
mental techniques and theoretical investigations.

II. METHODS

A. Experimental

The polycrystalline FeMnVAl was synthesized by the
arc-melting process taking appropriate high-purity (>99.9%)
constituent elements under an argon atmosphere. The sample
was melted five to six times, turning it over after each melt to
achieve better homogeneity. To compensate for the amount of
Mn evaporated, an additional 2% extra Mn was added during
the melting. For distinguishing some elemental contribu-
tions in NMR spectra, the compound FeMnVAl0.5Ga0.5 was
also synthesized as a reference material. Room-temperature
powder x-ray diffraction (XRD) measurements were carried
out using Cu Kα radiation on a TTRAX-III diffractometer
(Rigaku, Japan). The single-phase nature and crystal structure
of the sample were determined by performing a Rietveld

refinement using the FULLPROF software package [22]. Mag-
netic measurements were performed in a commercial SQUID-
VSM [Quantum Design, Inc. (USA)] in the temperature range
3–380 K and magnetic fields up to 70 kOe. Resistivity mea-
surements have been carried out using a Physical Property
Measurement System [Quantum Design, Inc. (USA)] with
the standard four-probe technique. The hyperfine structures
of the Fe sites were studied by 57Fe transmission Mössbauer
spectrometry to get information on the local environment of
57Fe at the atomic scale. Spectra were obtained at 300 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 powder
containing about 5 mg Fe/cm2. The hyperfine structures were
modeled by means of a least-squares fitting procedure in-
volving quadrupolar doublets and magnetic sextets composed
of Lorentzian lines using the in-house program “MOSFIT.”
The values of the isomer shift are quoted to that of α-Fe at
300 K while the velocity was controlled by using a standard
of α-Fe foil. Nuclear magnetic resonance (NMR) measure-
ments were performed with a Bruker 300 MHz Ultrashield
magnet operated at 70.045 kOe, a Thamway PROT4103MR
spectrometer, and a cryostat from Oxford Instruments. The
cryostat houses the home-made NMR sample rod that has
“tuning” and “matching” capacitors, and a Cernox temper-
ature 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 − solid echo 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 simulation
package (VASP) [24,25]. The exchange-correlation was de-
scribed by the generalized gradient approximation modified
by Perdew, Burke, and Ernzerhof (GGA-PBE) [26]. Plane
waves with a cutoff of E = 600 eV were included in all calcu-
lations. After performing the volume and ionic (for disordered
compounds) relaxation steps, the tetrahedron method with
Blöchl correction [27] was applied. Spin-polarization calcu-
lations were systematically implemented. To model statistical
chemical disorder in FeMnVAl, unit cells based on the concept
of special quasirandom structure (SQS) [28] were used. To
generate the SQS, the cluster expansion formalism for the
multicomponent and multisublattice systems [29] was used
as implemented in the Monte Carlo code (MCSQS) contain-
ing the Alloy-Theoretical Automated Toolkit (ATAT) [30,31].
Subsequent DFT calculations were performed to test the qual-
ity of the SQS and to see how reliable the DFT results were.
The root-mean-square error (rms) was used as another quality
criterion besides the calculations including a different order
of interactions. The rms error describes the deviation of the
correlation function of the SQS (�k

SQS) from the correlation
function of a fully random structure (�k

md ) for all k clusters,

rms =
√∑

k

(
�k

SQS − �k
md

)2
. (1)
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FIG. 1. Primitive unit cell representation of (a) Type 1, (b) Type
2, and (c) Type 3 ordered structure as described in Table I. Color
representations of atoms, Fe: brown-yellow ball, Mn: magenta ball,
V: red ball and Al: light-blue ball.

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 quadru-
plets interactions were considered to obtain reliable results
(see the distribution of the k-chosen clusters in the supplemen-
tal material [32]). For the fully disordered LiMgPdSn phase,
a quaternary SQS cell of 28 atoms was generated. The heat
of formation � f H has been calculated by the total energy
difference with pure elements in their stable ground state (i.e.,
ferromagnetic bcc Fe, etc.).

III. RESULTS AND DISCUSSION

A. Electronic structure calculations—Ordered structure

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 per-
formed. 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 of six possible combinations, only three inde-
pendent structures are feasible; they are represented in Fig. 1.
We considered these three configurations (Type-1,2 and 3) in
our calculations and the results 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 in the same cubic planes (100), respectively
(Table I). This result is consistent with other quaternary
Heusler compounds, where the least electronegative atom
occupies the 4b position [8]. Figure 2 shows the calculated

TABLE I. Calculated enthalpy of formation � f H for each or-
dered structure type of FeMnVAl, and one disordered case (see the
text).

4a 4b 4c 4d � f H (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

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 (SP) rule, which states that
the total magnetic moment for Heusler alloys is governed
by the relation m = (NV − 24)μB/f.u., where NV is the to-
tal valence electrons count (VEC) for a material [33]. For
transition-metal-based alloys, NV is the number of outer (s +
d) electrons for the main-group element, while it is the total
number of outer (s + p) electrons for the sp-group element.
The SP 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 re-
ported half-metallic Heusler ferromagnets are known to obey
the SP rule [8,9,33]. In the case of FeMnVAl, the total VEC
is 23, and therefore the total magnetic moment should be
−1μB/f.u. Before presenting our results, it is important to
point out that this compound with VEC < 24 has negative
total spin moments and the gap is located at the spin-up
band due to the SP rule. Moreover, in contrast to the other
Heusler alloys [33], the spin-up electrons 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 estimated to be −0.97μB/f.u., which is
in close agreement with the Slater-Pauling (SP) rule. For the
most stable configuration (Type 2), the magnetic moments of
the elements 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 structure
between z = 0 and 1

2 layers along the c-direction. However,
it may also be noted that the theoretical estimate of the
magnetic moment does not always quantitatively correspond
to the experimentally realized value, but it should rather be
treated primarily as a qualitative description. Furthermore,
vanadium has no independent magnetic moment, and the
estimated magnetic moment of 0.52μB/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 susceptibility is expected to exhibit a simple Curie-
Weiss behavior controlled primarily by the rather localized
magnetic moments of Mn (discussed in Sec. III C). The finite
linewidth of 51V NMR spectra below the Curie temperature
confirmed the induced character of magnetic moment at the
V-site (discussed in Sec. III F).

It can be seen that the DOS exhibits a band gap at the Fermi
level (EF) for the minority (spin-up) band while the majority
(spin-down) band is typical of a metal. The band structure
for the minority (spin-up) band shows an indirect band gap.
The present calculations show a very high polarization P =
DOS↑(EF )−DOS↓(EF )
DOS↑(EF )+DOS↓(EF )

= 92.4%, indicating that FeMnVAl in the
Type 2 ordered structure is nearly a half-metallic ferromagnet.

B. Structural analysis—Hypothetical ordered structure

Figure 3 shows the room temperature Rietveld refinement
of the powder XRD pattern. The refinement confirms that the
compound crystallizes in a LiMgPdSn-type crystal structure
with space group F 4̄3m (no. 216). The cubic lattice parameter
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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, and (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.

is a = 5.821 Å. The Rietveld refinement further reveals that
the experimental data could not be well described by Type 1
and Type 3 structure either, as elaborated in Fig. 4. The best fit
is obtained with Type 2 structure (represented in Fig. 5), which
corresponds to the most stable ordered hypothetical structure
calculated by DFT.

A highly ordered structure is one of the main require-
ments for achieving high spin-polarization in Heusler alloys,
while the presence of significant disorder can hinder spin-
polarization [35]. A Heusler alloy is generally considered to
be fully ordered when (111) and (200) superlattice 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 (“Strukturbericht”). In the case of an A2-type
structure, both superlattice 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 studied
FeMnVAl compound clearly indicates that the crystal struc-
ture of the material is in the ordered limit. A rough estimation
of the chemical disorder can be made by calculating the ratio
of the peak intensity I(111)/I(220) and I(200)/I(220) [9,36].
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FIG. 3. Rietveld refinement of the powder XRD pattern mea-
sured at room temperature considering Type 2 ordered structure.

The (111) and (200) reflections of the superlattice are
directly proportional to the order parameter, 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 disordered
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 finite disorder present in the system,
which remains below the resolution limit of our XRD studies.
To detect and confirm the presence of possible disorder, 57Fe
Mössbauer measurements were performed in FeMnVAl at 300
and 77 K (Sec. III D).

C. Magnetic properties

The temperature dependence of the magnetic susceptibil-
ity of FeMnVAl, measured in an applied field of 100 Oe
under both zero-field-cooled (ZFC) and field-cooled (FC)
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FIG. 4. Rietveld refinement of the powder XRD assuming
(a) Type 1, (b) Type 3, and (c) Type 2 structure.
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FIG. 5. Crystal structure of FeMnVAl in Type 2 ordered structure.

conditions, is shown in Fig. 6. The compound undergoes a
paramagnetic (PM) to ferromagnetic (FM) phase transition
below TC = 213 K (±0.5). The TC is determined as the tem-
perature at which dχ/dT exhibits a minimum (data not shown
here). Thermomagnetic irreversibility is observed between
ZFC and FC susceptibilities below T < TC, indicating that
the critical field value (Hc) of the isothermal hysteresis is
greater than 100 Oe. The thermomagnetic irreversibility van-
ishes with an application of 500 Oe (data not shown here).
Above the ordering temperature, magnetic susceptibility data
follow the Curie-Weiss (CW) law given by χ = C/(T − θP ),
where C is the Curie constant and θP is the paramagnetic Curie
temperature. The linear CW fit to the inverse susceptibility
(Fig. 6) in the region 250–380 K yields θP = +241.3(3)
K. The positive sign of θP further confirms the presence of
ferromagnetism in this material. To verify whether the mag-
netism 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
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FIG. 6. Left panel: Temperature dependence of magnetic suscep-
tibility of FeMnVAl measured in a 100 Oe applied magnetic field
under ZFC and FC conditions. Right panel: Inverse susceptibility
data measured under FC condition.

FIG. 7. Isothermal magnetization of FeMnVAl measured at 3 and
300 K. The solid line represent the Slater-Pauling value. The inset
shows the saturation magnetization fitting.

the paramagnetic moment 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
a conventional 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 conventional
itinerant ferromagnets [37–39], but rather close to unity as
expected in local moment systems. To further validate the
nondominant nature of itinerant magnetism, we have also
plotted (figures not shown here) M2

S versus T 2 below Curie
temperature (TC) and M4 versus 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 deviation from linearity for both curves in
the present case confirms that the nature of the magnetism in
the studied compound is not of itinerant type, but is dominated
by the localized Mn-spin moment.

As mentioned earlier, the total VEC for FeMnVAl is 23,
and therefore the total magnetic moment should be −1μB/f.u.
To verify the applicability of the SP rule, isothermal magne-
tization measurements as a function of field were performed
for the system. Figure 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), confirming the thermomagnetic irreversibility of
the magnetic susceptibility measured only under a low mag-
netic field (HC > 100 Oe). The saturation moment at 3 K,
as estimated by linear extrapolation of the high field mag-
netization 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 analysis of the XRD pattern.
The estimated value of Msat is slightly lower than the ex-
pected 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.
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FIG. 8. Mössbauer spectra of FeMnVAl taken at 300 and 77 K.

D. Mössbauer spectrometry

To better understand the structural disorder and magnetism
in FeMnVAl, 57Fe Mössbauer measurements were performed
at 300 and 77 K. The spectra show a single broadened and
asymmetrical line that cannot be well described by a single
Lorentzian line. As shown in Fig. 8, the spectrum at 300 K can
be better described by considering at least two quadrupolar
doublets with small values of quadrupolar splitting, which is
consistent 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. The fitted parameters of the Mössbauer spectra
are presented in Table II. One of the simplest possibilities is
to consider that the spectrum is described by two magnetic
components, nearly of equal intensities. The low values of
hyperfine fields (0.7 and 1.9 T) indicate that the Fe moments
participate in the ferromagnetic ordering, but the major con-
tribution to the total magnetic moment comes from the Mn
moment, which is also consistent with the theoretical calcu-
lations. Although in the ordered structure of Type 2, Fe has a
single crystallographic site, the appearance of two quadrupo-
lar doublets clearly indicates the presence of two sites for
the Fe atom having a similar structural environment. In the
ordered Type-2 structure of FeMnVAl, the Mn (4c site) and

TABLE II. Fitted parameter values for the Mössbauer of FeM-
nVAl. Isomer shift (δ), linewidth at half-height (
) (quoted relative
to α-Fe at 300 K), quadrupolar shift ( Q

2ε
), hyperfine field (Bhf), and

relative proportions (%) are estimated at 300 and 77 K.

T (K) Site δ (mm/s) 
 (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 Fe1 0.20 0.36 0.00 0.7 48
Fe2 0.20 0.36 0.00 1.9 52
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Fe (4d site) atoms have an equivalent environment consisting
of 4 V + 4 Al as the nearest neighbor (NN). Similarly, Al
(4a site) and V (4b site) atoms also have identical environ-
ments, which consist of 4 Fe + 4 Mn atoms as NN. For the
studied compound, Fe occupies the 4d position in the Type
2 structure, but the presence of two doublets in Mössbauer
spectra suggests the presence of Fe at the 4c position as well,
in consonance with the 4c and 4d positions having a similar
environment. 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 presence
of two different Fe sites with 50% occupancy at each site, we
must revisit the XRD analysis presented earlier in Sec. III B,
where we had considered a completely ordered crystal struc-
ture with only one site occupancy for Fe. In the ordered
structure (Type 2), Fe occupies the 4d position, while the
Mössbauer spectra indicate the presence 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 combi-
nations, namely (4a, 4d), (4b, 4d), and (4c, 4d), respectively.
The Rietveld refinements were performed by considering all
the possible combinations, but the quality of the fit deterio-
rates for both the 4a and 4d position permutation types as
well as 4b and 4d for 50% cross-swapping of the respective
occupants. On the other hand, the quality of fit remains essen-
tially 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 neighboring elements in the Periodic Table, they have
very close x-ray scattering cross-sections and hence the XRD
analysis cannot distinguish the two different configurations.
The XRD analysis, however, establishes that if the Fe atoms
are distributed in two different sites, it can only be between

115148-6



COEXISTING STRUCTURAL DISORDER AND ROBUST … PHYSICAL REVIEW B 106, 115148 (2022)

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

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
resultant structure reverts to the more symmetric L21-type
crystal structure (space group: Fm3̄m, no. 225) describing
the ordered structure for the full Heusler alloy. We would
like to point out here that in a later section (Sec. III G), it
is 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 have a similar environment,
which is consistent with the results obtained by Mössbauer
spectrometry.

F. Nuclear magnetic resonance

Figure 11 shows the NMR spectra of FeMnVAl at var-
ious temperatures 80–295 K with respect to the position
of reference frequencies of the ligand nuclei 27Al (νref

Al =
78.157 MHz) and 51V (νref

V = 78.895 MHz). Two distinct
peaks are observed in the spectra taken at room temperature
(295 K). As the temperature is lowered, a considerable broad-
ening of the spectra is observed, accompanied by an overall
shift towards the lower frequencies. It is interesting to note
that at 80 K the spectrum is distributed over a frequency range
of about 18 MHz, which is much larger than the spectral
distribution of about 1 MHz in ternary Heusler alloy sys-
tems [42,43]. Such a large temperature-dependent broadening
and shift of the resonance line indicates a hyperfine electron-
nuclear interaction and a magnetic dipolar interaction with
intrinsic localized electronic magnetic moments in the system.

A close examination of the spectra reveals that the part
of the 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 com-
ponent which is largely unaffected by temperature variation,
and a broad component for which the position and the width
depend upon temperature. This clearly indicates that part of
the sample is nonmagnetic whereas the other part is magnetic,
pointing towards the inhomogeneous magnetic nature of the
sample.

70 72 74 76 78 80 82

64 68 72 76 80

(a)

295K
248K

220K

200K

180K

(b)

180K

160K
140K

120K

100K
80K

�ref
Al �ref

V

�ref

Al �ref

V

In
te

n
si

ty
(a

rb
.
u

n
it

s)

f (MHz)

f (MHz)

FIG. 11. NMR spectra of FeMnVAl at various temperatures.
The vertical lines indicate the reference frequency positions of 27Al
and 51V.

Vanadium atoms are nonmagnetic in these Heusler alloy
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 measure-
ments for both 27Al and 51V resonance. The results indicated
that even though νref

Al < νref
V , the resonance of 27Al occurred

at a higher frequency than that of 51V. It was thus established
that 27Al has a positive 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 conduction electrons, and it is called the Knight shift. In
the presence of localized magnetic moments, the polarization
of conduction electrons may produce a negative Knight shift
in ligand atomic nuclei. However, due to the presence of d-
electrons and the consequent strong core electron polarization
of vanadium atoms, 51V nuclei should experience a larger
negative magnetic hyperfine field in comparison to the small
field in 27Al [43].
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In the present case, it is therefore reasonably assumed that
the NMR spectra arise from both 27Al and 51V resonances,
with a narrow and a broad component for both 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

νdia
Al = νref

Al

(
1 + Kdia

Al

)
,

νdia
V = νref

V

(
1 + Kdia

V

)
,

(2)
ν

mag
Al = νref

Al

(
1 + Kmag

Al

)
,

ν
mag
V = νref

V

(
1 + Kmag

V

)
,

where “dia” denotes the resonance corresponding to the
weakly magnetic or diamagnetic environment, and “mag” is
the resonance corresponding 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 nonmagnetic 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 on the left-hand side of Eq. (2), ωG

i
is the corresponding linewidth parameter when the resonance
component is Gaussian, and ωL

i is the linewidth parameter
when the resonance component is Lorentzian.

Figure 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 behavior and an overall room-
temperature NMR linewidth similar to those of FeMnVAl.
The NMR spectra of both of these samples are simulated and
shown in Fig. 12. 51V resonance components, as designated,
become stronger compared 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 is shown in Fig. 13. Even at lower temperatures where
the spectra are quite broad, the simulated spectra fit well the
experimental ones. It should be mentioned that anisotropic
magnetic broadening was not considered 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 linewidths of the four
resonance components and their positions is presented in
Fig. 14. The positions and linewidths of the diamagnetic reso-
nance components show only a small variation, while those of
the magnetic components show a large variation over the tem-
perature range. The resonance linewidth is determined by the
temperature-dependent time-averaged fluctuation of the local
magnetic field. As expected, the linewidths of the diamag-
netic resonance components 27Al and 51V are not significantly
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FIG. 12. NMR spectra (solid squares) at 295 K of FeVMnAl and
FeVMnAl0.5Ga0.5, and their simulations as a sum of component lines
corresponding to diamagnetic and magnetic environments, shown as
Aldia (blue), Almag (purple), Vdia (red), and Vmag (magenta).

influenced by the magnetism of the system. On the other hand,
the linewidths of the magnetic components increase with de-
creasing temperature, thus mimicking the magnetization.

Over the entire temperature range, Kdia
Al is positive and

shows almost no variation, with values between 0.9% and
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 tempera-
ture.

In metallic systems where nonmagnetic 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, orbital
magnetism, and Pauli paramagnetism, and (b) a temperature-
dependent part [K (T )] that is proportional to magnetic
susceptibility (χ spin) due to the localized spin magnetic mo-
ments, as given by

K = K0 + (Hhf/NAμB)χ spin(T ), (4)

where Hhf is the hyperfine field at the nucleus. In the pres-
ence of localized moments, χ spin is almost identical to the
experimental bulk magnetic susceptibility (χ exp). We have
taken χ exp values measured at a magnetic field of 70 kOe,

115148-8



COEXISTING STRUCTURAL DISORDER AND ROBUST … PHYSICAL REVIEW B 106, 115148 (2022)

70 72 74 76 78 80 8268 70 72 74 76 78 80 82

64 66 68 70 72 74 76 78 80 8262 64 66 68 70 72 74 76 78 80 82

f (MHz)

220 K

In
te

n
si

ty
(a

rb
.

u
n

it
s)

f (MHz)

f (MHz)

180 K

140 K

f (MHz)

100 K

FIG. 13. NMR spectra (solid squares) at various temperatures
of FeVMnAl, and their simulations as a sum of component lines
corresponding to diamagnetic and magnetic environments, shown as
Aldia (blue), Almag (purple), Vdia (red), and Vmag (magenta).

i.e., about the same field as used in NMR measurements.
The linear fit of K versus χ exp 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 versus
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 hyper-
fine fields remain almost the same in both ferromagnetic as
well as paramagnetic states.

The deconvolution procedure allows us to roughly estimate
the contributions of different types of probe nuclei in the com-
posite spectrum. The temperature variation of the integrated
intensities of the nonmagnetic (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 to the lowest observed
temperature, about ∼10% of the probe nuclei undergo almost
a diamagnetic local environment, though it is an overwhelm-
ingly magnetic system. To understand the presence of such
magnetic and nonmagnetic components, we use the following
model.

FIG. 14. Results of analysis of NMR spectra. The parameters
corresponding to different components in the spectra are denoted as
Aldia (square), Vdia (diamond), Almag (solid square), and Vmag (solid
diamond). Error bars are shown when they are significantly large.
(a) Temperature dependence of shift. (b) Temperature dependence of
the linewidth, and the inset represents the contributions of diamag-
netic and magnetic fractions. (c) Shift vs bulk magnetic susceptibility
χ exp of FeVMnAl. In (a) and (b), the lines are a guide to the eye. In
(c), the lines denote fit to Eq. (4).

Mössbauer spectra and XRD results confirmed 50/50 ex-
change 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-structure calculations. The crystal
structure of FeMnVAl suggests that Al and V occupy oc-
tahedral 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

115148-9



SHUVANKAR GUPTA et al. PHYSICAL REVIEW B 106, 115148 (2022)

FIG. 15. Spin-polarized band structure and density of states of FeMnVAl in disordered structure: (a) majority (spin-down) band, (b) density
of states, and (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.

sites, the atomic surroundings for Al and V are subject to local
environmental 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 struc-
ture is random, the Al(V) sites will experience a variety of
different local environments. In the present case, the Al(V)
sites could have 9 different nearest-neighbor local environ-
ments: 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 moment 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.) is likely
to remain nonmagnetic, and is responsible for the observed
10% nonmagnetic component in the NMR spectra. A similar
variation of the local environment was observed earlier in the
NMR spectra of Co2Mn1−xFexSi [48,49].

G. Electronic structure calculations—Disordered structure

As realized from XRD, Mössbauer, and NMR mea-
surements, 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 FeMnVAl.
Consequently, we have revisited the electronic structure anal-
ysis by considering such disorder in the system. Expectedly,
we find that the enthalpy of formation (� f H) 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 energy (�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 struc-
ture 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 fact that the local atomic arrangement contributes
to decrease the total energy. As in the case of polariza-
tion, the total magnetic contribution also remains essentially

unchanged vis-à-vis the ordered structure for each element:
Fe = −0.27μB/f.u., Mn = −1.2μB/f.u., V = 0.55μB/f.u.,
and Al = 0.01μB/f.u., and presented in Fig. 16. The total
magnetic moment in the disordered structure is thus esti-
mated to be −0.91μB/f.u. compared to the order structure
(−0.97μB/f.u.) and is in agreement with the experimentally
observed reduced moment value of 0.84μB/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

To search for the signature of half-metallic ferromag-
netism, the 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 negligible
changes in resistivity, and for clarity only zero-field resistivity
data are presented in Fig. 17. The value of the residual resis-
tivity ratio (RRR), i.e., ρ350 K/ρ5 K = 1.553, is rather low and
typical for a Heusler alloy. It is known that there are a number
of different contributions to the resistivity of a ferromagnetic
materials, while Matthiessen’s rule says that those different

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

115148-10



COEXISTING STRUCTURAL DISORDER AND ROBUST … PHYSICAL REVIEW B 106, 115148 (2022)

FIG. 17. Temperature dependence of the zero-field electrical re-
sistivity in the temperature range 5–350 K.

scattering mechanisms are independent of each other and ad-
ditive [9]. The total 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 temperature-
dependent terms ρP(T ) and ρM (T ) are due to phonon
scattering and magnon scattering, respectively. The phonon
scattering term is generally written as

ρP = A

(
T

�D

)5 ∫ �D
T

0

x5

(ex − 1)(1 − e−x )
dx, (6)

where A is the phonon scattering constant and �D 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 up to
TC , but it does not make any contribution in the paramagnetic
region.

First, we have attempted to fit all the data below TC us-
ing Eq. (5). The fitted curve [using Eq. (5)] describes 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 + CT n, (7)

which had been utilized in several Heusler-based HMF mate-
rials [15,52,53]. As can been seen in Fig. 17, the fit to Eq. (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 the temperature range 80 < T < 190 K. Here we
mention that similar values of the exponent n are also reported
in the 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 calcula-
tion establishes that 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 subbands has negligible DOS at EF , and therefore
the magnetic contribution arising from the spin-flip scattering
gets considerably diminished. Our resistivity data thus indi-
rectly suggest the presence of the HMF states in FeMnVAl, in
agreement with 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 ordered
structure) have minimum energy, and spin-polarized band-
structure calculations indicate the presence of a half-metallic
ferromagnetic ground state. A detailed combined study of
XRD and Mössbauer spectrometry suggests the presence of
site-disorder between Fe and Mn in Type 2 structure, which
is also supported by the estimated lower formation energy ob-
tained from theoretical calculations. Magnetic susceptibility
exhibits a distinct ferromagnetic transition at TC ∼ 213 K.
57Fe Mössbauer and 27Al and 51V NMR spectroscopic mea-
surements, coupled with the magnetic susceptibility results,
confirm that Mn is the major contributor of the magnetism,
which is further supported by first-principles calculations.
DFT calculations further show that the value of the spin
polarization changes only nominally from 92.4% in or-
dered 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 the literature. The disordered struc-
ture possessing lower formation energy and maintaining high
spin polarization coincides with a very unusual scenario in
which the introduction of this particular type of disorder ac-
tually results in an enhancement of symmetry of the crystal
structure from F 4̄3m (no. 216) to Fm3̄m (no. 225). The
absence (or small contribution) of a magnon term in the re-
sistivity data also provides indirect support for the presence
of a HMF ground state.
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