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Possibility of fully spin-polarized nodal chain state in several spinel half metals
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Nodal-chain fermions, which are novel topological states of matter, have been hotly discussed in the field
of nonmagnetic materials. Here, by using first-principles calculations and symmetry analysis, we propose the
realization of a fully spin-polarized nodal chain in several spinel half metals, including LiV,04, VMg, Oy,
FeAl,Oy4, and NiAl,O4. In these materials, the ferromagnetic state takes on a half-metal band structure, and
only the bands from the single channel are present near the Fermi level. Taking LiV,0, as an example, we show
how the crossing of bands in the spin-up channel forms two types of nodal loops. These nodal loops arise from
band inversion and are under the protection of the glide mirror symmetries. Remarkably, we find that the nodal
loops join with each other and form a chainlike nodal structure. Correspondingly, the w-shaped surface states are
also fully spin-polarized. The fully spin-polarized nodal chain identified here has not been proposed in realistic
materials before. An effective model is constructed to describe the nature of the nodal chain. The effects of
the electron correlation, the lattice strains, and the spin-orbit coupling are discussed. The fully spin-polarized
bulk nodal chain and the associated nontrivial surface states for a half metal may pave the way for additional

applications in spintronics.
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I. INTRODUCTION

Topological semimetals have attracted a tremendous
amount of attention recently because of their potential ap-
plications in various fields. They also provide a feasible
bridge to investigate the novel characteristics of high-energy
particles [1-10]. In topological semimetals, the crossings
between valence and conduction bands can show different
dimensionalities, thus different types of topological semimet-
als can be formed with hosting nodal points (such as
Dirac/Weyl points) [11-18], nodal lines [19-25], and nodal
surfaces [26—29]. Nodal lines have many nodal structures.
For example, one single nodal line can either traverse the
whole Brillouin zone (BZ) or form a closed loop without
penetrating the BZ, as distinguished by the Z3 index [30].
For another example, a nodal line can be classified as type-I,
type-II, critical-type, or hybrid line according to the slope of
the crossing bands [30-33]. In addition, when multiple nodal
lines coexist in the Brillouin zone, they can form different
configurations, such as crossing loops, a nodal net, a nodal
box, a Hopf link, and a nodal chain [34-43]. Recently, nodal-
chain semimetal has been hotly discussed [39,40,44-52].
They contain a chain of connected loops in momentum space,
and the connecting points are under the protection of special
symmetries.

Compared with their nonmagnetic counterparts, magnetic
topological semimetals are attracting increasing attention at
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present because they are special in several aspects. From a
fundamental physics point of view, time-reversal symmetry
(TRS) is broken in a magnetic system. For example, TRS-
breaking Weyl semimetals are distinct, and to some degree
they are simpler than inversion-symmetry-breaking semimet-
als due to their nonzero anomalous Hall conductivity. In
addition, there is the potential to contain at least one pair of
Weyl points in the Brillouin zone [53-61]. Also, the symmetry
is dependent on the magnetization direction in a magnetic
system. As a result, an alternative topological phase transition
may result from shifting the magnetic symmetry, which is
controlled by an external magnetic field [62-65]. Magnetic
topological semimetals are also desirable from an application
point of view because they have the potential to be applied in
spintronic devices. A series of magnetic topological semimet-
als with variable fermionic states have been proposed [66—69].
In an ideal situation, the topological fermions have 100% spin-
polarization, and such fermions are termed topological half
metals. The compounds HgCr,Se4 [70] and Co3Sn,S, [53]
are examples of Dirac/Weyl half metals; Li3(FeOs), [71],
tetragonal B-V,POs [62], and MnN monolayer [72] are
examples of nodal loop half metals; and CsCrX; (X =
Cl, Br, I) are examples of nodal surface half metals [29].
Unfortunately, we have not seen any reports on nodal chain
half metals. Previously, nodal chains were mostly proposed
in nonmagnetic materials [39,46-52]. The Heusler com-
pound Co,MnGa is almost the only example of a magnetic
nodal chain semimetal composed of multiple types of nodal
chains [40]. Unfortunately, this material is not a half metal,
and the transports for nodal chains are not fully spin-
polarized. Thus, it is highly desirable to explore a nodal chain
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half metal that is composed of a fully spin-polarized nodal-
chain fermion.

In the present work, we report on several existing spinel
compounds, including LiV,04, VMg,04, FeAl,O4, and
NiAl,O4, which are all nodal chain half metals. The band
structures of these compounds exhibit insulating properties in
one spin channel, and metallic properties in the other. Using
the ferromagnetic (FM) state of LiV,0y as a prototype system,
we study the band topology of these spinel half metals. In
LiV,0,, the conduction and valence bands in the spin-up
channel cross with each other, which generates a fully spin-
polarized nodal chain. The nodal chain is made from two
types of nodal loops, and it is protected by the glide mirror
symmetries. We built an effective model that well describes
the mechanism of a nodal chain. Furthermore, the nodal chain
is found to be robust against electron correlation effects and
lattice strain. The spin-orbit coupling (SOC) effect on the
nodal chain is discussed. This work suggests that these spinel
half metals are a good material platform through which to
investigate the fundamental physics of nodal-chain fermions
in ferromagnets.

II. METHODS

In this work, we perform first-principles calculations by
using the Vienna ab initio Simulation Package (VASP) [73],
based on density functional theory (DFT) [74]. The valence
electron configurations of Li(2s'), V (3d%4s?), O(2s*2p™),
Mg (35%), Fe (3d%4s?), Al (3s*3p'), and Ni (3d%4s?) are ap-
plied, and the projector augmented wave method is adopted
for the interaction between the valence electrons and the ionic
core potentials [74]. During calculations, the cutoff energy is
set as 600 eV. The Brillouin zone is sampled by a Monkhorst-
Pack k-mesh with a size of 15x 15x 15. To optimize the lattice
of these spinel compounds, the force and energy convergence
criteria are applied as 0.01 eV/A and 10~ eV, respectively.
To account for the correlation effects for V, the GGA+U
method is applied to describe the Coulomb interaction [75].
The effective U values for V, Fe, and Ni are set as 4 eV to
investigate the topological band structure, and the conclusions
will not change when the U values are slightly shifted. The ir-
reducible representations of the electronic states are obtained
by using the IRVSP code [76]. The surface states are calculated
by using the WANNIERTOOLS package [77].

III. CRYSTAL AND MAGNETIC STRUCTURES

The spinel compounds LiV,04, VMg,04, FeAl,04, and
NiAl,O4 focused on in this work have similar crystal and
band structures; hence, in the following we take LiV,04 as
an example to investigate the band topology. The LiV,04
compound is an existing material, and it was synthesized
as early as 1960 [80]. In former experiments, LiV,04 crys-
tals were synthesized via different methods. For example,
polycrystalline samples of LiV,04 can be synthesized via
a solid-state reaction from the starting materials LizVOy,
V,03, and V,0s [78]. Recently, single crystals of LiV,04
were successfully grown using the flux method at the 69:26:5
molar ratio of LiCl/Li;MoQO4/LiBO; [79]. In particular, the
grown single crystals of LiV,04 can possess both high quality

(b)

FIG. 1. (a) The conventional and (b) the primitive unit cell of
crystal structure for LiV,0y. (c) The corresponding Brillouin zone
with the considered high-symmetry paths.

and large size, which greatly favor their further experimental
characterizations. It crystallizes in a normal spinel struc-
ture with the nonsymmorphic space group Fd3m (No. 227).
Figure 1(a) shows the crystal structure of LiV,04. In the
crystal structure, the bonding between V and O atoms forms
a V-Og octahedral local structure, and the bonding between
Li and O atoms forms an Li-Oy4 tetrahedral local structure.
The cubic unit cell contains 56 atoms, with 32 O atoms oc-
cupying the 32e (u, u, u) Wyckoff position, 16 V atoms at
the 16d (0.5, 0.5, 0.5) Wyckoff position, and 8 Li atoms at
the 8a (0.125, 0.125, 0.125) Wyckoft position. One unit cell
contains four primitive cells, and the primitive cell formed
from LiV,0y is shown in Fig. 1(b). After lattice optimization,
the optimized value for “u” is 0.261, and the ground lattice
constants are a = b = ¢ = 8.465 A, in good agreement with
former computational and experimental values [80—82]. In the
following band-structure calculations, we apply the optimized
lattice structure. Note that the conclusions of this work will
not change when the experimental structure is applied.
Because of the unoccupied d shells in the transition-metal
V element, there may be a magnetism moment in LiV,0;.
Here we determine the ground magnetic configuration by
comparing the total energies among different magnetic states,
which include ferromagnetic (FM), nonmagnetic (NM), and
antiferromagnetic (AFM) states. In each magnetic state, we
have considered the three magnetization directions with the
highest potential in the cubic system, including the [001],
[110], and [111] directions. The obtained energies for all the
magnetic configurations are summarized in Table I. It can be
clearly found that FMo1; has the lowest energy. Therefore,
from our calculations, the ground magnetic configuration of
LiV,0,4 is FM, and the magnetic moment ordering is along
the [001] direction. We have also estimated the ground mag-
netic state of VMg, 04, FeAl,04, and NiAl,O4, and we found
that the FM states have the lowest energy among different
magnetic configuration. The calculated results are consistent
with the experimental results [83,84]. High-quality FeAl,O4
samples synthesized with urea exhibit typical ferromagnetic
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TABLE I. Total energy E\ per unit cell (in eV, relative to that of
the FMy; ground state), as well as magnetic moment M (in units of
wp) per V atom. The values are calculated by the GGA+SOC method
withU = 4.0 eV.

FMoo1 FMij o FMi;r AFMgy  AFMip  AFMyy
Energy/eV 0 0.243 0.187 0.199 0.296 0.285
M,/ 0.001 1.103 0922 0.044 1.086 0.889
M, /up 0.001 1.122 0912 0.034 1.089 0.888
M,/ g 1.570 0.019 0.882 1.537 0.015 0.882

behavior [83]. NiAl,O4 exhibits weak ferromagnetic be-
havior [84]. VMg,04 was reported very recently to be a
ferromagnetic half-metal [61].

IV. WEYL NODAL CHAIN WITHOUT SOC

The electronic band structures of LiV,0, in the absence of
SOC are shown in Figs. 2(a) and 2(b). The spin-resolved band
structures exhibit two features. First, the bands in the spin-up
channel exhibit a metallic character with two bands crossing
the Fermi level, whereas those in the spin-down channel ex-
hibit an insulating character with a big band gap of 3.27 eV.
These results indicate that LiV,0y is a half metal, where the
conduction electrons are fully spin-polarized. Second, in the
spin-up channel, the two bands near the Fermi level cross with
each other and form several band crossings in the K-W, W-T',
I'-X, and X-L paths. We will show later that these band cross-
ings form nodal chains in the BZ. In Figs. 2(a) and 2(b), we
also show the total and projected density of states (TDOSs and
PDOSs) of LiV,04. The TDOSs and PDOSs clearly show that
the electron states near the Fermi level are mostly contributed
by the d orbitals of V.
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FIG. 2. The electronic band structures and projected density of
states (PDOS) of LiV,0,4 compound in the absence of SOC. Part
(a) is for the spin-up ones, showing a metallic character with two
bands crossing the Fermi level. Part (b) is for the spin-down channel,
showing an insulating character with a big band gap of 3.27 eV.
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FIG. 3. (a) and (c) Orbital-projected band structure of LiV,0y,
including V-d,» orbital (blue) and V-d,2_,» orbital (red). Parts (b) and
(d) show the nodal loops in the k, = 0 plane and the I"-X-L plane,
which are labeled as NL; and NL,, respectively. Parts (e) and (f) are
schematic illustrations of the NL; and NL, in the Brillouin zone,
respectively. (g) The schematic illustrations of the nodal chain in
LiV,0,. The green and blue lines in (e) and (f) denote NL; and NL,,
respectively.

We have also calculated the band structure of other spinel
materials including VMg,04, FeAl,04, and NiAl,O4 (see
Fig. 7). They are also half-metals that possess crossing points
in one spin channel, and semiconducting or insulating gaps
in the other spin channel. For VMg, 04, a crossing points is
shown in the K-W, W-T", I'-X, and X-L paths. However, the
spin-down channel has a large gap of 4.58 eV. Different from
the band structures of LiV,04 and VMg,0,4, FeAl,0,4 and
NiAl,O4 exhibit multiple linear crossings in the spin-down
channel near the Fermi level, while in the spin-up channel
there are large gaps of 3.36 and 3.96 eV, respectively. The
band crossings in these compounds exhibit similar features,
which will be discussed below.

Here, we use LiV,04 as an example. We focus on the band
structure in the spin-up channel. As displayed in Fig. 2(a),
there are a total of four band crossing points near the Fermi
level, which happen in the K-W, W-I', I'-X, and X-L paths,
respectively. After a careful scan of the band structures, we
find that the crossings in the K-W, W-I", and I'-X paths belong
to a nodal loop in the k, = 0 plane. In Fig. 3(a), we show
an enlarged view of orbital-component band structures in the
W-TI' and I'-X paths. We can observe that the bands with V-d_.
and V-d,»_,» orbital components are inverted, which indicates
the potential nontrivial band topology in LiV,04. These cross-
ing points are not isolated but are located on a nodal loop
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in the k; = 0 plane. The profile of the nodal loop is shown
in Fig. 3(b). This nodal loop is in fact under the protection
of the glide mirror symmetry G, : (x,y,z) > (x+ 1/4,y +
3/4, —z + 1/2). This requires that the crossing bands pos-
sess opposite eigenvalues, which has been confirmed by our
DFT calculations. Our calculations show that the two crossing
bands have eigenvalues of 41 and —1, respectively. In the
following, we denote this nodal loop as NL;. Noticing the
cubic symmetry of LiV,0y, there also exists a nodal loop in
both the k, = 0 and k, = 0 planes. These nodal loops cross
each other and form inner nodal chain structures, as shown in
Fig. 3(e).

The band crossings in the I'-X and X-L paths are also not
isolated but belong to another nodal loop in the I'-X-L plane.
Figure 3(c) show the enlarged orbital-component band struc-
tures in the I'-X and X-L paths. A profile of the nodal loop
in the I'-X-L plane is shown in Fig. 3(d). Being similar to the
nodal loop in the k, = 0 plane, this nodal loop is also protected
by a glide mirror symmetry. The symmetry can be denoted
asGry: (x,y,2) > (—y+1/4, —x +3/4,z+ 1/2). We find
that the crossing bands have opposite mirror eigenvalues of
=+1. In the following, we denote this nodal loop as NL,. Ac-
cording to the symmetry, there are a total of three pairs of such
nodal loops in the Brillouin zone, as shown in Fig. 3(f). Very
interestingly, we find that NL; and NL, are not isolated but
share the same nodal point in the I'-X path, thereby forming
the nodal chain structure. The profile of the nodal chain is
shown in Fig. 3(g). It can be seen that LiV,04 and VMg,04
form nodal chains in the spin-up channel, while FeAl,0, and
NiAl,O4 form nodal chains in the spin-down channel, and
these compounds are fully spin-polarized.

Previously, nodal chains were mostly proposed in non-
magnetic materials, including iridium tetrafluoride (IrF,4) [39],
WC-type HfC [47], some hexagonal materials [49,85-87],
ternary Li,XY (X = Ca, Ba; Y = Si, Ge) compounds [50],
metallic-mesh photonic crystal [51], and carbon net-
works [48]. In these examples, the spin polarization for the
nodal-chain electrons is zero. Chang et al. reported the first
example of a magnetic nodal chain in Heusler Co,MnGa [40].
However, the electron states from both spin-up and spin-down
channels are coupled near the Fermi level, thus the conducting
electrons near the nodal chain are only partially spin-polarized
in Co,MnGa. In this regard, the nodal-chain state in LiV,04
is different from all the nodal-chain materials proposed pre-
viously, because LiV,0y is a half metal, and the conducting
electrons for the nodal chain are fully spin-polarized. Such a
nodal-chain half metal is very likely to have applications in
spintronics for high-speed information storage and process-
ing.

Here we investigate the surface band structure of LiV,0;.
The equienergy slice at the Fermi level in the (001) surface is
shown in Fig. 4(b). We can observe several regions of drum-
head surfaces states. To clarify the origin of these states, we
show the profiles of nodal chains projected on the (001) sur-
face. As shown in Fig. 4(c), loops NL; and NL, from the chain
are shown in different colors. In Fig. 4(c), we map the profiles
of a projected nodal chain in the equienergy slice. We find all
the drumhead surfaces states originating from the nodal chain.
Furthermore, we travel across the surface Brillouin zone along
two typical paths [cutl and cut2 in Fig. 4(b)], along which we
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FIG. 4. (a) The bulk Brillouin zone and the projection onto the
(001) surface. (b) Surface states on the (001) surface at the Fermi
level. The sharp features are surface states, whereas the white region
are projections of bulk bands. (c) Schematic illustration of the projec-
tion of the nodal chain on the (001) surface. (d) (001) surface states
with the profiles of the projected nodal chain shown in the figure.
Parts (e) and (f) are surface band structures along the white and black
cuts indicated in (b), where surface states connecting adjacent band
crossings are observed.

expect to cross the nodal loops several times. Corresponding
surface band structures are shown in Figs. 4(e) and 4(f). We
indeed observe that all of the surface states are connected by
the adjacent band crossings, and they form w-shaped surface
states. Such surface states are typical features of a nodal-chain
fermion [40].

V. EFFECTIVE MODEL

At the I" point, the symmetry is characterized by the Cy,
point group. The generators can be chosen as {Cy;, My, Cy. }.
One should note that in the FM case, the spin-up and
spin-down are decoupled in the absence of SOC. The FM
term just resembles the on-site potential for a spinless system,
which preserves all the original symmetries (in the absence
of FM), including time-reversal symmetry 7, with 7 = K,
where K is the complex conjugate. A minimal model for this
two-band crossing around the I point can be generally written
as

Hr(k) = eo(k)+ Y dik)or, (1)

i=x,y,2
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where g (k) is the overall energy shift, which can be neglected
in our case, o is the Pauli matrix, and d;(k) is the function of
vector k. The time-reversal symmetry requires that

THE)T ' = H(—k), 2)

such that dy, is an odd function of k, and d, . is an even function
of k. Generally, one has d; in the form

272 27,2 272
dy. = ay+ ay’k; + a, k; + ay°k;

+ ¢ Ckeky 4 ¢ kyk; 4 3k, 3)

dy = b1k, + bzky + bsk,. @)
For the mirror symmetry M, : (x,y, z) = (x, —, 2), one has
MyH ke, ky, k)M = H(kye, —ky, k). 5)

Furthermore, from the DFT calculations, it is shown that
the low-energy states at the I point belong to the following
irreducible representations: {B;, B, }. The basis functions can
be chosen as {x* —y*, xy} such that M, = o,. This requires
that d (k) is an even function of ky; terms linear to kyk,,
kyk, vanish. Then d,(k) = ag + ak? + aékyz. + agkf + cSkik,
and d, ,(Kk) is only the odd function of k,. Therefore, d,(k) =
ctkeky, + c3kck, under the constraints from both 7 and M,,
and d, = bk,

In the basis {B;, B2}, Ca; : (x,y,2) — (—x, —y,7) is an
identical matrix. It requires that the Hamiltonian must be an
even function of k, and k,, and it can also be proportional to
kyky. d, therefore vanishes in the presence of the Hamiltonian.
Additionally, term linear to k.k, vanish as well due to a nega-
tive sign arising from the C,, operation. Now, one has

dy = cikiky, dy =0, d. = ao + dik; + a3k, + dik:.  (6)

In this basis, Cy; : (x,y,z) — (=, x, z), it can be written
as Cy; = —oy. It requires coefficients of a term that is an odd
function of k, and k,, and that have opposite signs but the
same absolute value. It also requires coefficients of a term
proportional to even order of k, and k, that are the same. Fur-
thermore, the term d, = cjk.k, disappears due to a negative
sign after the operation. Therefore, the effective Hamiltonian
at the I" point can be written as

Hk) = [ao + a1 (ki + k7)) + ask?]o. @)

This shows a nodal loop on the plane k, = 0.

The same discussion can be applied to the nodal loop on
the plane k, = 0 encircling the X point. One has checked that
the little group at the X point is C,,, which is generated by a
twofold rotation operation C,; and mirror operation M,. The
general form of the Hamiltonian can be written as

Huk) = en(®) + Y filk)or. ®)

i=x,y,2

The same argument is applied in the presence of 7 = K.
Hence, the function f;(k) can be given by

_ x,27,2 X,27,2 x,27,2
Jre =00+ a7k + o ky to kz

+ ¥y keky 4 v Ckyk, 4 vy ke, 9)

fy = Bk + Boky + Bsk.. (10)

The irreducible representations for this little group are A, and
B>, and the basis can then be taken in the form {xy, yz}. As
such, C,, = o,, which requires that f,(k) is an even function
of k, and k,, which can also be the function of y{k.k,. This
asserts that f, , is an odd function of k,, k,, such that

fx= V]xkxkz + szkykzv (11)

fy = Bike + y2ky. 12)

In this basis, M, = —o;, it is required that f;(k) must be
an even function of ky, such that when considering all of the
generators, one has

fx(K) = yi'kekz, fy(K) = Biky, 13)

f-(K) = ap + k] + sk, + o3k’ (14)
Finally, the Hamiltonian is
H = (a0 + ok} + ask; + 03k2) + ykek oy + Bhyoy. (15)
It shows a nodal loop on the plane k, = O that is described as
[0, ky, ko) = o + ank; + a3k (16)

We have proven that there are two types of nodal loops in
LiV,0y, as shown in Figs. 3(e) and 3(f). The nodal loops
touch each other at one point along the I'-M direction and
form the nodal-chain structure in the Brillouin zone, as shown
in Fig. 3(g). Here, we want to point out that the effective
model shown above is constructed from symmetry, thus it can
also be applied to other spinel materials such as VMg,Oy,
FeAl,Oyq4, and NiAl,Oy.

VI. ROBUSTNESS OF THE NODAL CHAIN
AND THE SOC EFFECT

To ensure the fully spin-polarized nodal chain, two condi-
tions need to be considered: first, a band gap is required in
the spin-up channel, which enables the half-metallic charac-
ter; second, the band crossings in the spin-down channel are
necessary, as they ensure the presence of a nodal chain.

To show the robustness of the spin-polarized nodal chain
in LiV,0,4, we have examined the electronic band structure
against the electron correlation effects and lattice strains. In
Fig. 5(a), we show the positions at the bottom of the con-
duction band and at the top of the valence band versus the
U values of V. We can see that the band gap between the con-
duction band and the valence band in the spin-down channel
always exists with the U values shifting from 0 to 6 eV. For the
spin-up channel, the conduction and valence bands cross with
each other. We find that such band crossings always remain
during the shift of U values. In Fig. 5(b), we show the band
structure of LiV,04 in the spin-up channel with U at 6 eV.
The band crossings produce the fully spin-polarized nodal
chain. Moreover, we have also investigated the electronic band
structure under hydrostatic strains. As shown in Fig. 5(c), we
find that the band gap in the spin-down channel can retain
under £5% hydrostatic strain (where “+” represents tensile
strain and “—” represents compressive strain). Meanwhile, the
band crossings in the spin-up channel can also retain in the
period. Figure 5(d) shows the band structure in the spin-up
channel under a 5% tensile strain, where band crossings for a
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FIG. 5. (a) In the spin-down channel, the curves of the valence-
band maximum (VBM) and the conduction-band minimum (CBM)
are under different U values. The area formed by the curve shows
the band gap in the spin-down channel. (b) The band structure of
LiV,0, compound in the spin-up channel with U at 6 eV. (c) The
curves of VBM and CBM under different strains in the spin-down
channel. (d) The spin-up band structure under a 5% tensile strain.

nodal chain are observed. These results suggest that the fully
spin-polarized nodal chain in LiV,04 is very robust, which
may be meaningful for its future detection in experiments.
Finally, we discuss the SOC effect on the electronic band
structure. The resulting band structure under SOC is shown in
Fig. 6(a). We can see that the bands from both spin channels
join together under SOC, but the band details do not change
much near the Fermi level. As has been discussed above,
NL; and NL, of the nodal chain are protected by specific
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FIG. 6. (a) Electronic band structure of LiV,04 under SOC with
magnetization along the [001] direction. (b) The enlarged band struc-
tures in the K-W, W-I", and I'-X paths are not gapped under SOC,
whereas that in the X-L path is gapped with the gap size of 14 meV.
(c) Schematic illustration of a single nodal loop under SOC in the
k; = 0 plane under the [001] magnetization.

glide mirror symmetries. In LiV,Qy4, the ground magnetic
moment ordering is along in the [001] direction. All the glide
mirror symmetries except G, will be broken under such a
magnetization direction. As a result, most of the loops for the
nodal chain will be gapped under SOC. However, one of the
NL, in the k, = 0 plane would remain because the crossing
bands still have opposite G, eigenvalues (&), as protected by
the glide mirror symmetry G,. These arguments have been
verified by our DFT calculations. As shown by the enlarged
band structures in Fig. 6(b), we can see that the band crossings
in the K-W, W-TI', and I'-X paths are not gapped under SOC,
but the band crossing in the X -L path is gapped with a gap size
of ~14 meV. These results have shown that LiV,04 exhibits
a single nodal loop under SOC, as displayed in Fig. 6(c).

We want to point out that most nodal chains identified
so far will be gapped under SOC. The SOC gap in LiV,04
(14 meV) is larger than that in Co,MnGa (1 meV) [40], and it
is comparable with those in Li, XY (X = Ca, Ba; Y = Si, Ge)
(18 meV) [50] and carbon networks (10-20 meV) [48], but
lower than those in PtO, (31 meV) [45], HfC (>30 meV) [47],
and LiAuSe (>30 meV) [49]. Considering the negligible SOC
gap, it is very likely that the nodal chain structure will be
observable in future experiments.

VII. DISCUSSION AND CONCLUSION

Before ending this paper, we make the following remarks.
First, in the above sections, we use the band structure of
LiV,0;, in the FM state to show the appearance of a fully
spin-polarized nodal chain state in spinel half metals. Note
that LiV,0y is a heavy-fermion material. Its magnetic config-
uration is complex, and it is still a matter of debate. Several
computational studies have focused on the mechanism of
heavy fermions and magnetic states in LiV,04 by using var-
ious calculation approaches [88-92]. In particular, Ali et al.
systematically studied the electronic structure and magnetic
properties of LiV,04 based on the PBEsol-GGA functional
plus the mBJ potential [81]. Their calculations show that the
ground state of LiV,0, is ferromagnetic with a half-metal
band structure. These results are consistent with our calcula-
tion. Recently, Gong et al. came to a different conclusion, i.e.,
they suggested that LiV,04 has a frustrated antiferromagnetic
(AFM) configuration [93]. This may arise from the fact that
in the LiV,04 system the FM and AFM states are competing,
thus its magnetic state is sensitive to computational treat-
ments. In fact, the competition between FM and AFM states in
LiV,04 has already been observed in experiments. A neutron
scattering experiment performed by Krimmel and colleagues
showed dramatic magnetic response changes around 40 K,
which characterized LiV,04 as a metal with ferromagnetic
order at that state [94]. Furthermore, Takeda and colleagues
indeed verified the crossover region from a FM to an AFM
state by NMR measurements [95]. Considering these facts,
the experimental detection of nodal chain states in LiV,0y is
most likely to be realized in the FM region above 40 K.

It is worth noting that DFT calculations characterizing
topological band structure have gained success in several
heavy-fermion materials. CeRu4Sng is one of the most typical
examples. CeRusSng has been well identified as a heavy-
fermion material by experiments [96-100]. Remarkably,
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Sundermann and colleagues reported that CeRuySng is a
heavy-fermion material with a topologically nontrivial band
structure based on both experiments and DFT calcula-
tions [99]. They found that the DFT results agree well
with their experimental data. More recently, Xu and col-
leagues [101] reported a heavy Weyl fermion state in
CeRuySng based on DFT calculations. Their findings are
also consistent with the experimental results as discussed in
Ref. [99]. LiV,04 proposed herein is another potential topo-
logical candidate in heavy-fermion materials.

Finally, we want to point out that, among these spinel com-
pounds, LiV,0y is not the best choice to study nodal chain
states because of the unclear ground magnetic configuration.
Interestingly, we find that the fully spin-polarized nodal chain
signature also appears in other spinel half metals, includ-
ing VMg,04, FeAl,04, and NiAl,O4. In particular, the FM
state of FeAl,O4 and NiAl,O4 has already been verified by
previous experiments [83,84]. For FeAl,O,4 spinel, magnetic
measurements show a FM state at room temperature [83].
NiAl,O4 exhibits a weak ferromagnetism in magnetic mea-
surements. The experiments on NiAl,O4 show a narrow
hysteresis loop where the saturation magnetization (M), the
remanent magnetization (M,), and the coercivity (H.) are
64.96x 1073 emu/gm, 1.825x 1073 emu/gm, and 67.25 Oe,
respectively [84]. Even though the FM state is not intrinsic,
strong magnetism may still be induced by an external mag-
netic field. As shown in Figs. 7(a)-7(f), these materials show
half-metal band structures similar to that of LiV,04. We can
observe that they all show several band crossings near the
Fermi level in a single spin channel (spin-up in VMg,04,
spin-down in FeAl,O4 and NiAl,O4). Although they show
different band details, these band crossings can also form the
fully spin-polarized nodal chain structure from our symmetry
analysis. In these example, the nodal chains in LiV,04 and
VMg,0, are located in the spin-up channel, while those in
FeAl,04 and NiAl,Oy4 are located in the spin-down channel.

In conclusion, we have demonstrated the presence of a
fully spin-polarized nodal chain in several existing spinel
half metals, which include LiV,04, VMg,04, FeAl,O4, and
NiAl,O4. These materials have half-metal band structures
with a metallic character in one spin channel but an insulat-
ing one in the other spin channel. In the spin channel with
a metallic band structure, the materials show several band
crossings near the Fermi level. Using LiV,0; as the example,
we show that the band crossings form two types of Weyl nodal
loops, which join with each other at a specific point. This gives
rise to the formation of the nodal chain structure. The nodal
chain exists only in one single spin channel; hence, it is fully
spin-polarized. We find that the nodal chain displays w-shaped
surface states, which are also fully spin-polarized. We further
find that the nodal chain is very robust against the electron
correlation effects and the lattice strain. This work provides
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FIG. 7. Approximate Weyl semimetal phase observed in
VMg, 0,4, FeAl, Oy, and NiAl,O,. Part (a) is for the spin-up channel
of VMg, Oy, which is different from FeAl,04 and NiAl,O4 in that
there are multiple band crossings near the Fermi level. Part (b) is
the spin-down channel band structure of VMg, O,, which has a band
gap of 4.58 eV greater than that of FeAl,O4 and NiAL,O4. Part (c) is
for the spin-up channel of FeAl,0O,, showing an insulating character
with a large band gap of 3.36 eV. Part (d) is for the spin-down channel
of FeAl,O4, showing a metallic character with two bands crossing
the Fermi level. Part (e) is for the spin-up channel of NiAl,O,, which
has a band gap of 3.96 eV. Part (f) is for the spin-down channel of
NiAl, Oy, shown as half-metallic.

an excellent platform through which to investigate fully spin-
polarized nodal chain fermions in realistic materials, and it
may lead to promising applications in spintronics.
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