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Potential antiferromagnetic Weyl nodal line state in LiTi,O, material
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Magnetic topological semimetals have brought new insights into topological aspects because they nicely
combine the band topology with intrinsic magnetic order. Comparing with ferromagnetic topological semimetals,
antiferromagnetic (AFM) ones are even more special since they can break the time-reversal symmetry but show
no net magnetic moment, and are highly expected for applications of topological AFM spintronics. Here, we
report LiTi,O4 compound is an ideal AFM Weyl nodal line semimetal. It shows time-reversal breaking Weyl
nodal lines in both the spin-up and spin-down channels. Each nodal line arises from the band in one single
spin channel, thus is spin-polarized. The nodal lines locate quite near the Fermi level and do not coexist with
other extraneous bands. The drumhead surface state of the nodal line can be clearly identified. The nodal lines are
protected by the glide mirror symmetry and are robust against spin-orbit coupling. We also show that LiTi,O4 can
transform into an AFM Weyl semimetal under an in-plane external magnetic field. Our results suggest LiTi, O,
can serve as an excellent platform to investigate AFM topological semimetals with attractive features.
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I. INTRODUCTION

As a crucial participation of topological aspects of matter,
topological semimetals have been hotly studied in recent years
[1-5]. According to the degeneracy and dimensionality of the
band crossings in the momentum space, topological semimet-
als can be divided into several categories. For the former,
topological semimetals can be classified into Dirac semimet-
als [6-9], Weyl semimetals [10-14], triple-point semimetals
[15—17], and so on. For the latter, topological semimetals can
be classified into nodal point semimetals (such as Dirac/Weyl
semimetals), nodal line semimetals [ 18—23], and nodal surface
semimetals [24—26]. Each category of topological semimetals
has been well studied in nonmagnetic (NM) system. Re-
cently, an advanced encyclopedia, namely, Yu-Yang-Yao’s
encyclopedia [27] was built, providing concrete guidelines
for studying emergent particles in three-dimensional crys-
tals. Considering that magnetism can break the time-reversal
symmetry (7), topological semimetals in magnetic system
are believed to bring new insights into topological aspects.
Unfortunately, magnetic topology semimetals have not been
sufficiently studied currently because of the limit of candidate
materials and experimental difficulties due to their compli-
cated domain structures [28,29].

To the best of our knowledge, magnetic topological
semimetal was initially proposed in pyrochlore iridates
Alr,O7 (A =Y or rare-earth element), which were identified
to show all-in/all-out magnetic order and intense spin-orbit
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coupling (SOC) [30]. Later, a ferromagnetic (FM) material
namely HgCr,Ses was theoretically proposed to be a novel
Weyl semimetal with single pair of Weyl nodes with the
chirality of +2 [31]. Soon after, Guan et al. experimentally
evidenced the half-metal nature of HgCr,Ses through the
transport studies on its high quality single crystals [32]. Re-
cently, it has seen several works on the magnetic topology
characters (including Weyl nodes and nodal lines) in Co-based
Heusler compounds including Co,MnGa [33], Co,TiX (X =
Si, Ge, or Sn) [34], and Co,XZ (X = IVp or Vg; Z =1V,
or III4) families [35]. In 2018, Kim et al. convinced exper-
imentally that the layered material Fe;GeTe; is an excellent
FM nodal line semimetal, which was stable when the orbital
and spin angular momenta are perpendicular [36]. Recently,
material Li3(FeO3), and some materials with tetragonal struc-
ture including B-V,POs were proposed to be FM Weyl nodal
line semimetals [37,38]. Besides, the FM LaX (X = Cl, Br)
monolayers were also predicted to be nodal line semimetal in
the absence of SOC [39,40]; monolayered MnN was proposed
to be nodal line semimetal under SOC [41]. These examples
provide good platforms to explore the novel properties of
topological states in FM system.

So far, several works have reported reducing the stray
magnetic field is good for enhance the properties in FM mate-
rials [42-45]. Fortunately, the AFM materials can over come
the limitation of FM materials. The zero magnetic moment
in AFM materials bring special advantages for the applica-
tions in spintronics, which include no stray magnetic field,
reduced power requirement and higher frequency response
during the device operating. Then, one may naturally wonder
that, can topological semimetals exist in antiferromagnetic
(AFM) materials? In AFM topological semimetals, the T
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symmetry is still broken but the system has no net mag-
netic moment. The zero magnetic moment in AFM materials
bring special advantages for the applications in spintronics,
which include no stray magnetic field, reduced power re-
quirement and higher frequency response during the device
operating. For the candidate materials of AFM topological
semimetals, Yang et al. proposed that the noncollinear AFM
materials Mn3Sn and Mn;Ge naturally host Weyl fermions,
which can give rise large anomalous Hall effect [46]. Besides,
compounds CuMnAs and CuMnP, which were theoretically
predicted as Dirac semimetals [47], have already been con-
firmed as room-temperature antiferromagnets in experiments
[48]. Compound EuCd;As,, which hosts an inter-layer AFM
ordering, was identified as another AFM Dirac semimetal
quite recently [49]. Unlike Dirac/Weyl counterparts, AFM
nodal line semimetals are significantly rare. Compounds
B-Fe,POs [50] and two-dimensional CrAs, are two such ex-
amples [51]. Remarkably, combing the topological characters
with AFM magnetic ordering, quite recently Smejkal et al.
have made prospective study on the potential applications of
topological AFM spintronics [52]. Considering these facts,
exploring excellent AFM topological semimetals can be of
great significance in the current stage.

Several FM spinel materials have been proposed to show
excellent spin-polarized Weyl state and nodal line states
[53-56]. Then, one may wonders that can AFM nodal lines
be developed in spinel materials? In this work, we propose a
spinel material, namely, LiTi,O4 is an excellent AFM topo-
logical semimetal. In LiTi,O4, the magnetic moments are
found to be the most stable along the [001] direction with
the AFM ordering. In the low-energy band structure, the
spin degeneracy is removed because of the absence of the
T symmetry. It respectively shows a pair of time-reversal
breaking Weyl nodal lines in the spin-up and spin-down chan-
nels, protected by the glide mirror symmetry G,. The nodal
lines situate quite near the Fermi level and span a quite large
region in the momentum space. Near the nodal lines there
exist no other extraneous bands, thereby clear drumhead sur-
face state can be identified. More importantly, the nodal line
can be retained in the presence of SOC, unlike most nodal
line materials proposed previously. An effective model has
been constructed to describe the nodal lines. We further find
LiTi,O4 can transform into an AFM Weyl semimetal under
specific external magnetic field, which makes the topological
properties of LiTi,O4 even more interesting.

II. COMPUTATIONAL DETAILS

The first-principles calculations were performed by using
the Vienna ab initio Simulation Package in the framework of
density functional theory (DFT) [57,58]. The generalized gra-
dient approximation (GGA) of the Perdew-Burke-Ernzerhof
functional was adopted for the exchange-correlation potential
[59]. The cutoff energy was set as 600 eV. The full Brillouin
zone (BZ) was sampled by a Monkhorst-Pack k& mesh [60]
with size of 13 x 13 x 13. The crystal structures was fully
optimized with the energy and force convergence criteria set
as 1077 eV and 0.001 eV/A, respectively. In addition, to
describe the strongly correlated 3d electrons of the Ti atom,
the GGA + U method was used [61,62]. The effective U

FIG. 1. (a) The crystal structure of LiTi,O4 compound. The
green, blue and red spheres denote the Li, Ti, and O atoms, respec-
tively. (b) The ground AFM ordering in the LiTi, O, lattice. Here,
only the Ti atoms are shown in the figure. The arrows in (b) denote
the directions of spin in Ti atoms. (c) The primitive cell of LiTi;Oy4.
(d) Bulk and the (001) surface Brillouin zones of LiTi,Oy.

value of Ti atom was set as 4 eV. In this investigation, we
have tested our results with U value changing in the range
of 2-6 eV, and find that the conclusions are independent on
the U value. The topological surface states were calculated
based on the maximum-localized Wannier functions using the
WANNIERTOOLS package [63,64].

III. CRYSTAL STRUCTURE AND
MAGNETIC CONFIGURATION

The LiTi,O4 compound is an existing material which
has been synthesized since 1997 [65]. LiTi,O4 is a famous
functional material, which has been well studied as a super-
conductor [66—68] and battery electrodes [69,70]. It naturally
crystallizes in the cubic spinel structure with the space group
Fd3m (No. 227). As shown in Fig. 1(a), one Li atom bonds
with four O atoms, forming the local structure of Li-Oy4 tetra-
hedron. One Ti atom bonds with eight O atoms, constructing
the Ti-Og octahedron. The Li-Oy4 tetrahedron and Ti-Og oc-
tahedron stack with each other based upon the close-packed
O atoms. In LiTi,Oy4, one unit cell of the face-centered-cubic
(fcc) spinel structure consists 32 O atoms occupying the
Wyckoff sites 32e (0.262, 0.262, 0.262), four Li atoms and
eight Ti atoms occupying the positions of tetrahedral sites
[8a (0.125, 0.125, 0.125)] and octahedral sites [16d (0.5, 0.5,
0.5)], respectively. These results are in good agreement with
previous x-ray and neutron diffraction reports [65,68]. The
optimized lattice constants are a = b = ¢ = 8.465 A, which
are also well agreed with the experimental ones (a = b = ¢ =
8.421 A) [68]. We use the optimized lattice structure in the
following calculations. We have also checked our results with
the experimental structure, and found the conclusions of our
work will not change.

Because of the existence of transition-metal element Ti,
before proceeding from the electronic band structure, we
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FIG. 2. (a) The total density of states of LiTi,O, under nonmag-
netic and magnetic. (b) Fixed spin moment total energy as a function
of constrained spin magnetization for LiTi,O4 per primitive cell.
Note the instability of the nonspin polarized state compared to the
ferromagnetic.

first determine the most stable magnetic configuration in
LiTi;O4. The magnetism in LiTi,O4 has been hotly discussed
since its discovery. Some works reported that LiTi,O4 is a
resonating-valence bond (RVB) material, where one possible
origin for the RVB state is the potential next-nearest-neighbor
AFM interaction [71-74]. In addition, LiTi,O4 was proposed
to a bipolar superconductor with the combination of AFM
configuration [68,75]. Such AFM correlation was also evi-
denced by a "Li NMR study one LiTi,_, V.04 samples, where
Curie-Weiss behaviors were observed with x < 0.16 [76].
However, one recent work argued that long range AFM may
be not present in LiTi,O4 from the transport experiments [77].
Even though, the interactions between superconductivity and
magnetism in LiTi;O4 and related compounds are strongly be-
lieved to be present [78—82]. The theoretical work by Chevrier
et al. found the Ti atoms in LiTi,O4 can carry magnetic
moments during calculations [83]. The presence of long range
magnetic ordering in LiTi,O4 and related compounds can be
traced from the Stoner’s mechanism [84]. Singh et al. pro-
posed the existence of long range AFM in superconductive
YFe,Ge, based on the Stoner’s mechanism by comparing the
density of states (DOS) at different magnetic states [85]. They
theoretical further found their prediction is consistent with the
experimental results. Here we clarify the potential magmatism
in LiTi,O4 by following a similar method. The total DOS at
the nonmagnetic and magnetic states are shown in Fig. 2(a).
For the nonmagnetic state, LiTi;Oy4 situates at a peak of the
DOS at the Fermi level. However, under magnetic states, the
DOS is sharped down at the Fermi level. In addition, we
display the results of fixed spin moment calculations as shown
in Fig. 2(b). We can clearly observe that there is a sizable
ferromagnetic instability in LiTi, O4, which can be understood
as a Stoner instability. Thus long range magnetism could be
present in LiTi, Oy, being similar to that of YFe,Ge, [85].
Furthermore, here we have also compared the total energy
in LiTi,O4 at different U values of Ti atoms. It is found
that, LiTi,O4 shows no spin polarization when U = 0, while
Ti will show magnetic moments under nonzero U values.
In Ti-containing oxides, the correlation effect of Ti-3d elec-
trons usually cannot be ignored in the DFT calculations. The
well-known Mott insulator LaTiOj3 is a good example, where
the DFT4+U method describing the localization nature of d

electrons could show an energy gap comparable to the experi-
mental results [86—88]. The U values for Ti is usually taken in
the range of 3-5 eV in Ti-containing oxides such as LaTiOs3,
SrTiO3, and GdTiO3 [86-90]. For LiTi,Oy4, the nonmagnetic
electronic structure was found to be nontrivial based on the
catalog of topological electronic materials by Zhang et al.
[91]. In this work, we will focus on the topological features of
LiTi,O4 under magnetic configuration. For the magnetic state,
our calculations show the ground AFM state will not change
with U values in the range of 2-6 eV. In the following, our
further calculations are performed by chosen the U value for
Tiat4eV.

In LiTi,O4, one cubic crystal cell contains 16 Ti atoms.
There exist many potential AFM configurations. We have
considered several AFM configurations with high symmetry,
where both interlayer and intralayer ones are included [92].
In every AFM configuration, different magnetization direc-
tions are considered, where the [001] magnetization has a bit
lower energy than others. We display the ground magnetic
configuration of LiTi,O4 in Fig. 1(b). We also compare the
energy among different magnetic configurations containing
the NM and FM states, the results are shown in Table I.
We can find that, the FM state is lower than the NM state
by 0.31 eV, indicating the presence of spin-polarization in
Ti atoms. From the energy in Table I, the AFM ordering in
different magnetization directions are almost degenerate, with
the [001] magnetization a bit lower. This indicates LiTi,O4
has a “soft” magnetism, thereby the magnetic configurations
can be easily tuned under external magnetic field. We have
tested the magnetic anisotropy energy by changing the U
values in the range of 2—6 eV. We find the magnetic anisotropy
energy keeps lower than 0.002 meV with U values within
2-5 eV and of about 0.250 meV at U = 6 eV. In addition, the
magnetic anisotropy is also tested by using the full-potential
WIEN2K method [93]. The results show that the magnetization
at the [001] direction has a bit lower energy than typical [110]
and [111] ones, suggesting the [001] as the most easy mag-
netization direction. Figures 1(c) and 1(d) show the primitive
cell form of LiTi,O4 and the corresponding BZ. One primitive
cell contains four Ti atoms, with the atomic magnetic moment
calculated to be 0.469 g for per Ti atom. To be noted, in the
AFM LiTiy Oy, the system possesses the glide mirror symme-
try G;: (x,y,2) = (x,y+ 1/2, —z) [see Fig. 1(b)], which is
import for the discussions below.

IV. ELECTRONIC BAND STRUCTURE
A. AFM Weyl nodal line without SOC

Here, we investigate the electronic band structure of
LiTi,O4 under the AFM ground state. Figures 3(a) and 3(b)
show the band structure of LiTi,Oy4 in the spin-up and spin-
down channels, respectively. We find the bands near the Fermi
level show distinct features at different spin channels. In the
spin-down channel, the valence and conduction bands are
separated with each other except for the touching point at
the X point [see Fig. 3(b)]. In the spin-up channel, beside
the touching point at the X point, the valence and conduction
bands show two additional band crossings in the k paths W-I"
and K-I' [Pl and P2, see Fig. 3(a)]. This suggests that the
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TABLE I. Total energy E,, per primitive cell (in meV, relative to that of the NM state) and magnetic moment M (in up) per Ti atom for
the different magnetic configurations. The values are obtained by the GGA+U +SOC method with Uy; = 4.0 eV.

NM FMo1 FM 0 FMi10 EMin AFMyo, AFM; g9 AFM;o AFM,
Eio 0 —312.684 —312.674 —312.672 —312.672 —343.939 —343.937 —343.914 —343.935
M 0 0.542 0.542 0.542 0.313 0.469 0.469 0.326 0.266

AFM LiTi,O4 possesses a spin-polarized electronic structure,
being different with most AFM materials where the energy
bands in different spin channels are fully coupled. To be noted,
the electronic band structure, especially, the appearances of
band crossings near the Fermi level are independent with
the U values in the range of 2-6 eV [92]. As shown by the
projected density of states (PDOS) in Figs. 3(a) and 3(b), we
find the states in the vicinity of the Fermi level are mostly
provided by the d orbitals of Ti atoms.

We pay our most attention on the band crossing points P1
and P2 in the spin-up channel. We notice that both k paths
['-W and I'-K situate in the k, = 0 plane, which is a mirror-
invariant plane of the glide mirror symmetry G,. Then, P1 and
P2 may not be isolate nodal points, but are potential to reside
on a nodal line protected by the G, symmetry. Figure 4(a)
shows the BZ of the k, = 0 plane. Because of the reduction of
symmetry induced by the AFM ordering, the high-symmetry
point K (and W) becomes nonequivalent with K’ (and W').
Therefore the band structure in additional k paths including
[-W’ and T'-K’ should be considered to show the whole sig-
nature in the k, = 0 plane. The spin-resolved band structure
in the high-symmetry paths in the k;, = 0 plane is shown in
Fig. 4(c). Very interestingly, beside the crossing points P1 and
P2 in the spin-up channel, the band structure in spin-down also
shows two crossing points Q1 and Q2, situating at the I'-W’
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FIG. 3. Electronic band structure and the projected density of
states of LiTi,O4 in (a) spin-up and (b) spin-down channels. In (a),
the band crossing points in the k paths W-I" and K-I" are denoted as
P1 and P2, respectively.

and I'-K’ path, respectively. After a careful scan of the band
structure in the k, = 0 plane, we find the system shows a pair
of nodal lines in both spin channels, as shown in Figs. 4(d) and
4(e). We show the 3D dispersion of nodal lines in Fig. 4(b).
We can clearly see the presence of a pair of nodal lines in
the Brillouin zone. Moreover, along the nodal lines we also
observe a slight fluctuation in energy. These results highly
promise that LiTi,O4 can be characterized as an AFM nodal
line semimetal.

To further clarify the topological nature of the nodal line in
LiTi,O4, we have calculated the Berry phase and the surface
states by constructing a tight-binding model projecting onto
the Wannier orbitals. Here, we only display the results for the
spin-up channel, while the case for the spin down is essentially
the same. We show the results in Fig. 5(a), where the Wanier
band structure agrees well with the band structure from the

(@) (b)

1.5

0.0

FIG. 4. (a) The BZ of the k, = 0 plane with high-symmetry k
points indicated. (b) Illustration of the nodal line in the k£, = O plane.
(c) Spin resolved band structure in high-symmetry & paths in the k, =
0 plane. The band crossing points are denoted as P1, P2, Q1, and Q2,
respectively. The bands in the spin-up and spin-down channels are
shown by the blue and red lines. (d) and (e) show the shapes of nodal
line from DFT calculation in the spin-up and spin-down channels.
The color map indicates the local gap between two crossing bands.

045143-4



POTENTIAL ANTIFERROMAGNETIC WEYL NODAL LINE ...

PHYSICAL REVIEW B 104, 045143 (2021)

(a)

N\ ----- Wannier
\ DFT

(b) K T /(c) W Xw S K

Berry Phase(rr)
Energy(

0 08
e r € wooT X KT
FIG. 5. (a) The comparison of the spin-up band structure from
the Wannier model and DFT. (b) The Berry phase along the k paths
W-I'-K in the k, = 0 plane. (c) Calculated (001) surface band struc-
ture of LiTi,O4 in the spin-up channel. In (c), the arrows point the
drumhead surface state.

DFT. The Berry phase is shown in Fig. 5(b), which confirms
the nodal line is topologically nontrivial. The drumhead-like
surface state is a distinguishing feature for nodal line mate-
rials, which can appear either outside or inside the projected
nodal line [94-96]. From Fig. 5(c), we show the calculated
surface band structure of LiTi,O4 for the (001) surface pro-
jection, where the nodal line can have finite projected areas.
In Fig. 5(c), we can clearly observe the drumhead-like surface
state originating from the nodal points along the I'-W and I'-K
paths and at the X point. Such clear drumhead-like surface
state can be readily observed in experiments.

We have following remarks on the nodal line state in
LiTi;O4. The nodal lines in Figs. 4(d) and 4(e) are both
formed by the crossing bands from a single spin chan-
nel (either spin-up or spin-down); hence, these nodal lines
are in fact time-reversal breaking Weyl nodal lines and are
spin-polarized. Correspondingly, their surface states are also
spin-polarized. Similar spin-polarized Weyl nodal line was
also proposed in some FM topological semimetals including
Fe;GeTe, [36], MnF3 [97], half-metallic Liz(FeOs), [37],
and layered material GdSbTe [98]. Comparing with these FM
examples, the AFM LiTi,O4 can show special advantages in
potential spintronics applications because it has a zero net
magnetic moment. The advantages include no stray magnetic
field, reduced device power requirement and higher frequency
response during the device operating. Indeed, Smejkal et al.
have already made prospective insights into potential appli-
cations of topological AFM spintronics quite recently [52]. In
addition, we want to emphasize that, the nodal line structure in
LiTi, Oy is very “clean” in the sense that, there exists no other
extraneous bands near the nodal lines. Therefore the novel
properties from the nodal line electrons are very promising
to be detected in experiments.

B. Tunable topological states under SOC

In the following, we study the SOC impact on the topo-
logical band structure of LiTi,O4. After examining the total
energy of LiTi,O4 at different magnetization directions, we
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FIG. 6. (a) Band structure of LiTi;O, under SOC with magne-
tization along the [001] direction. (b) The enlarged band structures
along the I'-K and I'-W paths under the [001] magnetization. The
figure on the right panel shows the presence of nodal line (the blue
ring) in this case. (c) The band structures along the I'-K and I'-W
paths under the [110] magnetization. The figure on the right panel
shows the presence of Weyl nodes (the red hollow/solid circles) in
this case.

find the magnetization along the [001] axis is the most ener-
getically stable. It is worth noticing that the energies among
all potential magnetic configurations are very close. This sug-
gests LiTi;O4 has a “soft” magnetism, thereby the magnetic
configurations can be easily tuned under external magnetic
field.

After taking into SOC, the band structure with the [001]
magnetization direction is shown in Fig. 6(a). Under SOC,
bands from different spins are coupled but the band details
are nearly unaffected. Considering that magnetization along
the [001] direction will not break the G, symmetry, the nodal
lines in LiTi,O4 are expected to be immune from opening
gaps under SOC. We have carefully examined the band struc-
tures near P1 and P2, which indeed show no gap, as shown
in Fig. 6(b). The band structures near Q1 and Q2 are also
checked, where no gap is found either. Therefore LiTi,O4
can be well described as a nodal line semimetal even in the
presence of SOC.

It is well known that, the magnetic symmetry is highly
dependent on the magnetization direction, so the topological
state may change when the magnetization direction shifts
[99,100]. In LiTiyOy4, the G, symmetry will be broken under
magnetization direction deviating from the [001] direction,
thereby the nodal line will vanish correspondingly. To show
this point, we use the [110] magnetization as an example.

045143-5



HE, ZHANG, LIU, DAI, WANG, AND LIU

PHYSICAL REVIEW B 104, 045143 (2021)

Figure 6(c) shows the band structures of LiTi,O4 under the
[110] magnetization. We indeed find the band crossing point
P1 opens a tiny gap (~1.5 meV). However, the crossing point
P2 is not gapped [see Fig. 6(c)]. We have also checked other
parts of the nodal line, and find no other crossing points can
be retained. Thereby, LiTi,O4 has transformed from the nodal
line semimetal state into the Weyl semimetal state under the
[110] magnetization, which shows one pair of Weyl nodes on
the k,-k, axis in the k; = O plane [see Fig. 6(c)]. The pres-
ence of Weyl nodes can be convinced by symmetry analyses.
Under the [110] magnetization, all the group elements of the
magnetic space group Cy;, could be retained, which includes:
1,C}'"% and TCY, TC}'°. Although the broken of G, symmetry
gaps the nodal line, the antiunitary symmetry T'C; can still
allow the presence of Weyl nodes in the k&, = 0 plane. Similar
symmetry analysis also apply for other in-plane magnetiza-
tion cases. The Weyl semimetal state makes the topological
properties of LiTi,O4 even more interesting.

V. SYMMETRY ANALYSIS AND TIGHT-BINDING MODEL

As we have discussed above, the nodal lines in the AFM
LiTi,O4 appear in pairs. The symmetry argument for such
occasion is direct and transparent. Since the antiferromagnet
is spin neutral, it always shows one or more spin-flip oper-
ations O. As the result, when a nodal state (denoted as T7)
is spin-polarized (fully or partially), it inevitably leads to the
appearance of another nodal state (denoted as 75) with oppo-
site spin polarization, guaranteed by the symmetry operations
O, namely, O : T} = T,. The operator O can be either a
certain spatial symmetry or a combination of 7 and a spatial
symmetry.

Further, in the spin polarized nodal states, the correspond-
ing bands must not be spin degenerate, which requires the
combined operation PT with P the inversion symmetry must
be broken. The nondegenerate bands for AFM materials with-
out SOC (or with negligible SOC) always exhibit strong spin
polarization, as the two spins are decoupled. For the materials
with strong SOC, a mirror symmetry is needed, as only the
bands residing on the mirror plane are fully spin polarized.
However, a generic band crossing on a mirror plane would be
a Weyl loop rather than a Weyl point. Thus the most generic
doubling in antiferromagnets is the Weyl loop, which is the
just case in current LiTi;O4.

We continue to consider a tight-binding (TB) model to
demonstrate the appearance of the pairs of Weyl nodal loops.
The unit cell of an antiferromagnet includes even number of
lattice sites: up spins on the half of sites and down spins on
the remaining half. In LiTi,O4, when the spin is taken into
account, the system would show a tetragonal symmetry [see
Fig. 1(b)]. Thus we here consider a model settled on a tetrag-
onal lattice with four sites per unit cell, as shown in Fig. 7(a).
Each site has an s-like orbital with two spin states. The lattice
may have point group symmetry Dy, which is generated by
four-fold rotation Cq4;, a twofold rotation C; 119 and a hori-
zontal mirror M. Combining Cy, and M, leads to inversion
symmetry P. Without antiferromagnetic ordering, the lattice
also has time-reversal symmetry 7. Then in the absence of
SOC, using the four sites as basis, the symmetry operators
can be represented as Cs; = 0,70, C2,110 = Ox Ty, M, = 00Ty,

FIG. 7. (a) The primitive unit cell of the lattice with four sites
at positions (%, 0, :i:i) and (0, %, :i:i)‘ The red and blue denote the
spin alignment +z. (b) Shape of the two Weyl loops (the white
curves). The color denotes the local band gap between conduction
and valence bands at k, = 0 plane. (c) Calculated electronic band
structure for Ham. (3), with up-spin and down-spin bands denoted
by red and blue curves. The inset of (c) shows the bulk BZ for the

lattice.

and T = oy, With 0¢ (7p) the identity matrix, o (t) the Pauli
matrices denoting the A or B (prime or nonprime) degree of
freedom. The corresponding model Hamiltonian under these
symmetry constraints may be written as

k k . k,
Ho = t; cos Ezrx + 1, sin Ezry + 13 cos E CcoS E}O’x
k,
~+ 14 cos > (cosk, + cos k)T,
k;
+ t5 cos E(COS ky — cos ky)o, T, )

with #; the real parameters. One can check that the Hamilto-
nian (1) is invariant under the above symmetry operations.

Then, we turn on the AFM ordering. The magnetization is
along z direction [see Fig. 7(a)], which is applied as the same
direction for the LiTi,O4 compound. In this case, the model
becomes

H = Hoso + J, 0,705, 2)

with s the Pauli matrices acting on spin space and J, denot-
ing the strength of the AFM potential. The AFM ordering
breaks 7 and C4;, while coexists with M_, Cy 110, P, and
the combined operation Cs, 7. Since the AFM model does
not have PT symmetry, the electronic bands of system at a
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generic momentum point will be nondegenerate and fully spin
polarized.

When the AFM potential is much stronger than other hop-
ping and energy terms, the eight bands are divided into two
groups with each group including four bands. Since the two
groups are separated in energy space by 2J;, the model (2) can
be simplified as two effectively four-band model. The upper
four-band model can be approximately expressed as

Hy = J. + Heff(km kyv kz) 57 Heff(ky» ke, kz)a 3

with Heg = cos %[tl + (t4 cos k, +t_ cos k)]t + t, sin %Iy

and ry = t4 = 15. The basis of the upper subsystem is (JA 1),
|A” 1), 1B 1), |B" }))T. For the lower subsystem, its basis
is (JA 1), 14" 1), |B 1), |B' 1))T. Interestingly, while the ba-
sis of the two subsystems are connected by 7T -symmetry,
their Hamiltonians are not connected by 7, as Hg = —J, +
Hefi(ky, ky, k) © Hegr(ky, ky, k7). In the following, we focus
on the upper subsystem (3) and omit J, from it, as it only shifts
the bands. The calculated band structure base on the model is
plotted in Fig. 7(c). To be noted, the band structure is not the
exact the case of LiTi,O4 because of the different choice of
bulk BZ. However, the model can reflect all the features for
the pairs of nodal lines, because all the symmetries discussed
above preserve in LiTi;O4 system. In Fig. 7(c), one observes
that there exist two crossings around X point in the spin up
channel. Since the crossings are in the mirror plane (k, = 0
plane), they generally are not isolated points. A more detailed
calculation confirms this analysis, finding these points are
residing on a nodal loop centered at X point. Moreover, due
to Cp.110 (or C4;T) symmetry, one more nodal loop in spin
down channel can be found around Y point. The pairs of nodal
loops are clearly shown in Fig. 7(b). Till now, this lattice
model confirms the existence of the pairs of Weyl loops in
spin polarized AFM materials, being consistent with our DFT
calculations in LiTi;Oy4.

VI. SUMMARY

In summary, based on electronic structure calculations and
symmetry analysis, we investigate the topological electronic
structure of LiTi;O4 in the spinel crystal structure. LiTi;O4
naturally shows the AFM ground state with magnetic order-
ing in the [001] direction. Near the Fermi level, LiTi,O4
manifests a pair of nodal lines in both spin channels. The
nodal lines situate in the k, = 0 plane, under the protection
of the glide mirror symmetry. Each nodal line is formed
by the crossing of two bands from the same spin channel,
showing the spin-polarized Weyl nodal line signature. The
nodal lines do not coexist with other extraneous bands, and
are characterized by clear drumhead surface state. The nodal
line can also exist in the presence of SOC. Such SOC-robust
nodal lines are still rare in realistic materials. These signatures
suggest that LiTi;O4 is an excellent AFM Weyl nodal line
semimetal, which is quite suitable for future experimental
detections. In addition, LiTi,O4 will transform into an AFM
Weyl semimetal under external magnetic field deviating from
the [001] direction. The presence of the Weyl nodes in this
occasion is also guaranteed by specific symmetry.
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