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� Innumerable spin gapless points
identified in the stable materials
Mg2VO4.

� Multiple nodal rings located exactly
at Fermi level with all hourglass
shape dispersions.

� Very clean spin gapless band
structures and nodal ring states with
no other band interferences.

� Strong robustness against both the
spin orbit coupling effect and strain
conditions.

� A novel concept of nodal ring spin
gapless semiconductor is defined.
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Introduction: Spin gapless semiconductors (SGSs) and nodal ring states (NRSs) have aroused great scien-
tific interest in recent years due to their unique electronic properties and high application potential in the
field of spintronics and magnetoelectronics.
Objectives: Since their advent, all SGSs and NRSs have been predicted in independent materials. In this
work, we proposed a novel type of material, nodal ring spin gapless semiconductor (NRSGS), which com-
bines both states of the SGSs and NRSs.
Methods: The synthesized material Mg2VO4 has been detailed with band structure analysis based on first
principle calculations.
Results: Obtained results revealed that there are gapless crossings in the spin-up direction, which are
from multiple topological nodal rings located exactly at the Fermi energy level. Mg2VO4 combines the
advantages inherited from both NRSs and SGSs in terms of the innumerable gapless points along multiple
nodal rings with all linear dispersions and direct contacts. In addition, Mg2VO4 also shows strong robust-
ness against both the spin orbit coupling effect and strain conditions.
Conclusion: For the first time, we propose the concept of an NRSGS, and the first such material candidate
Mg2VO4 can immediately advance corresponding experimental measurements and even facilitate real
applications.
� 2020 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

In recent years, spin gapless semiconductors (SGSs) and nodal
ring states (NRSs) have attracted tremendous research interest in
the condensed matter physics community due to their unique
electronic band structures [1–26]. For SGSs, a gap is present in
one spin channel, whereas the valence band maximum touches
the conduction band minimum exactly at the Fermi level in the
other spin channel, forming a gapless contact. The left panel of
Fig. 1 shows all the different types of SGSs. Due to these unique
band structures, SGSs have several interesting properties [27]: zero
energy consumption for electron excitation from the valence band
to the conduction band; very high electron mobility; and full spin
polarization of both electron and hole charge carriers. Thus, SGSs
have very promising applications in the fields of magnetoelectron-
ics and spintronics [4,6,7,28]. For NRSs, topologically protected and
symmetrically defined nontrivial linear band crossings are formed
by the valence bands and conduction bands near the Fermi level
[29,30]. These topological nodal states can induce very fascinating
phenomena in general relativity and high energy physics beyond
condensed matter physics, for example, artificial white/black holes,
gravitational lenses [31] and chiral anomalies [32]. Nodal rings are
characterized by closed nodal loops in the Brillouin zone, and sev-
eral typical nodal ring types are displayed in the right panel of
Fig. 1.

Since their advent, many SGSs and NRSs have been theoretically
predicted in both 2D and 3D materials, and a few of them have
been experimentally synthesized. However, as of now, the studies
on the two material states are all independent. Thus, a simple
question arises: is it possible to have these two properties together
in a single material? With this idea in mind, we proposed a novel
type of material, a nodal ring spin gapless semiconductor, which
combines the characteristics of both SGSs and NRSs in one mate-
rial, i.e., the nodal ring state is present only in one spin channel
with its linear crossing points exactly along the Fermi energy level.
Since NRSs have been reported in magnetic materials much less
compared with the nonmagnetic counterparts, the spin gapless
feature even further narrows down the possible material. We have
found one synthesized bulk material, Mg2VO4 [33], as a potential
candidate, and first principles calculations prove that it manifests
both the spin gapless semiconducting property and nodal ring
states. Furthermore, Mg2VO4 as an NRSGS exhibits multiple advan-
tages: (1) innumerable gapless band crossing points along multiple
nodal rings; (2) all nodal rings with hourglass shape dispersions,
Fig. 1. Different types of spin gapless semicond
which render the gapless crossings all linear dispersions and direct
contacts; (3) very clean spin gapless band structures and nodal ring
states with no other band interferences; (4) strong robustness
against both the spin orbit coupling effect and strain conditions.
Therefore, Mg2VO4 can serve as a promising material platform for
further studying the spin gapless semiconducting behaviour and
topological nodal ring states and can immediately advance corre-
sponding experimental measurements.
Computational methods

We performed first principles calculations with the Vienna Ab
initio Simulation Package [34,35] (VASP) based on density func-
tional theory [36]. The projector augmented wave (PAW) method
[37] is applied for the ionic potentials, and the Perdew-Burke-
Ernzerhof (PBE) functional [38] within the generalized gradient
approximation [39] (GGA) is selected for the exchange–correlation
potential. After an initial convergence test, a cut-off energy of
520 eV is selected for the plane-wave basis set, and a k point mesh
of a 12 � 12 � 12 Monkhorst-Pack grid is employed for the Bril-
louin zone sampling. The structure relaxation is reached until the
residual force is less than 0.001 eV/Å, and the self-consistent field
iteration convergence tolerance is set as a total energy difference
less than 1 � 10�6 eV. The DFT + U method [40] and the nonlocal
Heyd-Scuseria-Ernzerhof (HSE06) functional [41] have also been
utilized to further verify the electronic properties.
Results and discussions

The bulk material Mg2VO4 has been experimentally synthesized
[33] and it is confirmed to adopt a cubic structure with space group

Fm3
�
m (No. 227). Fig. 2 a) displays the primitive cell of Mg2VO4

with 14 atoms, including 4 Mg, 8O and 2 V. The two V atoms are
located in the centre of two tetrahedrons formed by O atoms. To
obtain the ground state of Mg2VO4 and also obtain the lattice
parameters, three magnetic arrangements have been considered:
the nonmagnetic (NM), ferromagnetic (FM) and antiferromagnetic
(AFM) states. In addition, to better describe the strong correlation
effect for the d electrons of V atoms, the DFT + U method is also
used with different Hubbard U values considered. The calculated
total energies and lattice constants are shown in Fig. 2 c). It is
clearly seen that the ferromagnetic state has the lowest energy
throughout the entire Hubbard U value scan, indicating that it is
uctors (left) and nodal ring states (right).



Fig. 2. Crystal structure of Mg2VO4 in terms of the primitive cell (a) and the first bulk Brillouin zone with high symmetry points and paths. Calculated lattice constants and
total energies (c) for the ferromagnetic (FM), antiferromagnetic (AFM) and nonmagnetic (NM) states under different Hubbard U values. Electronic band structures (d) of the
two spin channels along with atomic projections.
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energetically more favourable as the ground state. The obtained
lattice constants slightly increase with U simply because of the
stronger on-site Coulomb repulsion introduced at higher U values.
Overall, the optimized lattice parameters under different U values
have a very small variation (<1%) and match the experimental val-
ues (a = b = c = 5.931 Å) very well.

Based on the obtained lattice parameters and magnetic ground
state of Mg2VO4, we can further examine its electronic properties.
The electronic band structures have been calculated under differ-
ent U values and are further examined through the Heyd-
Scuseria-Ernzerhof (HSE06) functional. It is found that the result
at U = 2 agrees well with the HSE06 calculation (see Fig. S1 in
the supplementary material), and thus, we use it for the following
discussions. The spin-polarized electronic band structure is dis-
played in Fig. 2 d) along with element projections, and the corre-
sponding high symmetry points and paths are plotted within the
first Brillouin zone in Fig. 2 b). It should be noted that the spin orbit
coupling (SOC) effect has not been considered here because mainly
light elements are involved, and it will be discussed later. From the
band structure, the following features can be clearly observed: (i)
There are bands crossing at the Fermi level in the spin-up direction,
while a large gap of 4.36 eV is present in the spin-down channel.
(ii) The bands near the Fermi energy level are mainly contributed
by the V and O elements, and in particular, the bands crossing
the Fermi level in the spin-up channel are only from V. (iii) There
are several linear band crossings in the spin-up channel, and the
crossing points are all located at the Fermi level. (iv) The crossing
bands near the Fermi level in the spin-up direction are well sepa-
rated from other bands both above and below them.
Following the above discussion, we found that Mg2VO4 belongs
to the family of spin gapless semiconductors with a linear disper-
sion between the energy and momentum [42]. Compared with
other SGSs reported thus far [3,4,7,43,44], Mg2VO4 has multiple
advantages: (i) it is one of the experimentally synthesized SGSs
containing mostly light elements; (ii) it has much more gapless
points present than other SGSs; (iii) all crossing points have a lin-
ear dispersion; (iv) the energy band structures for the SGS beha-
viour are very clean in the sense that there are no other band
interferences. To better understand the origin of the gapless bands,
we plot the band dispersion of the spin-up channel around the
Fermi energy level in Fig. S1. Since the V atom mostly contributes
to this area, we further decompose the bands into orbital projec-
tions, and only the components of the d orbitals are considered
because the contributions of the s and p orbitals are negligible.
The projection weight is proportional to the coloured line width,
and it is found that all the gapless crossings are mainly formed
by the dxz and dyz orbitals of V atoms.

According to the locations of the gapless crossing points, they
can be divided into two groups: one in the C-K-W-X plane, see
the blue shaded area in Fig. 2 b), which we name the C plane,
and the other one in the L-K-W-U plane, see the green shaded area
in Fig. 2 b), which we name the L plane. Let us first consider the
three crossing points in the L plane: the first one is along the L-U
path; the second one is along the L-K path; and the third one is
along the L-W path. The former two crossing points have the same
distance from the L point. Since all these three points are located in
the same plane and formed by the same two bands, we speculate
that they are not isolated. To confirm this and obtain a clear idea



Fig. 3. Calculated three-dimensional energy band dispersion in the L plane (a). The transparent red mesh represents the conduction band dispersion, and the blue mesh
represents for the valence band dispersion, with crossing points highlighted by red dots. (b) Top view of the conduction band projection, with the white line indicating the
crossing ring position and the high symmetry points and paths overlaid. (c) High precision band dispersion scan along the evenly distributed path segments taken in (b). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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of their formation, we have performed a full scan of the energy
bands for the entire area in the L plane, and the calculated band
dispersion is shown in Fig. 3. The conduction band dispersion sur-
face touches the valence band dispersion surface exactly at the
Fermi energy level, see the corresponding half transparent red
and blue mesh surfaces in Fig. 3 a), and the crossing points form
a closed ring. The hexagonal coloured area in Fig. 3 b) corresponds
to the projection of the conduction band dispersion, with the gap-
less crossing points highlighted by the white line. To have a better
visualization, high symmetry points are also indicated. It is
observed that the gapless points indeed form a perfect circle with
the L point as its centre. Actually, this circle formed by the linear
gapless crossing corresponds to a nodal ring in topological material
[8,11,14,17,19,21–25,45–47]. It should be mentioned here that
there is generally a finite energy variation along a nodal ring, and
thus, we further examine the energy dispersion with very high pre-
cision along several path segments among the L-K, L-W and L-U
paths, as indicated by the black lines in Fig. 3 b). The calculated
band dispersions are accordingly shown in Fig. 3 c), and we can
see that all the gapless dispersions have a linear fashion and that
the crossing points are exactly at the Fermi level. The crossing
points are also marked as red dots in the original paths in Fig. 3
a), and their connections indeed form one-sixth of a full circle. Con-
sequently, it is confirmed that the gapless points in the L plane are
formed by the same band dispersion and that they form a nodal
ring located at the Fermi energy level. Moreover, it should be noted
that all the gapless band crossing points in the L plane enjoy an
hourglass type dispersion in the energy range from �0.1 to
0.1 eV, similar to Ni2C24S6H12 [48] and ReO2 [9].

Similarly, we now turn to the two gapless points in the C plane:
the first one is along the C-X path, and the second one is along the
C-K path, as shown in Fig. 2 d). To determine their formation
mechanism, we have also performed a full scan in the C plane,
and the obtained band dispersion is shown in Fig. 4 a). The conduc-
tion band dispersion contacts the valence band dispersion at the
Fermi level, and they also form a closed ring. Different from the cir-
cular shape found in the L plane, the ring in the C plane has the
shape of a rounded quadrangular star, as highlighted by the white
color line in Fig. 4 b). Similarly, this ring is also a topological nodal
ring, and the two gapless points actually correspond to only two
points along the line. According to this line, there should be
another gapless point along the C-W path. To confirm this and also
check the energy variation of the gapless line, we further
calculated the energy dispersions along several segment paths,



Fig. 4. Calculated three-dimensional energy band dispersion in the C plane (a). The transparent red mesh represents the conduction band dispersion, and the blue mesh
represents the valence band dispersion, with crossing points highlighted by red dots. (b) Top view of the conduction band projection, with the white line indicating the
crossing ring position and the high symmetry points and paths overlaid. (c) High precision band dispersion scan along the evenly distributed path segments taken in (b). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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see Fig. 4 b). The corresponding band shapes are displayed in Fig. 4
c), and we can clearly see that all the crossing points are at the
Fermi energy level. The gapless point connections form
one-eighth of the entire ring, as shown in Fig. 4 b). Thus, it is also
confirmed that the gapless points in the C plane are from the same
band dispersion and that they form a topological ring with the
shape of a rounded quadrangular star. In a smaller energy range,
the gapless band crossings also exhibit an hourglass type
dispersion.

Based on the symmetry of the lattice cell and its reciprocal
space, the gapless nodal rings should have counterparts in other
symmetrical planes. A careful scan was performed in the entire
Brillouin zone, and all the gapless lines were identified and are
plotted in Fig. S3. There are two other planes symmetrical to the
C plane in the vertical direction, and nodal rings have also been
found, see Fig. S3 a). For the L plane, there are seven other symmet-
rical planes (they compose all the eight hexagonal areas on the sur-
face of the Brillouin zone), and nodal rings have all been found, see
Fig. S3 b). Not only are the shapes of the nodal rings distinct from
those of these two symmetrical plane systems, but also, their loca-
tions are also very different: the three blue lines are all inside the
Brillouin zone, and more interestingly, there are six intersection
points in total between each two of them; the eight circles are
all on the surface, and they are all symmetrical between each
other. All the points along the nodal rings have double degeneracy
except the six intersection points with fourfold degeneracy. The
former double degenerate lines correspond to the Weyl nodal
rings, and the other six fourfold degenerate points form the Dirac
nodal points.

As previously mentioned, Mg2VO4 contains mostly light ele-
ments, and the SOC strength is expected to be relatively weak. This
can be assessed by the electronic band structure calculated with
the SOC effect. As shown in Fig. S4, all the gapless points have been
opened up under the consideration of the SOC effect, which is very
common for most nodal ring topological materials [45,49,50].
However, all the gaps are very small, actually much smaller than
the most of those for the known nodal ring materials; therefore,
the SOC effect in the current material can be safely neglected. In
addition, strain conditions are also considered because they often
occur during material preparation and processing and are even fre-
quently used for structural engineering, such as thin film epitaxy
and heterojunction combination. This would also have an impact
on the electronic properties, particularly the spin gapless feature
and nodal ring states. Thus, we have also evaluated the structural
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strain effects on the electronic band structures of Mg2VO4 by sim-
ply applying uniform hydrostatic pressure on the materials. The
obtained results are reported in Fig. S5, and it is found that the
energy bands have almost no variation and that the spin gapless
behaviour and nodal ring states are well maintained under the cur-
rently studied pressure range from 1 to 3 GPa. Finally, we investi-
gated the dynamic and mechanical stabilities of Mg2VO4 with DFT
calculations, and detailed results are included in the supplemen-
tary material. It is verified that Mg2VO4 is both dynamically and
mechanically stable. Several mechanical parameters have been
computed, and their direction dependences have been assessed,
which clearly reveal that Mg2VO4 has relatively small mechanical
anisotropy. This could be quite important for practical applications
in different device structures, such as heterojunction formation.
Conclusion

In this work, we have proposed a new concept of an NRSGS,
which combines characteristics inherited from both NRSs and
SGSs. Mg2VO4 is selected as the first candidate material. First prin-
ciples calculation results revealed that this material has a ferro-
magnetic ground state, and the obtained lattice parameters
match the experimental measurements very well. The spin-
polarized band structures characterize it into the family of spin
gapless semiconductors: there are multiple gapless points present
in the spin-up channel, whereas a very large energy gap of 4.36 eV
exists in the spin-down channel. A full scan of the energy disper-
sion in the Brillouin zone was performed, and it has been found
that the gapless points are from multiple topological nodal rings.
Thus, Mg2VO4 can be regarded as a new member of spintronic
materials, nodal ring spin gapless semiconductor, and it can com-
bine the advantages of the two material types together: innumer-
able gapless crossing points along multiple nodal rings; hourglass
shape dispersions for all nodal rings, which render the gapless
crossings all linear dispersions and direct contacts; very clean spin
gapless band structures and nodal ring states with no other band
interferences. The spin orbit coupling effect was further examined,
and it has a negligible impact on the spin gapless nature and nodal
ring states because this material has mostly light elements. Strain
conditions were considered, and it has been found that the gapless
behaviour is very robust against uniform hydrostatic pressure in
the studied range. Finally, the mechanical and dynamic stabilities
of Mg2VO4 were also confirmed, and the directional dependences
revealed that Mg2VO4 has relatively small mechanical anisotropy,
which is very suitable for the formation of different device struc-
tures. Overall, the currently presented nodal ring spin gapless
semiconductor Mg2VO4 has already been synthesized and can
immediately inspire corresponding experimental measurements.
Moreover, since there a variety of nodal ring shapes in topological
materials, we expected new topological nodal ring spin gapless
materials to be found with the increasing scientific interest and
expanding research effort.
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