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VTaNDbALl: A class of spin gapless semiconductors with topological nontrivial features
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We report a class of spin gapless semiconductors (SGSs) hosting topological nontrivial features along with a
fully compensated ferrimagnetic behavior in VTaNbAl, a quaternary Heusler alloy. Unlike conventional SGSs,
this class of compounds acquires a unique band structure with opposite spin characters in the valence and
conduction band edges, making them potential candidates for spin valves and a large anomalous Nernst effect.
Interestingly, despite compensated ferrimagnetic (CF) behavior, VTaNbAl shows a reasonably large anomalous
Hall effect possibly arising from the intrinsic nonvanishing Berry curvature. The CF state breaks the time-reversal
symmetry and hence opens the possibility of Weyl nodes. We found four pairs of Weyl nodes located near
the Fermi level leading to the nonvanishing Berry curvature, and hence a large anomalous Hall conductivity
(~100 7' cm™"). Our experimental synthesis confirms VTaNbAl to crystallize in a cubic Heusler structure with
A2-type disorder. A magnetization measurement shows a very small saturation moment (~10~3u,/f.u.), which
agrees fairly well with our theoretical findings of fully compensated ferrimagnetism in the alloy. Resistivity
shows a metalliclike nature, with the signature of disorder-induced weak localization in the low-temperature

limit. The overall variation with varying temperature, however, is extremely weak.

DOLI: 10.1103/PhysRevB.107.134434

I. INTRODUCTION

Spintronics has emerged as one of the most important
topics of research in the field of magnetic materials today.
The main role of these materials is to provide spin-polarized
charge carriers, or spin currents. A major breakthrough along
these lines occurred via the discovery of so-called spin gapless
semiconductors (SGSs). Unlike conventional semiconductors
or half-metallic ferromagnets, SGSs acquire a unique spin-
resolved band structure with a finite band gap in one spin
channel and a close (zero) gap for the other and thus are
useful for tunable spin transport applications [1]. They are
one of the latest classes of materials considered for spintronic
devices. A few of the several advantages of SGSs include
(i) a minimal amount of energy required to excite electrons
from the valence to conduction band due to zero gap, (ii)
the availability of both charge carriers, i.e., electrons as well
as holes, which can be 100% spin polarized simultaneously,
and (iii) easy separation of fully spin-polarized electrons and
holes using the Hall effect. Bulk Co-doped PbPdO, was the
first SGS reported using first-principles calculations [1]. This
was followed by numerous reports on ab initio simulations
predicting the SGS nature in different Heusler alloy systems
[2-5].

In general, SGSs can be categorized into four different
classes depending on how various conduction and valence
bands corresponding to two different spin channels touch the
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Fermi level (Er) [6]. Figure 1 shows the schematics of these
four SGS classes. In “class A,” the valence band maximum
(VBM) and conduction band minimum (CBM) arise from the
same spin channel, while there is a gap in the opposite spin
channel [see Fig. 1(a)]. This corresponds to the conventional
SGS, as mentioned before, and is reported ubiquitously in
the literature. In “class B,” the VBM and CBM arise from
opposite spin channels [see Fig. 1(b)]. In this case, there is
a gap between the conduction and valence bands for both
the majority and minority spin channels, but there is no gap
between the majority electrons in the VB and the minority
electrons in the CB. In “class C” (“class D”’), the VBM (CBM)
arise only from one spin character while the CBMs (VBMs)
arise from both spin channels. In other words, in class C, one
spin channel is gapless while the other one is gapped with
the VBM level lying below Er and CBM touching Ef [see
Fig. 1(c)]. On the other hand, in class D, one spin channel is
gapless while the VBM level of the other spin channel touches
Er, which is separated from its corresponding CBM by a gap
[see Fig. 1(d)].

Despite the potential of SGSs to attain 100% spin polar-
ization, they typically produce large magnetic dipole fields
that hinder the performance of spintronic devices that contain
them [7]. Thus, materials that display 100% spin polariza-
tion but with very low or negligibly small net magnetic
moment are highly desired. The fully compensated ferrimag-
netic (FCF) materials usually contain three or more magnetic
ions with their moments aligned in such a way that the
net magnetization is zero or vanishingly small. There are
many materials which are predicted to be FCF based on
theoretical simulations such as MnCrSb [8], Cr,CoGa [9],
CrpMnZ (Z =P, As, Sb, Bi) [10], CrVXAI (X = Ti, Zr, Hf)
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FIG. 1. Schematic energy band diagrams of four classes of spin
gapless semiconductors (SGSs) with parabolic dispersion: (a) class
A, (b) class B, (¢) class C, and (d) class D.

[11], MnyZ (Z = Si, Ge) [12], and Mn3Ga [13]. Recently,
Venkateswara et al. [14] reported a fully compensated fer-
rimagnetic SGS nature in a CrVTiAl Heusler alloy. Heusler
alloys are also well studied for various topological nontrivial
properties [15,16]. Among them, magnetic systems are exem-
plified to be promising for hosting topological Weyl nodes
due to the broken time-reversal symmetry [17,18]. A natural
consequence of the Weyl nodes is the occurrence of nonzero
Berry curvature which opens up the possibility of interesting
anomalous transport properties in the system. The coexistence
of magnetic and topological features in a material provides a
fertile platform for potential spintronics applications [19,20].
There exist a few spintronic materials such as ferromagnetic,
half-metallic, spin-gapless semiconductors, etc., which are
reported to also show potential topological nontrivial features
[21,22]. A recent study of a compensated ferrimagnetic com-
pound Ti;MnAl showed a large anomalous Hall conductivity
[23]. Yet, compared to other magnetic systems, compensated
ferrimagnetic materials are less explored for their topological
nontrivial features.

Here, we report a combined theoretical and experimental
study of a composite quantum material, VTaNbAl, which
shows three coexisting complimentary properties: (1) fully
compensated ferrimagnetism, (2) class B SGS, and (3) four
pairs of topological Weyl nodes near Er. Our ab initio simula-
tion confirms that there exists another energetically competing
configuration (class A SGS with FCF), which hints towards
the possibility of substitutional disorder at finite tempera-
tures (7). Interestingly, this system also hosts four pairs of
topological Weyl nodes near Ep, leading to a nonvanish-
ing Berry curvature. This is mediated by the time-reversal
symmetry breaking arising out of the FCF state. The simu-
lated anomalous Hall conductivity is found to be reasonably
high (~100 Q7! cm™!) possibly arising from the topological
nontrivial features of VTaNbAl. The room-temperature x-ray
diffraction (XRD) data confirm a cubic Heusler structure with
an A2-type structure. A magnetization measurement shows
a very small saturation moment (~1073u,/f.u.), indicating
the fully compensated ferrimagnetism in the alloy, as also
confirmed by our ab initio simulation. Measured resistivity
shows a weak T dependence with metalliclike behavior.

II. COMPUTATIONAL AND EXPERIMENTAL DETAILS

First-principles calculations are done using the Vienna
ab initio simulation package (VASP) [24,25]. Other compu-

TABLE I. For VTaNbAl, theoretically optimized lattice param-
eter (ap), total and atom-projected moments (u,), and relative total
energy (AE) of type I, II, and III ordered configurations using the
GGA+U approximation.

Type ao (A) m™® mY m®  m™¥  AFE (meV/atom)
1 6.60 —0.87 +3.01 -2.14 0.0 0

II 6.61 —1.00 +2.55 +0.77 2.32 210

111 6.62 —1.75 +3.03 —-1.20 0.08 9

tational details are provided in the Supplemental Material
(SM) [26] (see also Refs. [27-33] therein). A polycrystalline
sample of VTaNbAI was prepared using the arc melting pro-
cedure. The polycrystalline alloy VTaNbAl was prepared by
arc melting stoichiometric amounts of high-purity (at least
99.9% purity) constituent elements in an argon atmosphere.
To further reduce the contamination, a Ti ingot was used as an
oxygen getter. The ingots formed were flipped and melted sev-
eral times for better homogeneity. Room-temperature x-ray
diffraction patterns were taken using Cu K« radiation with the
help of a Panalytic X-pert diffractometer. A phase purity and
crystal structure analysis was done using the FULLPROF suite.
Magnetization measurements were done using a vibrating
sample magnetometer (VSM) attached to a physical property
measurement system (PPMS) (Quantum Design) for fields
up to 70 kOe. Electrical resistivity and Hall measurements
were measured in a cryogen-free measurement system from
Cryogenic Limited, U.K.

VTaNbAl belongs to a quaternary Heusler alloy with a
LiMgPdSn prototype structure (space group F43m). The
structure can be visualized as four interpenetrating fcc sub-
lattices with Wyckoff positions 4a, 4b, 4c, and 4d. In general,
for a quaternary XX'YZ alloy, there exist three energetically
nondegenerate configurations (keeping Z at the 4a site). They
are (type I) X at 4¢, X’ at 4d, and Y at 4b sites, (type II) X
at 4b, X' at 4d, and Y at 4c sites, and (type III) X at 4c,
X’ at 4b, and Y at 4d. The crystal structures of these three
configurations for VTaNbAl along with the corresponding
Brillouin zone are presented in Fig. S1 of SM [26].

III. THEORETICAL RESULTS

Table I shows the optimized lattice parameters, atom-
projected and total moments, and relative energies (AE) of
type I, II, and II configurations of VTaNbAl using the gen-
eralized gradient approximation (GGA-+U) functional [34].
The Hubbard U values for Nb, V, and Ta are 1.55, 5.61
and 3.66 eV, which are calculated self-consistently (see SM
[26] for further details about this calculation). Clearly, type
I and III configurations exhibit an almost fully compensated
ferrimagnetic nature, whereas type II has a total moment of
2.30u. In the type I and III configurations, V is antiparallel to
Nb and Ta, whereas in the type II configuration, Nb is antipar-
allel to V and Ta. Interestingly, the energy difference between
type I and III configurations is very small (9 meV/atom),
indicating the possibility of disorder. Figure 2 shows the spin-
polarized band structure and density of states (DOS) for three
configurations of VTaNbAl. The atom-projected DOS and
band structures for these three configurations are shown in SM
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FIG. 2. Spin-resolved band structure and density of states (DOS)
for (a) type L, (b) type II, and (c) type III configurations of VTaNbAl
using the GGA+U approximation.

[26]. Type I and III configurations confirm the class A and B
nature of SGS, respectively, while type II is metallic. This can
be confirmed from a combined majority and minority band
structure (and density of states) plot, as shown in Figs. S3 and
S4 of SM [26]. Notice that, for a type III configuration, the
VBM and CBM have opposite spin characters and touch each
other directly at E, a prerequisite for a class B SGS.

Among the theoretically predicted materials, another ex-
ample of a class B SGS is FeVHfSi [35], which was found
to have a similar band structure, as observed for VTaNbAl.
Gao et al. [35] proposed that among the different types of
SGSs, class B SGSs hold special importance because in these
types of materials, the VBM and CBM have different spin
characters, and thus the spin polarization of the longitudinal
resistivity can be easily tuned by controlling the chemical
potential. This makes them potential candidates for fabricat-
ing spin valves which are suitable for electrostatic gating. In
addition to this, the spin character of the carriers changes
when they are excited from VBM to CBM, which results in
the sign change of anomalous Hall conductivity across Ep,
corresponding to a large anomalous Nernst effect. Thus, class
B SGSs are promising candidates for fabricating spintronic
field-effect transistors.

Next, we present the topological nontrivial features of
VTaNbAl in its lowest-energy structural configuration (i.e.,
type I). This is the only configuration which exhibits topo-
logical nontrivial features, as explained below. It is to be
noted that compensated ferrimagnetism breaks time-reversal
symmetry, which opens up the possibility of Weyl-type band
crossings. The search for nodal points in the entire Brillouin
zone reveals the existence of four pairs of Weyl nodes with
chirality +1 for a type I configuration near the Fermi level.

TABLE II. For a type I configuration of VTaNbAl, the coordi-
nates of four pairs of Weyl points in direct coordinates.

Coordinates of Weyl points Chirality
W1(-0.03,0.29, —0.31) +1
W,(0.04, 0.32, —0.28) -1
W3(0.60, 0.28, 0.32) +1
W4(0.60, 0.32,0.27) -1
Ws(—0.32, —0.05, 0.27) +1
W(—0.28,0.03, 0.32) -1
W,(—0.32, —0.59, —0.27) +1
Wg(—0.28, —0.60, —0.32) -1

These chirality values indicate the source and sink nature of
the Berry curvature. The locations of these Weyl points and
their chirality values are listed in Table II. The total chirality
value involving all the Weyl points vanishes, as expected
[36]. A three-dimensional visualization of the location of
these eight Weyl points is displayed in Fig. 3(a). Red and
blue colored spheres represent the Weyl points with 41 and
—1 chirality, respectively. Figure 3(b) shows the bulk band
dispersion around one such Weyl mode (W, from Table II),
exhibiting a linear dispersion indicating the type I nature of
the Weyl point. Notably, all the Weyl nodes are located above
the Fermi level. The presence of multiple Weyl nodes cause
a nonzero intrinsic Berry curvature. Figure 3(c) shows the
Berry curvature in the k.-k, plane for a type I configuration
of VTaNbAl. Both negative and positive high-intensity Berry
flux is clearly evident from the figure. Surface states are one of
the important features of a topological material. The four pairs
of Weyl points are expected to acquire topologically protected
surface states near the Fermi level (Er). To better understand
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FIG. 3. For a type I configuration of VTaNbAl, (a) the location
of four pairs of Weyl points in the three-dimensional (3D) BZ,
(b) electronic band dispersion around one of the Weyl points (W),
(c) Berry curvature in the k,-k, plane, and (d) surface spectra around
one of the Weyl points (W) projected on a (001) surface.

134434-3



DEEPIKA RANI et al.

PHYSICAL REVIEW B 107, 134434 (2023)

high m=———mm low

high me———mm low

03 @
S 02 ,
2 o1 —
a4 4
= -0.1; 1
0.2 -
03]
0.4, 9
r W, W,
400
o 200
E o0
g 200
. -400
© 600 . | |

-1.0 -05 0 0.5 1.0
E-Eg (eV)

FIG. 4. For a type 1 configuration of VTaNbAl, (a) (001) surface
spectra around two of the Weyl points (W, and W), (b) Fermi arc
on the ky-k, plane originated from the Weyl points (W and W>), and
(c) energy-dependent anomalous Hall conductivity (oyy).

the nature of these states, we have first simulated the surface
states concentrated around one of the Weyl points (W) by
projecting it on a (001) surface [see Fig. 3(d)]. It clearly shows
a highly linearized surface state near Erp, yet with a bit of
reduced visibility possibly due to the prominent contribution
of bulk states at/near Er. Next, we selected two adjacent Weyl
points with opposite chiralities (W and W, from Table II),
and projected them on a (001) surface. The simulated surface
states connect these two Weyl points as shown in Fig. 4(a).
They have a similar feature as Fig. 3(d), but illustrate how
the surface contributions at the two Weyl points are connected
with each other. Further, we have calculated the surface arc
originating due to these Weyl points, as shown in Fig. 4(b).
The Berry curvature is then integrated over the entire Brillouin
zone (BZ) to simulate the anomalous Hall conductivity (AHC)
[37]. Figure 4(c) shows the energy dependence of AHC, with
a maximum value of 600 ! cm™! at/around £0.5 eV away
from Er. The AHC value at Ef is also reasonably high, i.e.,
100 Q' cm~!. Such a high value is comparable with those
reported for other ferromagnetic and compensated ferrimag-
netic materials, e.g., Ti,MnAl [23].

IV. EXPERIMENTAL RESULTS

A. Crystal structure

For a quaternary Heusler alloy XX'YZ (crystallizing in a
Y -type structure), the structure factor of a type I configuration
is
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FIG. 5. For VTaNbAl, (a) room-temperature XRD and Rietveld
refined data. (b) Magnetization (M) vs field (H) at 5 K. The inset
shows a zoomed-in view. (c) Resistivity (p) vs T along with the low
and high T fitting in zero field. The dashed blue line indicates the
linear trend expected for electron-phonon scattering. The inset shows
o vs T in 0 and 50 kOe. (d) Hall conductivity (o) vs H at 5 K.

where fx, fx, fr, and fz are the atomic scattering factors
of X, X', Y, and Z elements, respectively. For superlattice
reflections (111) and (200), Fjy; can be written as

Fi =4(fy — f2) — i(fx — fx)l, (2)
Fyo = 4[(fy + f2) — (fx — fx)l. 3

Intensities of the fcc (111) and (200) peaks play a crucial role
in dictating the ordered versus disordered phase of the mate-
rial. The system will be ordered if both peaks are present, B2
disordered (where Y and Z and X and X’ atoms are randomly
distributed) if only the (200) peak is present, and A2-type
completely disordered if both peaks are absent. All positions
become equivalent in the A2 (tungsten-type) structure with a
bec lattice and reduced symmetry (Im3m). Figure 5(a) shows
the Rietveld refined x-ray diffraction (XRD) pattern of VTaN-
bAl at room temperature considering the A2-type structure
(Im3m) where all four atoms occupy the four Wyckoff po-
sitions with equal probability. The absence of both (111) and
(200) superlattice reflection peaks in the present case indicates
the possibility of A2 disorder. The measured cubic lattice
parameter is found to be 3.22 A, with a x2 value of 2.03. In
Heusler alloys, the chemical nature of the constituent elements
strongly dictates the type of structural ordering. The least
electronegative element has the tendency to occupy octahedral
sites [38], while, if they have similar electronegativities, they
compete to occupy the same site, which leads to the disorder.
The nearly similar electronegativities of Nb, V, Ta, and Al
(1.60, 1.63, 1.50, and 1.61, respectively) strongly suggest the
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possibility of A2-type disorder in VTaNbAl, which makes all
four sites equally probable to be occupied by the four atoms.

B. Magnetic properties

Figure 5(b) shows the magnetization (M) versus field (H)
at 5 K for VTaNbAl. In a completely ordered quaternary
Heusler alloy, the saturation magnetization follows the Slater-
Pauling (SP) rule [39], M; = N, — 18, where N, is the total
number of valence electrons. For VTaNbAl, N, is 18 and
hence M is expected to be zero. Figure 5(b) shows a negligibly
small saturation magnetization (~1073uz/f.u.), confirming
the FCF nature of this alloy. The thermomagnetic (M vs T')
curve [in the zero-field-cooled (ZFC) and field-cooled (FC)
mode] at H = 500 Oe is shown in Fig. S5 of SM [26], which
confirms a high magnetic ordering temperature (>300 K) for
VTaNbAL.

C. Transport properties

Figure 5(c) shows the resistivity (o) vs T data for VTaNbAlI
at 0 kOe. The inset shows the same plot at two different
fields (0 and 50 kOe), confirming a weak field dependence
and hence a negligibly small magnetoresistance value. In the
low-T range (T < 50 K), p first decreases with increasing T,
followed by a clear upturn. This feature may be attributed to
the disorder-induced weak localization effect [40,41], which
usually shows a T'/? dependence in the p expression. A
similar behavior has been observed in several Heusler al-
loys and is attributed to the disorder present in the system
[40]. In the low T regime (5 K < T < 50 K), the data fit
well with the following equation, p(T) = po + p(T) = pg —
AT'/? 4 BT?, where the T? term corresponds to one-magnon
or electron-electron scattering. The dominant contribution
however arises from the T'/? term. The values of pg, A, and
B were found to be 2.91 uQ2 cm, 0.0016(2) u2 cm K~'/2, and
6.5(4) x 107% u2 cm K2, respectively. For T > 50 K, the p
vs T curve reflects a metalliclike behavior up to 7' ~ 175 K,
above which it deviates from the linear behavior. A similar
sublinear resistivity behavior has also been observed in other
Heusler-based SGSs, such as CrVTiAl [42], and Mn,CoAl
films [43], and was attributed to an increase in the number
of carriers with increasing temperature. In other words, for
T < 175 K, the carrier density is constant and the resistiv-
ity is dominated by electron-phonon scattering, whereas for
T > 175 K, the carriers become thermally activated.

Figure 5(d) shows the variation of Hall conductivity with
field at 5 K. Despite the vanishing net magnetization, a finite
anomalous Hall effect (AHE) of about 20 S/cm is observed
in the high-field region, which is relatively smaller than our

simulated value. It possibly arises from the intrinsic Berry cur-
vature distribution of the Weyl points (see theoretical results).
A recent report on noncollinear antiferromagnets with zero net
magnetization indeed shows a large AHE which is proposed
to originate from a nonvanishing Berry curvature [44—46].
There are also other theoretical studies which predicted large
AHE in Weyl semimetals exhibiting a chiral anomaly [23].
In these cases, the anomalous Hall conductance (AHC) is
proportional to the separation between the Weyl nodes. As
such, unlike other antiferromagnets such as Mn3X (X = Ge,
Sn, Ga, Ir, Rh, and Pt) where the AHE originates from the
noncollinear magnetic structure [47], the AHE in VTaNbAl
possibly originates directly from the Weyl points.

V. CONCLUSION

We report a combined experimental and theoretical predic-
tion of a class of spin gapless semiconductors in VTaNbAL.
The system shows a fully compensated ferrimagnetic be-
havior with a unique band structure hosting rich topological
nontrivial features. Unlike conventional SGS, this class of
compound shows opposite spin characters in the valence and
conduction band edges, making them potential candidates for
spin valves and the anomalous Nernst effect. Interestingly,
VTaNbAl shows a reasonably large anomalous Hall effect
in spite of a a fully compensated moment, which possibly
arises from the intrinsic nonvanishing Berry curvature. Due
to the compensated ferrimagnetism, the time-reversal sym-
metry breaks, leading to the possibility of the formation of
Weyl nodes. Our ab initio simulation confirms the presence
of four pairs of Weyl nodes near the Fermi level leading to
the nonzero Berry curvature, and hence a large anomalous
Hall conductivity (~100 ! cm™"). The as-prepared sample
of VTaNbAl is found to crystallize in a cubic Heusler struc-
ture with an A2-type structure. A magnetization measurement
shows a negligibly small saturation moment (~1073u,/f.u.),
agreeing fairly well with our theoretical findings of fully
compensated ferrimagnetism. Resistivity (o) shows a metallic
behavior with the signature of weak localization in the low-
temperature regime. The overall T variation of p, however, is
very weak.
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