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Materials with spin-polarized electronic states have attracted a huge amount of interest due to their
potential applications in spintronics. Based on first-principles calculations, we study the electronic
characteristics of a series of AB,Xs chalcogenide spinel structures and propose two promising
candidates, VZn,O4 and VCd,S, that are spin-polarized semimetal materials. Both of them have
ferromagnetic ground states. Their bands near the Fermi level are completely spin-polarized and form
two types of nodal rings in the spin-up channel, and the large gaps in the spin-down channel prevent

Received 31st January 2022, the spin-flip. Further symmetry analysis reveals that the nodal rings are protected by the glide mirror or

Accepted 6th May 2022 mirror symmetries. Significantly, these nodal rings connect with each other and form a nodal chain
structure, which can be well described using a simple four-band tight-binding (TB) model. The two

ternary chalcogenide spinel materials with a fully spin-polarized nodal chain can serve as a prominent
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1 Introduction

Since the discovery of topological insulators, topological states
of matter have attracted a lot of interest because of their
extraordinary transport, magnetic, and optical properties."®
Topological semimetals are materials that exhibit nontrivial
band crossings near the Fermi level and can be classified
according to the dimension and distribution of the crossing
points: nodal points (zero-dimensional), nodal lines and nodal
rings (one-dimensional), and even nodal surfaces (two-
dimensional).® Interestingly, the nodal line can be twisted
into a number of shapes, resulting in more complicated topo-
logical phases such as nodal chain, Hopf-link states, and nodal-
net.14_17

Topological semimetals have already been identified in a series
of materials, including IrF,,"® Ba;Si,," carbon networks,"* and
B-cristobalite BiO,.>° The majority of them, however, are non-
magnetic, whereas magnetic semimetals appear to exhibit exotic
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platform in the future applications of spintronics.

features such as tunable nodal points and the anomalous Hall
effect. Initially the pyrochlore iridate Alr,0, (A is Y or a rare-earth
element) was proposed to be a magnetic topological semimetal,>
and later the ferromagnetic (FM) material HgCr,Se, was proposed
to be a novel Weyl semimetal.”” Soon after, HgCr,Se, has been
experimentally confirmed as a half-metal by Guan et al*
Recently, more materials having magnetic topological properties
have been proposed. For example, LiV,F¢ has been theoretically
demonstrated to be a Weyl monoloop half-semimetal,** and Li,
(FeO;),”® has been proposed as a half-semimetal material with
two independent Weyl loops. The Dirac line-nodal half-semimetal
penta-X,Y (X =N, C and Y = B, C, P) was proposed,®® and CaFeOj
was theoretically predicted to have line-surface electronic states.’
Type-II spin-polarized nodal lines exist in quasi-two-dimensional
compounds X,YZ, (X = K, Cs, Rb, Y = Cr, Cu, Z = Cl, F),”” and
nodal points, lines, and surfaces coexist in quasi-one-
dimensional compounds XYZ; (X = Cs, Rb, Y = Cr, Cu, Z = C],
1).>® The spin-polarized Dirac point, triply degenerate nodal
point, nodal loops, and nodal surface coexist in the anti-
ferromagnetic (AFM) electride Ba,Al;-e .

Due to its various applications, the ternary chalcogenide
spinel family is well-known and has been extensively researched
for decades.'” They have a face centered cubic structure and are
represented as AB,X,, where A and B are metal atoms that center
the X (chalcogens) tetrahedrons and octahedrons, respectively.
Almost all main group and transition metal elements may be
synthesized in a stable spinel form, resulting in a diverse range
of elemental compositions, electronic configurations, and
valence states.**”" Due to these features, the spinel has a wide
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range of magnetic, electrical, optical, and catalytic properties.’*™*
Until now, a series of spinel materials, including HgCr,Se,,
VMg,0,, LiV,0,, FeAl,0,, and NiAl,0,,%*?”7° have been theoreti-
cally predicted to have the fully spin polarized electronic states.
Transition metal spinels always have various tunable magnetic
properties, which is significant for spintronic applications. Their
established synthesis technology lends themselves to spintronic
studies as well. Therefore, exploring ideal spinel structures with
fully spin-polarized electronic states is beneficial for spintronic
experimental research and potential applications.

In this work, we find two spinel structures, VZn,0O, and
VCd,S,, which have completely spin-polarized electronic states
near the Fermi level. In their spin-up channel, they have a series
of band crossings that belong to two different types of nodal
rings and are protected by mirror or gliding mirror operations.
We discovered that these rings form a chain-like structure. The
nontrivial topological properties of the nodal chains are con-
firmed by the surface states. Only small gaps are opened after
considering spin-orbit coupling (SOC). Hence, our work reveals
a promising material platform for studying the fundamental
physics of the fully spin-polarized nodal-chain, which also
possesses great potential for future spintronic applications.

2 Method

The first-principles calculations were performed by using the
Vienna Ab initio Simulation Package (VASP) within the framework
of density functional theory (DFT).***? In our calculations, we
used the projector augmented wave (PAW) method and the
Perdew-Burke-Emzerhof (PBE) exchange-correlation interaction
within generalized gradient approximation (GGA).****™** The
cutoff energy was set to 600 eV and a 15 x 15 x 15 I'-centered
k-point mesh was used. The force and energy convergence criteria
were set to —0.001 eV A~ and 107 eV, respectively. The phonon
dispersion was obtained by using the PHONOPY code.*® Because
of the Coulomb interaction effects, the GGA+U method was
applied within the rotationally invariant DFT+U approach
proposed by Dudarev et al.*” and the effective U value (Uegs = U
- J) for vV was set to 4 eV. The Wannier90 and WannierTools

©0/S ©Zn/Cd

Fig. 1
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packages*®*® were used to construct the maximally localized
Wannier functions (MLWFs) for the energy bands close to the
Fermi level and to calculate the local band gap and surface states,
respectively.

3 Results and discussion
3.1 Materials discovery

In this paper, we examine a series of spinel materials with the
chemical formula AB,X,, where B can be Ag, Cu, Cd, Al, Ga, Ti,
Ni, Ge, Hg, In, Zn or Y, A is the element of V, Mn, Fe, or Co, and
X is O or S. Because most synthesized spinels have FM ground
states, we first relaxed the crystal structures and calculated their
band structures in the FM state. Table S1, ESI,f summarizes
their lattice constants, magnetic moments, and spin-polarized
properties. According to their band structures, the most promis-
ing candidates with spin-polarized semimetal states are VZn,0,
and VCd,S,. Therefore, we mainly study these two materials.

3.2 Magnetic properties and structural stability of VZn,0, and
VCd,S,

The crystal structures of VZn,O, and VCd,S, are shown in
Fig. 1(a) and (b), respectively. The V atoms are centered in the
O tetrahedron, and Zn or Cd atoms are located at the centers of
the O octahedron. Both of them belong to the space group
Fd3m (No. 227). Their lattice constants are 8.534 A and
10.778 A, respectively. According to Bader charge analysis,
the O atom gains 1.12(0.84)|e|, the V atom loses 1.97(1.54)|e]|,
and the Zn(Cd) atom loses 1.25(0.92)|e|. Therefore, the charge
transfer from V to O is greater than that in Zn(Cd). We have
further confirmed their magnetic ground states by computing
the energies of the FM and AFM configurations, as shown in
Fig. S1, ESL{ The results show that the FM configuration is the
most stable, with an energy of 70.3(86.2) meV per V atom lower
than that of the AFM state in VZn,0, (VCd,S,). The magnetic
moment per primitive cell in the FM ground state is 2 ug, which
is primarily contributed by V atoms with a low-spin electronic
configuration (V| | 1). Therefore, all of the material properties
listed below are calculated from their FM ground states.

Ov

(a) Primitive cell and (b) conventional cell of VZn,04 and VCd,S,. (c) BZ and the corresponding high-symmetry paths in the first Brillouin zone.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Phonon dispersions (a) for VZn,O4 and (b) for VCd,S4. Their energy evolutions obtained by MD at 300 K for 6 ps (1 fs per step) are shown in (c) and

(d), respectively.

Despite the fact that a large number of similar materials
with the same crystal structure have been synthesized, the two
spinel materials have yet to be synthesized in experiments. We
will investigate their stability with the experimentally synthe-
sized spinel material in the following section. To demonstrate
their stability, we firstly calculate the cohesive energies (E.) of
VZn,0, and VCd,O0,. The results are 4.23 eV per atom and 2.86
eV per atom, respectively. In addition, we also calculate the E.
of experimentally synthesized ZnV,0,.>" The value is 3.72 eV
per atom, which is comparable to those of our structures,
indicating that they have the potential to be synthesized. The
phonon dispersions are calculated as well, and the results are
shown in Fig. 2(a) and (b). The absence of imaginary frequency
reveals that they are kinetically stable. Their first-principles
molecular dynamics (MD) simulations are performed by using
a2 x 2 x 2 supercell [see Fig. 2(c) and (d)]. The evolutions of
total energies prove that the two materials are thermodynami-
cally stable. Furthermore, as shown in Table S2, ESI,{ the linear
elastic constants and Young’s moduli computed using the
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stress vs. energy method meet the Born-Huang criteria (Cq; —
Ciy > 0, Cyy + 2Cq, > 0, Cyy > 0),°% indicating that they are
mechanically stable.

3.3 Electronic properties

Here we focus on the electronic properties of VZn,0, and VCd,S,.
Their band structures without SOC are depicted in Fig. 3. Both of
their electronic states near the Fermi level are entirely spin-
polarized. The bands in the spin-up channel cross the Fermi
level and show metallic properties, while the bands in the spin-
down channel exhibit insulating characteristics with a large gap
of 3.38 eV in VZn,0, and 2.02 €V in VCd,S,. The bands around
the Fermi level have hourglass dispersion along the high sym-
metry lines and form many crossing points. Their total and
projected density of states are also shown in Fig. 3(a) and (b),
respectively, and the results demonstrate that V atoms contribute
the majority of their half-metallic bands near the Fermi level.
The orbital-resolved band structures in Fig. 4(a) indicate that
the V-d. and V-de_, orbitals contribute the most to the
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Fig. 3 Electronic states of VZn,O4 and VCd,S4 without SOC. (a),(b) The energy band structures of them. Blue(red) lines represent spin-up(spin-down)
states. The large gaps of the insulating spin-down channels are 3.38 eV and 2.02 eV, respectively. The corresponding density of states are also presented.

All Fermi levels are set to zero.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Orbital-projected band structure of VZn,O4, including the V-d,-
orbital (green) and the V-d,2_,2 orbital (orange). (b and c) The local band
gap for VZn,O,4 between the CBM and the VBM in the k, = 0 (X—-I'-W)
plane and the I'-X-U plane, respectively.

conduction-band minimum (CBM) and valence-band maximum
(VBM) of VZn,0,, but there are more orbitals that contribute to
the low-energy electronic states of VCd,S, [see Fig. S2(a), ESIt]. The
local band gaps between the CBM and VBM are calculated (as
shown in Fig. 4 for VZn,O, and Fig. S2, ESL,T for VCd,S,). It can be
seen that the band crossings are not isolated, and they combine to
form two different types of closed loops. We use the abbreviation
NR; to represent the nodal ring that includes the crossing points on
the paths of I'-K, W-T', and I'-X and centers around the I" point in
the k, = 0 plane. On the other hand, NR, represents the nodal ring
centered around the X point in the I'-X-L plane. Although a band
crossing appears in the L-K path, it seemingly belongs to a new
nodal ring in the L-I'-K plane, which also contains the crossing in
the I'-K path. After analyzing the symmetry property of the space
group Fd3m, we discover that the I-I'-K and I'-X-L planes are
equivalent, and the new nodal ring is equivalent to NR,.

In order to decide whether the nodal rings are accidental or
symmetry-protected, we further analyze their symmetries by calcu-
lating the irreducible representations (irreps) of the Bloch states
around these crossing points (as shown in Fig. S3, ESIT). As a
result, we find that the NR; in the k, =0 plane is under the
protection of the glide mirror operation G;(x, y, z2) — (x + 1/4,
y + 3/4, —z + 1/2), which can be verified by the corresponding
opposite sign of glide eigenvalues. Similarly, the NR, in the
I'-X-L plane is protected by the mirror operation Gioy:(x, ¥, 2) —
(2, y, x) (Fig. S3, ESIY). The glide or mirror eigenvalues are used to
illustrate the formation of hourglass dispersion in the planes of
I'-K-W-X and I'-X-U-L [see Fig. S4, ESIf]. These two planes are
invariant planes of G;(x, y, z2) — (x + 1/4,y + 3/4, —z + 1/2) and
Gioilx, 3, 2) = (2, ¥, x), respectively. The eigenvalues of the
corresponding operations can then be used to label the Bloch
states in these two planes. Here we use the representative paths
W-T" and X-L to demonstrate them. As shown in Fig. S4(b), ESL¥
the four bands around the Fermi level form an hourglass disper-
sion. According to the ‘Bilbao Crystallographic Server™* website’s
little group representation of the space group Fd3m, only two
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two-order single-values representations exist at W (W; and W,).
However, there are four one-order (I'y, I'1, I'3, and I'y), two two-
order (I'; and I'3), and four third-order (I'y, I'y, I's, and I's) single-
valued representations at I'. Using the wavefunctions from VASP,
we find that the representations at W (I') are W; and W, (I'; and
I';) and all of them are double-degenerate. Because the W-I" is
located on the invariant plane, the glide eigenvalues must be

in| —hi+zky

+e <2 2 ) [where (ky, ky, k) is the fractional coordination of
the k-points on the I'-K-W-X plane], which indicate that the sign of
the eigenvalues would be changed when k& moves from W to I'. By
replacing the coordinates with the above eigenvalues, we obtain the
glide eigenvalues at W and I, as shown in Fig. S4(b), ESL.1 Because
the double-degenerate states have opposite signs at W, the degen-
erate states at I" have the same glide eigenvalues. Because the band
evolution along W-I" must be smooth, the two eigenspaces must
be exchanged, resulting in hourglass dispersion. A similar argu-
ment can be applied to X-L with the operator of Gi,;. However,
because this operation does not involve fractional translation, the
eigenvalues in the whole plane must be +1 or —1.

Due to the cubic symmetry of the two materials, other
equivalent rings can appear on the equivalent planes, for
example, similar nodal rings NR; can appear in the planes of
ke = 0, k, = 0. Surprisingly, we find that NR; and NR, are not
isolated but share the same nodal points in the paths of I'-K
and I'-X, and form a chain-like band crossing structure in BZ in
the spin-up channel, as shown in Fig. 5(a).

To further illustrate the topological properties of the nodal
chain, we calculated the Berry phase with the help of MLWFs.
As shown in Fig. S5, ESL,t the Berry phase is 7 (0) if the k-loop
passes through NR; or NR, (NR; and NR,), which are the typical
characteristics of a nodal chain. Nodal chains that are topolo-
gically protected always lead to nontrivial surface states. The 2D

(@)

MAX

©

.
~ L

= = MIN

LK

Fig. 5 (a) Schematic illustration of NRs in bulk BZ. The NR; is represented
by purple rings, while the NR; is shown by green or dark yellow rings. The
blue dots represent the band crossings along the high symmetry path that
are shared by the two kinds of NRs. (b) The top view of 2D BZ and NRs. (c)
The surface states along a slice path [cut in (b)]. The purple (green) arrow
indicates the surface state that comes from NRy (NR5).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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projection of bulk BZ onto the (001) plane and the related high-
symmetry points are shown in Fig. 5(a). Fig. 5(b) shows the
projection of a portion of the nodal rings. We chose a path cut
in the projected 2D BZ to investigate the nontrivial surface
states, and the electronic local density states are shown in
Fig. 5(c). The surface states demonstrate that the nodal chain’s
two types of nodal lines are topologically nontrivial.

Recently, several spinels with nodal net states have been
proposed. Here we compare their nodal states with VZn,0, and
VCd,S,, including LiV,0,, FeAl,0, and NiAl,0,, MgV,0, and
Mg,V0,.>”*?* They have a half-semimetal electronic state near
E¢, which is the same as our two materials. When compared to
the nodal lines in VZn,0, or VCd,S,, the size of NR, for LiV,0,
is clearly different, resulting in the band crossing of the I'-K
path disappearing and the band structure also being different.
Despite the fact that FeAl,O, and NiAl,O, have been proposed
as having nodal chain states, the energy ranges of their band
crossings near E; are too broad and are disadvantageous to
analyze the topological characters and surface states. However,
the dispersion of the crossing points for VZn,0, and VCd,S, is
small, making experimental detection much easier. The mag-
netic ground state of MgV,0, is AFM, with spin-polarized flat
band states under a ferromagnetic state, as opposed to our
ferromagnetic ground states and half-metallic nodal chains.
Because Mg,VO, has a similar atomic occupation to our two
materials, its nodal chain is similar to our two materials.

3.4 Tight-binding model

In this section, we construct a tight-binding model based on the
Slater-Koster method> to understand the formation of the nodal
chain. As observed in the orbital-projected band structures with-
out SOC, the d,>_,» and d.. orbitals of V atoms contribute the
most to the four isolated bands around the Fermi level for
VZn,0,. Therefore, we use them as the basis to construct a
four-band tight-binding model. A Hamiltonian considering the
d-d hopping until the next-nearest neighbor is given by

2
H = Zs,——i-z <ZE}}C,TC,-+H-C> (1)
7 =1 \7j

Ey, = %(lz - mz)z(ddalﬂ) + [12 +m? — (12 - mz)z] (ddn")
1 2 .
+ {nz + (P = nr) } (ddé"),
v ! SR BE S e S .
El, = 5\/5(/ —m ){n _E(l +m )} (dde")

V3R~ P) () + 3V/3(1 4+ ) (P ) (4,
by = [n2 - %(12 + mz)} 2(dda") + 31 (> + m?)(ddn")
+ %(12 +m?)?(ddo"),

)
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Table 1 The parameters of the TB Hamiltonian for VZn,O4
Onsite energy e 0.012 eV
Nearest neighbor ddn’ —1.097 eV

dds’ 1.869 eV

dde? —0.555 €V
Next nearest neighbor ddn* —0.045 eV

dds® 0.257 eV

where ¢; is the on-site energy at the ith site. r = 1 and 2 denote the
nearest hopping and the next-nearest hopping interactions,
respectively. cj (¢;) is the creation (annihilation) operator of
electrons at site i (j). Ej is the n-hopping coefficient between
the ith and jth sites. [, m, and n represent the directional cosine of
R;; along the three directions x, y, and z, respectively. ddo, ddm,
and ddd are independent parameters in the SK method. Because
of the double degenerate energy bands along the L-I" path, the
on-site energies of the d,._,» and d. orbitals must be equal.
Besides, after considering the concrete structure of VZn,0,, we
find that ddc' vanishes in the final expressions of hopping
parameters. As a result, there are six independent parameters
in the TB model. After fitting the first-principles energy bands, we
obtain the values of these parameters, and they are listed in
Table 1. The band structures computed by the TB model
Hamiltonian correspond well with those derived using DFT, as
shown in Fig. 6(a). Further calculations reveal that the TB model
shares the same topological properties with the MLWFs.

3.5 Robust semimetal states and the effect of SOC

Because the spinels have not been synthesized, there are no
experimental data about their electronic structures. Here we
investigate how electronic correlations affect the half-
semimetal states. The energy band structures and the evolution
of the VBM, CBM and gaps with the U range from 0 to 6 eV are
calculated, as shown in Fig. S6, ESIL,i and Fig. 6(b). When the
U value increases, the energy values of the VBM and CBM

(a) 10 1 1 (|
- l ([
2 0sr I /JI\\\ L yZ
< -— | %.
g | T
= -0.
-1.0
6 6
(b) ©
4 4
2, 2,
& &
) 50
= =
22 -2
- -4
4 0 2 4 6 6 4 -2 0 2 4 6
Values of U (eV) Strains (%)
Fig. 6 (a) Four isolated bands from the DFT calculation and TB model. (b)

and (c) The values of the VBM (red), CBM (blue), and gap (green) of VZn,O4
in the spin-down channel with U shifted or under a series of hydrostatic
strains.
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increase, but the band gaps of spin-down bands do not change
significantly. Moreover, the crossing points remain around the
Fermi level with varying U.g The results reveal that the half-
semimetal characters are insensitive to electron correlation.

Finally, we examine how the external strain and SOC affect
the energy band structures of these two materials. As shown in
Fig. 6(c), the band gaps of the spin-down bands become smaller
with increasing lattice constants, but they are still insulated
and the semimetal states around the Fermi level are still well
preserved (Fig. S7, ESIT). The band structures with SOC are
presented in Fig. S8 (ESI{). We find that all opened gaps are
below 10 meV, which means they can always be neglected at
room temperature.

4 Conclusion

In conclusion, we proposed two spinel materials with nontrivial
spin-polarized semimetal states: VZn,0, and VCd,S,. Both of
them have FM ground states and are kinetically and mechani-
cally stable. The band crossings around the Fermi level belong
to two kinds of fully spin-polarized hourglass nodal rings and
they are, respectively, protected by the glide operation G, and
mirror operation Gjo; (or their equivalent operations). The
nontrivial properties are also verified by their nontrivial surface
states. Remarkably, we find that the two kinds of nodal rings
link together and form a chain-like structure. When SOC is
included, negligible gaps are opened for the semimetal states.
The band crossings are also well retained under various Ueg
values and external strains. These two spinel materials provide
an excellent platform for studying the topological semimetal
states of ferromagnetic systems.
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