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Spin gapless semiconductors exhibit a finite band gap for one spin channel and a closed gap for another
spin channel, and they have emerged as a new state of magnetic materials with a great potential for spintronic
applications. The first experimental evidence for spin gapless semiconducting behavior was observed in an
inverse Heusler compound Mn2CoAl. Here, we report a detailed investigation of the crystal structure and anoma-
lous Hall effect in Mn2CoAl using experimental and theoretical studies. The analysis of the high-resolution
synchrotron x-ray diffraction data shows antisite disorder between Mn and Al atoms within the inverse Heusler
structure. The temperature-dependent resistivity shows semiconducting behavior and follows Mooij’s criteria for
disordered metal. The scaling behavior of the anomalous Hall resistivity suggests that the anomalous Hall effect
in Mn2CoAl is primarily governed by an intrinsic mechanism due to the Berry curvature in momentum space.
The experimental intrinsic anomalous Hall conductivity (AHC) is found to be ∼35 S/cm, which is considerably
larger than the theoretically predicted value for ordered Mn2CoAl. Our first-principles calculations conclude
that the antisite disorder between Mn and Al atoms enhances the Berry curvature and hence the value of intrinsic
AHC, which is in very good agreement with the experiment.
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I. INTRODUCTION

The Hall effect is defined as the generation of a trans-
verse voltage across a current-carrying conductor when an
external magnetic field is applied perpendicular to the di-
rection of the current flow [1–4]. An additional contribution
in the transverse voltage was observed in materials with
broken time-reversal symmetry (TRS), known as the anoma-
lous Hall effect (AHE). It arises due to the mutual interaction
of magnetization and spin-orbit coupling (SOC) [2,5]. The
AHE, which was discovered more than a century ago, has
attracted a vast amount of interest in recent years due to its
role in understanding the fundamental physics [2,6–11] and
the potential for applications in spintronics-based data storage
devices and Hall sensors [12–19]. Theoretical studies suggest
that the AHE could originate from both extrinsic and intrin-
sic mechanisms [6,20,21]. The extrinsic mechanism receives
contributions from skew scattering and side jump mechanisms
that are related to the asymmetric scattering and transverse
shift of the propagation direction of spin-polarized charge
carriers, respectively [22,23]. On the other hand, the intrinsic
mechanism is related to the momentum space Berry curvature
associated with the electronic band structure [20,24–26]. The
momentum space Berry curvature acts as a fictitious magnetic
field and introduces an anomalous velocity in addition to the
group velocity of the electronic wave, perpendicular to the
electric field direction, which creates intrinsic anomalous Hall
conductivity (AHC) in the system [2,20,24].
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The large AHC due to nonvanishing momentum space
Berry curvature has been observed in various kinds of sys-
tems, such as Nd2Mo2O7 [27], (In,Mn)As [28], (Ga,Mn)As
[28], Mn3Sn [29], Mn3Ge [8], Fe3Sn2 [30], Co3Sn2S2 [31],
CoNb3S6 [32], and SrIrO3 [33]. In addition to these mate-
rials, Heusler alloys have emerged as promising candidates
for the realization of large Berry curvature originating from
their peculiar band structure due to the integrated effect of
crystal symmetry and SOC [34–38]. It has been observed that
any small perturbation in the electronic band structure, such
as, e.g., a local disorder, may affect the momentum space
Berry curvature and therefore the intrinsic AHC in the system
[39–43]. Recently, an enhanced intrinsic AHC was observed
in Fe2-based inverse Heusler compounds due to antisite dis-
order [44]. Also, a Berry curvature driven enhanced intrinsic
AHC was observed in the Co2FeAl Heusler compound, origi-
nating via antisite disorder between Fe and Al atoms [45].

The discovery of spin gapless semiconducting (SGS) be-
havior in the Mn2CoAl Heusler compound puts this material
forward as an important candidate for technological applica-
tion in the field of spintronics [13,16,46,47]. Experimental
studies on thin film as well as bulk systems of Mn2CoAl
reflect that most of the systems crystallize with compositional
and/or antisite disorder, and the reported value of AHC is not
in agreement with the theory [46,48–58]. A theoretical investi-
gation considering antisite disorder suggests an enhancement
in AHC, and it necessitates a detailed experimental and the-
oretical investigation to understand the origin of AHC in the
Mn2CoAl Heusler compound [59].

In the present manuscript, we investigate AHE in the
Mn2CoAl Heusler compound experimentally as well as the-
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oretically. The high-resolution synchrotron x-ray diffraction
(SXRD) analysis exhibits 25% antisite disorder between
Mn and Al atoms. The scaling behavior of anomalous Hall
resistivity reveals the major contribution of the intrinsic mech-
anism in the observed AHE. Experimentally, we found a
higher value of intrinsic AHC as compared to the value re-
ported for an ordered Mn2CoAl from theory [46,59]. Our
theoretical calculations show that the antisite disorder be-
tween Mn and Al atoms enhances the Berry curvature and
hence the value of intrinsic AHC, which is in good agreement
with the experiment.

II. METHODS

The polycrystalline Mn2CoAl Heusler compound is pre-
pared using the arc-melting method [60–62]. The constituent
elements (with purity higher than 99.9%) of the intermetallic
system are melted in a water-cooled copper hearth under an
argon atmosphere (purity better than 99.999%). The sample
is remelted five times to ensure homogeneous mixing of the
constituents. The chemical composition is verified using the
energy-dispersive analysis of the x-ray technique. The av-
erage composition is found to be Mn1.99Co1.00Al0.99, which
corresponds to Mn2CoAl. A small piece of the sample is pow-
dered, and room-temperature synchrotron x-ray diffraction
(SXRD) is performed in PETRA III DESY, Germany (wave-
length ∼0.207 Å) for structural analysis. The direct current
(DC) magnetization measurements are performed using a 9 T
physical property measurement system (PPMS) of quantum
design (QD). Transport measurements are carried out using
an alternating current transport (ACT) option of 9 T PPMS
of QD. Resistivity and magnetoresistance measurements are
performed using the four-probe method, whereas the five-
probe method is used for the Hall measurement. To remove
the longitudinal resistivity contribution in the Hall data due
to voltage probe misalignment, we have antisymmetrized the
Hall resistivity data by using the formula ρH = [ρH (+H ) −
ρH (−H )]/2.

The spin-polarized Kohn-Sham Hamiltonian was solved
within the framework of pseudopotentials (PPs) and plane
waves as implemented in the QUANTUM ESPRESSO (QE)
density-functional theory (DFT) package [63]. The exchange-
correlation part of the above Hamiltonian is approximated
by the generalized gradient approach [64] through ONCV
Vanderbilt PPs [65]. The kinetic energy cutoff of 80 Ry is
used to fix the number of plane waves. The same Gaussian
smearing value (0.01 Ry) is used both for the self-consistent
(SC) and non-self-consistent (NSC) calculations to carry out
electronic integration over the Brillouin zone (BZ). A tight
energy threshold (10−8 Ry) is considered for the SC energy
calculations. We have used the WANNIER90 tool (implemented
within QE) in order to compute the Wannier interpolated
bands, Berry curvature, and AHC [63,66–68]. We note that
spin-orbit coupling (SOC) is introduced in all the AHC-
related calculations. Collinear spin-polarized calculations are
also performed to compare some of our results with earlier
reports, and they are mentioned at the appropriate places. The
Monkhorst-Pack k-grid of 8 × 8 × 8 of the BZ is consid-
ered in all the calculations, viz. SC, NSC, and WANNIER90.
We found that the use of transition-metal d orbitals as the

projections in the WANNIER90 calculations provide a good
interpolation. A denser BZ k-grid of 75 × 75 × 75 is taken to
calculate the intrinsic AHC. Through the adaptive refinement
technique, a further fine mesh of 5 × 5 × 5 is added around
the points wherever the mode of the Berry curvature [|�(k)|]
exceeds 100 bohr2. The calculations are carried out using an
experimental refined lattice constant of 5.858 Å.

III. RESULTS AND DISCUSSION

A. Structural characterization

To investigate the crystal structure of the Mn2CoAl Heusler
compound, the SXRD pattern was collected at room temper-
ature. Mn2YZ Heusler compounds generally exhibit XA-type
(prototype Hg2CuTi, space group F43m) crystal structure if
the atomic number of Y is higher than the Mn-like Mn2CoAl
[69]. Therefore, in the primary step, we performed Rietveld
refinement of SXRD data by assuming the XA-type crystal
structure [Fig. 1(a)], using the FULLPROF software package
[70]. In the refinement, the Mn atoms were considered at
4a (0,0,0) and 4c (0.25,0.25,0.25) Wyckoff positions, and
they will be denoted as Mn4a and Mn4c, respectively. The
Co and Al atoms were considered at 4b (0.50,0.50,0.50) and
4d (0.75,0.75,0.75) Wyckoff positions, respectively. It can
be noticed from Fig. 1(a) that the observed and calculated
peak profiles do not match with each other as the calculated
intensity of the (111) superlattice peak is much larger than
the observed intensity [depicted in the inset of Fig. 1(a)]. This
mismatch between the calculated and observed intensities of
Bragg peaks indicates that Mn2CoAl does not crystallize in
an ordered XA-type structure. In the next step, we tried the
Rietveld refinement with the ordered L21 type (Fm3m) crystal
structure [Fig. 1(b)] [62,69], which also fails to account for the
intensities of both the (111) and (200) superlattice reflections
as depicted in Fig. 1(b) and its inset.

In the literature, it has been suggested that most of the
inverse Heusler compounds crystallize with antisite disorder
[44,62,69,71,72]. The antisite disorder in the Heusler com-
pounds can generally be captured by analyzing the intensities
of ordering-dependent (111) and (200) superlattice reflections
[73]. For the Mn2CoAl compound, the structure factor for
(111), (200), and (220) reflections can be written as

F111 = 4
[(

fMn4a − fCo
) − i

(
fMn4c − fAl

)]
, (1)

F200 = 4
[(

fMn4a + fCo
) − (

fMn4c + fAl
)]

, (2)

F220 = 4
[(

fMn4a + fCo
) + (

fMn4c + fAl
)]

. (3)

Equation (1) suggests that the intensity of the (111) super-
lattice reflection is due to the difference between the atomic
scattering factor (SF) of Mn4c and Al atoms as the difference
between the atomic SF of Mn4a and Co atoms is negligible
(since both are neighboring elements in the Periodic Table)
and also the intensity of the (111) peak may change if the
system has antisite disorder between the Mn4c and Al atoms.
From Eqs. (2) and (3), it is obvious that the intensities of (200)
and (220) reflection will be unaffected by the antisite disor-
der between the Mn4c and Al atoms. Hence, the mismatch
between the observed and calculated intensities of the (111)
peak in the Rietveld fitted SXRD pattern with XA-type crystal
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FIG. 1. (a) Rietveld profile fitting of the room-temperature (RT) synchrotron x-ray diffraction (SXRD) pattern of the Mn2CoAl compound
by considering the XA-type ordered structure. The observed profile (Iobs), the calculated profile (Ical), and the difference between the observed
and calculated profiles (Iobs − Ical) are shown by a black circle, a red continuous line, and a green continuous line, respectively. The blue tick
bars and the χ 2 value indicate the Bragg peak positions and the goodness of fit, respectively. (b) Rietveld profile fitting of the RT SXRD
pattern of the Mn2CoAl compound by considering the L21-type ordered structure. Insets in (a) and (b) show an enlarged view of the (111)
and (200) peaks. (c) Simulated SXRD patterns considering the different percentage of antisite disorder between Mn4c and Al atoms. The
inset shows the variation in (111) peak intensity with the different percentage of antisite disorder. (d) Rietveld profile fitting of the RT SXRD
pattern of Mn2CoAl by considering 25% antisite disorder between Mn4c and Al atoms. The inset shows an enlarged view around the (111) and
(200) peaks.

structure suggests the presence of antisite disorder between
Mn4c and Al atoms.

Now, to find out the amount of antisite disorder, we
simulated the SXRD pattern using VESTA software [74] by
incorporating the different percentage of antisite disorder be-
tween Mn4c and Al atoms within XA-type crystal structure
as shown in Fig. 1(c). The inset of Fig. 1(c) represents an
enlarged view of the change in intensity of (111) superlat-
tice reflection with antisite disorder. We found that for 25%
antisite disorder between Mn4c and Al atoms, the intensity
ratio of (111) superlattice reflection to the (220) fundamental
reflection is in good agreement with the experiment. It is
worthwhile to mention here that SXRD patterns simulated
using other types of disorder such as disorder between Mn4a

and Mn4c, between Mn4a and Al, and between Co and Al do
not provide an intensity ratio of Bragg reflections as observed
in the experimental SXRD pattern. Therefore, based on the
information obtained from Eqs. (1)–(3) and simulated SXRD
patterns, in the final step we performed the Rietveld refine-
ment considering 25% antisite disorder between the Mn4c

and Al atoms. A very good match between the observed and
calculated peak profile was observed as depicted in Fig. 1(d).
The inset of Fig. 1(d) shows an enlarged view of (111) and
(200) peaks. The refined lattice parameter was obtained as
∼5.858 Å, which is in good agreement with the literature [50].

B. Magnetization and resistivity measurements

The temperature variation of magnetization was measured
in a temperature range of 2–400 K under a magnetic field
of 1 T, as shown in Fig. 2(a). The magnetization decreases
with increasing temperature, as expected for a ferrimagnetic
system [75]. The observed behavior is similar to earlier reports
[46,50]. Figure 2(b) presents the field-dependent magnetic
isotherms [M(H ) curves] at 2 and 300 K. The negligible
hysteresis is due to the soft magnetic nature of the Mn2CoAl
compound. The M(H ) curves show similar behavior in the
entire temperature range of 2–300 K. To calculate the Curie
temperature (Tc) of the present compound, the saturation
magnetization (Ms) versus temperature [Ms(T )] data obtained
from the M(H ) curves [black spheres in the inset of Fig. 2(b)]
were fitted by the empirical law Ms = M0[1 − (T/Tc)2]1/2 as
shown by the red curve in the inset of Fig. 2(b) [56]. From this
fitting, the Tc was found to be 720 K, which is in good agree-
ment with the value reported in the literature [46,50,56]. The
saturation magnetization of the present compound is found to
be ∼1.9 μB/f.u. at 2 K, which is in good agreement with the
literature [46,56].

The monotonous decrease in the longitudinal resistivity
(ρxx) with temperature [Fig. 2(c)] illustrates the semiconduct-
ing behavior of the present compound. A slight decrease in
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FIG. 2. (a) Temperature-dependent magnetization curve at 1 T magnetic field. (b) The isothermal field-dependent magnetization at
different temperatures. The inset shows the fitting of saturation magnetization (Ms) vs temperature (T) with the empirical relation Ms =
M0[1 − (T/Tc )2]1/2. The black dots and the red continuous line in the inset represent the Ms vs T data and the fitted curve, respectively.
(c) Resistivity (ρxx) vs temperature (T) plot at different magnetic fields. Insets (i) and (ii) show the fitting of magnetoconductivity with field
and the variation of temperature coefficient of resistivity (α) with temperature (T), respectively. (d) Fitting of conductivity (σxx) vs temperature
(T) data in the temperature range below 150 K and in the higher temperature range above 150 K at zero field.

the value of ρxx with increasing magnetic field indicates the
presence of small negative magnetoresistance in the system.
The resistivity at 2 K (that corresponds to residual resistivity)
is ∼387 μ� cm, which is comparable to the reported one
[50]. The residual resistivity ratio [ρxx(300 K)/ρxx(2 K)] was
found to be ∼0.92, which is comparable to the value in the
literature [46,50] and also suggests the presence of disorder in
the Mn2CoAl compound.

A theoretical calculation taking antisite disorder into ac-
count predicts a half-metallic character of the Mn2CoAl
Heusler compound in contrast to the SGS behavior [59,76].
It is interesting to note that the Mn2CoAl compound shows
semiconducting behavior [Fig. 2(c)] although a large (25%)
antisite disorder is observed. It has been suggested in the
literature that if the system has weak localization (WL), then
inelastic scattering increases upon increasing the temperature,
which may destroy the phase coherence, and hence the resis-
tivity decreases with increasing temperature [77]. To check
the possibility of WL in Mn2CoAl, the magnetoconductivity
(MC), i.e., a difference of conductivity between the finite
magnetic field and zero field at room temperature, is fitted
by an H0.5 power law [shown in the inset (i) of Fig. 2(c)],
which is well established for WL in three-dimensional (3D)
systems [78–82], and it validates the presence of WL in bulk

Mn2CoAl. Further, Mooij established a correlation between
the temperature coefficient of resistivity and residual resistiv-
ity for disordered metal, which describes how a disordered
metal may exhibit semiconducting behavior if the residual
resistivity exceeds 150 μ� cm [83]. For Mn2CoAl, a larger
value of the residual resistivity (∼387 μ� cm) is observed and
follows Mooij’s criteria.

The temperature coefficient of resistivity (α) for Mn2CoAl
changes from −0.9×10−9 to −1.9×10−9 � m/K in the tem-
perature range of 2–350 K with a slope change around 150 K
[shown in inset (ii) of Fig. 2(c)]. To understand the origin of
the slope change in α, we analyzed the longitudinal conduc-
tivity (σxx = 1/ρxx) versus temperature data in the absence
of magnetic field, and we found that σxx is proportional to
T 1/2 below the temperature 150 K as shown in Fig. 2(d).
This conductivity behavior follows the interaction theory at
low-temperature according to Kaveh and Mott [84], which
might be due to antisite disorder as supported by our SXRD
analysis. Above 150 K, the conductivity variation with tem-
perature follows the semiconducting-like character and is well
approximated by the relation (σxx = σ0 + σa expEg/KBT ) as
shown in Fig. 2(d) [85]. The calculated band gap (Eg) from
the best fitting was found to be ∼50 meV, which is of the same
order as reported for the thin film of Mn2CoAl [56]. Recently,
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FIG. 3. (a) Field-dependent Hall resistivity curves at different temperatures. The inset shows the fitting of Hall data in the higher field
region >0.6 T at 2 K. (b) Variation of the ordinary Hall coefficient with temperature. The inset shows carrier concentration vs temperature
plot. (c) Field-dependent Hall conductivity curves at different temperatures. The inset indicates zero-field extrapolation of high-field Hall
conductivity data at 2 K, shown by a red dotted line. (d) Fitting of the ratio of anomalous Hall resistivity and longitudinal resistivity (ρAH/ρxx)
vs ρxx data. (e) Different contributions in ρAH with temperature are plotted on the same scale. (f) Linear fitting of log10(ρAH) vs log10(ρxx) data.
(g) Variation of anomalous Hall scaling coefficient (SH ) with temperature. (h) Variation of AHC with temperature. (i) Variation of AHC with
longitudinal conductivity.

an appreciable variation in the Seebeck effect around 150 K
was observed in the polycrystal Mn2CoAl [46]. This shows
that our prepared compound is similar to the reported one, and
the disorder present in the Mn2CoAl compound is inherent
and does not change with the sample preparation conditions.

C. Anomalous Hall measurement

Hall measurements were carried out in the temperature
range of 2–350 K to investigate the anomalous transport be-
havior of the Mn2CoAl compound. In general, the total Hall
resistivity (ρH) consists of two parts, namely ordinary Hall and
anomalous Hall, and it can be written as [1,86]

ρH = R0H + RsMs, (4)

where R0 and Rs are the ordinary and anomalous Hall
coefficients, respectively. Ms corresponds to the saturation
magnetization, and RsMs represents the magnitude of anoma-
lous Hall resistivity (ρAH). The field-dependent ρH data were
recorded at different temperatures up to a magnetic field of

1.5 T, as shown in Fig. 3(a). The ρH increases steeply up
to ∼0.6 T field, which is observed due to the AHE. At the
higher field region (>0.6 T), ρH changes linearly and shows a
positive slope with magnetic field, which is due to the ordinary
Hall effect [37]. To separate out the ordinary and anomalous
Hall contributions, we performed a fitting of the ρH versus H
data by using Eq. (4) in the higher-field region (>0.6 T). The
fitting of the ρH versus H data at 2 K, shown by the continuous
red line in the inset of Fig. 3(a), provides the values of R0 and
RsMs that correspond to the slope and intercept on the y axis
of the fitted line. A similar analysis (i.e., fitting) is performed
at various temperatures in the temperature range of 10–350 K,
and Fig. 3(b) shows a temperature variation of R0 obtained
from the fitting. The positive value of R0 in the whole temper-
ature range (2–350 K) reveals that holes are the dominating
charge carriers in the transport. The carrier concentration
(n) determined by the expression n = 1

eR0
was found to be

∼1.5×1020 and ∼2×1020 cm−3 at 2 and 350 K, respectively.
Thus, the value of n is nearly temperature-independent. The
temperature variation of n for the temperature range 2–350 K
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is depicted in the inset of Fig. 3(b), which is similar to that
reported in the literature [46]. The Hall conductivity (σH ) has
been extracted by using the equation [35,41]

σH = ρH

ρ2
H + ρ2

xx

. (5)

The field-dependent Hall conductivity at different temper-
atures is shown in Fig. 3(c). The value of AHC at 2 K is
determined by zero-field extrapolation of the higher-field Hall
conductivity curve as elucidated by the red dotted line in the
inset of Fig. 3(c). The obtained value of AHC is 27 S/cm,
which is comparable to the experimentally found value in the
literature [46,50]. From the Berry curvature calculations, the
AHC value was reported to be about 3 S/cm [46], which is an
order of magnitude lower than the value obtained from the
experiment (∼27 S/cm). To understand this discrepancy, it
is necessary to address whether there is a contribution in the
AHC from an extrinsic mechanism, such as skew scattering
and side jumps, or from an intrinsic mechanism due to the mo-
mentum space Berry curvature associated with the electronic
band structure.

To calculate the separate contributions of extrinsic and
intrinsic mechanisms in the total AHC, the ρAH/ρxx versus ρxx

data [black dots in Fig. 3(d)] were fitted [red line in Fig. 3(d)]
using the following relation [6,87,88]:

ρAH/ρxx = a + bρxx, (6)

where the parameters a and b contain information about
extrinsic skew scattering and the combined effect of an ex-
trinsic side jump and an intrinsic contribution, respectively.
We have used this scaling relation with the assumption that
the ρAH will tend to zero as ρxx becomes very small. From
the ρAH/ρxx versus ρxx data fitting with the above equation,
we obtained the value of a∼ − 0.003 and b ∼ 35 (� cm)−1.
The negative value of coefficient a indicates that the extrinsic
skew scattering contribution is opposite to both the side jump
and the intrinsic contribution due to momentum space Berry
curvature. The value of parameter b contains the contributions
in AHC due to both side jump and momentum space Berry
curvature. By using the coefficients a and b, we calculated
the skew scattering term (aρxx) and the intrinsic plus side
jump term (bρxx

2) and plotted on the same scale as shown in
Fig. 3(e). We can clearly see that the side jump together with
the intrinsic contribution dominates over the skew scattering
contribution in the overall AHE in the temperature range
2–350 K. We have observed that the ρAH, produced by using
the above scaling relation, tends to zero as ρxx becomes very
small.

The dominating mechanism in the AHE can be alterna-
tively evaluated by the exponent β using the scaling relation
ρAH ∝ ρ

β
xx [2,45]. If β = 1, the skew scattering mechanism

will be dominant in the AHE, and if β = 2, the combination
of the side jump and the intrinsic mechanism will largely
contribute to the AHE. The exponent β determined by linear
fitting of log10(ρAH) versus log10(ρxx) data [Fig. 3(f)] turns
out to be 2, which also supports that the AHC is dominated
by the side jump and the intrinsic mechanism [45]. It is not
possible practically to separate out the side jump and intrinsic
contributions because both contributions display a quadratic
dependence on ρxx [2]. However, the AHC due to the side

FIG. 4. Spin-polarized band structure of ordered Mn2CoAl.
Down and up arrows represent the spin-minority and -majority elec-
trons, respectively.

jump mechanism can be approximated using an expression
e2/(ha)(Eso/EF ), where Eso is the spin-orbit interaction en-
ergy and EF is the Fermi energy [45,89]. The physical
quantities e, h, and a are the electronic charge, Planck’s
constant, and the lattice parameter, respectively. Here, for
Mn2CoAl the σxx is ∼2.6×103 S/cm. Therefore, we may
conclude that Mn2CoAl is in the moderately dirty regime for
which Eso ∼ h̄/τ , where h̄ is the reduced Planck’s constant,
i.e., h/2π , and τ is the scattering time [2,90]. The calculated
value of the ratio Eso/EF for Mn2CoAl is of the order of 10−3,
and hence in AHC the side jump contribution is negligible as
compared to the Berry curvature induced intrinsic contribu-
tion. It has been suggested that the intrinsic AHC is nearly
proportional to the magnetization, thus the scaling coefficient
SH = σAH

Ms
should exhibit temperature-independent behavior if

there is a dominant intrinsic contribution to the AHE [30,91].
Figure 3(g) depicts that the SH for Mn2CoAl is indeed in-
dependent of temperature, which indicates that the intrinsic
contribution due to momentum space Berry curvature domi-
nates over the extrinsic scattering contributions in the AHE
[30,91]. The AHC shows a temperature-independent behavior
[Fig. 3(h)] and does not vary with σxx as well [Fig. 3(i)].
This robust behavior of the AHC with the temperature and
σxx further confirms that AHE in Mn2CoAl originates mainly
from the intrinsic mechanism, and is thus dominated by Berry
curvature in momentum space [92].

D. First-principles calculations

In the literature, the value of AHC obtained from theory is
much lower compared to the experiment [46]. Here, from the
experiment, we found that the Mn2CoAl has 25% disorder be-
tween Mn4c and Al atoms. It is possible that this disorder may
play an important role in the experimentally observed AHC,
therefore we investigated the AHC in ordered and disordered
Mn2CoAl using theoretical calculations.

Before the discussion of AHC calculation, we first present
our electronic structure results. The spin-polarized band
structure of ordered Mn2CoAl is shown in Fig. 4. The
spin-minority channel has a finite gap, and the majority
one has zero gap, which suggests the SGS feature of the
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FIG. 5. Top: Full electronic band structure (blue continuous line)
and Wannier interpolated band structure (red dashed line) of ordered
Mn2CoAl. The Fermi energy is set to 0 eV. Bottom: Distribution of
the Berry curvature along the high-symmetry path in the Brillouin
zone.

Mn2CoAl compound. Spin gapless semiconductors offer in-
triguing transport properties because both the electrons and
holes can be 100% spin-polarized, so that spin can be con-
trolled via only a small applied external energy. The band
structure for up and down spins shown in Fig. 4 matches very
well with the literature [46]. Our calculated magnetic moment
for the stoichiometric Mn2CoAl is found to be 2μB/f.u. with
antiparallel coupling between Mn4a and Mn4c sites, which is
also in agreement with the literature [46].

Now we will discuss the theoretical results on anoma-
lous Hall transport obtained from WANNIER90. We compared
the full DFT band structure of ordered Mn2CoAl with the
Wannier interpolated one in Fig. 5 (top), and we obtained a
very good interpolation. The distribution of calculated Berry
curvature along the high-symmetry path is shown in Fig. 5
(bottom). An efficient first-principles approach has been used
in which the maximally localized Wannier functions are first
constructed from the Bloch states, on a relatively coarse
k-grid. Then the quantities of interest, e.g., Berry curvature,
are interpolated onto a dense k-mesh in calculating the intrin-
sic AHC as a Brillouin zone summation of the Berry curvature
over all occupied states [68,93],

σxy(AHC) = e2

h̄

1

NV

∑

k∈(BZ)

(−1)�xy(k) f (k), (7)

where the indices x and y are the Cartesian coordinates. f (k)
is the Fermi distribution function, �xy(k) denotes the Berry
curvature for the wave vector k, N is the number of electrons
in the crystal, and V is the cell volume.

Our theoretical calculation gives intrinsic AHC value
∼8.88 S/cm for the ordered Mn2CoAl compound, which is
slightly higher than the reported theoretical intrinsic AHC
value of 3 S/cm [46]. This difference could be due to the two
different approximations used to compute AHC. Thus, the
theoretically calculated AHC for the ordered structure of
the Mn2CoAl compound is an order of magnitude smaller
than the experimental value of intrinsic AHC ∼35 S/cm.
Therefore, to understand this difference, we performed the
theoretical calculations by incorporating the amount of anti-

FIG. 6. Top: Full electronic band structure (blue continuous
line) and Wannier interpolated band structure (red dashed line) of
disordered Mn2CoAl. The Fermi energy is set to 0 eV. Bottom:
Distribution of the Berry curvature along the high-symmetry path
in the Brillouin zone.

site disorder obtained from the SXRD experiment to compute
the AHC. The magnetic moment obtained in this (disor-
dered Mn2CoAl) case was also found to be ∼2μB/f.u., which
indicates that the antisite disorder does not affect the mag-
netization, and therefore electronic structure is most likely
deciding the observed AHC in disordered Mn2CoAl. In Fig. 6
(top), we have compared the full DFT band structure with the
Wannier interpolated one for disordered structure. The distri-
bution of calculated Berry curvature along the high-symmetry
path is shown in Fig. 6 (bottom). Interestingly, the calculated
intrinsic AHC in the disordered Mn2CoAl increased to 26.30
S/cm, which is close to our experimentally obtained intrinsic
AHC. In the present case, the disordered sample still possesses
certain space group symmetry, which suggests that the disor-
der in the atomic positions will also be repeated in periodic
units, and the theoretical calculation also considers the same.
It is true that the value in the real samples could be slightly
different from the theoretical results. The possible source of
significantly less discrepancy in the value of experimental and
theoretical intrinsic AHC for the disordered Mn2CoAl could
be the involved approximations in all steps of the theoretical
calculations (starting from obtaining ground-state density to
electronic and magnetic properties to Berry curvature com-
putation to AHC). This suggests that the antisite disorder
modifies the Berry curvature and hence enhances the intrinsic
AHC in the Mn2CoAl Heusler compound.

Recently, a comparative study of AHC between SGS
Mn2CoGa and half-metallic Co2VGa compounds was per-
formed, and it was reported that the Mn2CoGa compound
exhibits almost zero AHC, whereas half-metallic Co2VGa
(which has a similar magnetization and number of va-
lence electrons to Mn2CoGa) shows a larger AHC of about
140 S/cm [35]. The origin of this behavior was explained
based on the electronic structure of these two compounds.
SGS compounds are characterized by a finite gap in the
minority-spin channel and a closed gap in the majority-spin
channel, which results in a small number of majority-spin
states around the Fermi level. In SGS compounds like
Mn2CoGa, the Berry curvature of majority-spin states is re-
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FIG. 7. (a) Density of states (DOS) and variation of intrinsic AHC of ordered Mn2CoAl as a function of the Fermi energy. The Fermi
energy is set to 0 eV. (b) DOS and variation of intrinsic AHC for the disordered Mn2CoAl as a function of Fermi energy. The Fermi energy is
set to 0 eV. Insets in (a) and (b) show an enlarged view of intrinsic AHC around the Fermi energy.

ported to cancel out by the minority-spin states resulting in
a small/almost zero intrinsic AHC [35]. As compared to the
SGS compounds, the half-metallic systems have a finite gap
in the minority-spin channel and a large number of states
in the majority-spin channel around the Fermi level [94]. In
the half-metallic Co2VGa compound, the large intrinsic AHC
has been observed as compared to the Mn2CoGa compound
due to the uncompensated Berry curvature associated with
a large number of majority-spin states [35]. Our study fol-
lows this behavior as the ordered Mn2CoAl exhibits small
intrinsic AHC due to its SGS nature [depicted in Fig. 7(a)],
while upon introducing 25% disorder the system seems to be
transformed from SGS to half-metallic due to the formation of
new majority spin states around the Fermi level. This provides
larger Berry curvature and leads to enhanced intrinsic AHC
[depicted in Fig. 7(b)], which is in good agreement with the
experiment. The insets of Figs. 7(a) and 7(b) show an enlarged
view of the intrinsic AHC value around the Fermi level for
ordered and disordered Mn2CoAl compounds, respectively.
Thus, our combined experimental and theoretical results show
that atomic disorder enhances the intrinsic AHC due to the
modification in the Berry curvature linked with the electronic
structure in the Mn2CoAl compound.

IV. CONCLUSION

To conclude, we have presented here the evidence of anti-
site disorder enhanced intrinsic AHC in the Mn2CoAl Heusler
compound by comprehensive analysis of the crystal structure

and the anomalous Hall effect using experimental and the-
oretical tools. The high-resolution SXRD data reveal 25%
antisite disorder between Mn4c and Al atoms within the in-
verse Heusler structure. The temperature-dependent resistivity
shows semiconducting behavior and follows Mooij’s criteria
for disordered metal. The scaling behavior suggests that the
intrinsic mechanism dominates over the extrinsic mechanism
in the AHE. The experimental intrinsic AHC is found to be
larger than the theoretically reported value for the ordered
Mn2CoAl. The first-principles calculations conclude that the
antisite disorder enhances the Berry curvature induced intrin-
sic AHC, which is in good agreement with the experimentally
found intrinsic AHC.
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