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Three-dimensional Weyl hourglass networks in the nonsymmorphic half-metal Mg, VO,
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Fermions with hourglass dispersions have been hotly studied in a nonmagnetic system currently. However,
magnetic ones have been rarely discussed because of the scarcity of excellent candidate materials. Here,
promoted by first-principles and symmetry analysis, we propose the presence of novel hourglass nodal networks
in a nonsymmorphic half-metal Mg, VO, that is constructed by three touching hourglass nodal lines at mutually
intersecting planes in the extended Brillouin zone. Unlike previous hourglass semimetals in nonmagnetic
materials, the material proposed here has a ferromagnetic half-metallic state; thus, the hourglass nodal networks
are fully spin polarized. We also show that the hourglass nodal networks manifest spin-polarized drumhead
surface states. We demonstrate the hourglass nodal networks are enforced by nonsymmorphic symmetry, and
effective models are constructed. We further show that the novel topological phase of Mg, VOy is robust against
lattice strain and electron correlation effects. Our work provides a good platform to investigate novel hourglass
fermions from nonsymmorphic symmetries in magnetic system.
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I. INTRODUCTION

Since the discovery of Weyl and Dirac semimetals [1-14],
topological semimetals have been a current focus in con-
densed matter physics. In these materials, the band structure
exhibits band crossings near the Fermi level. The fermionic
excitations around band crossings can hold distinct types
of dispersions, and their unique topological characteristics
acquire novel transport and optical phenomena [15-21]. Di-
verse topological semimetals may show band crossings with
different dimensions in the reciprocal space, which include
discrete nodal points [22-29], continuous nodal lines, and
nodal surfaces [9,30-40]. Nodal line semimetals, which are
characterized with topologically nontrivial Berry phase and
drumhead surface states, have attracted considerable atten-
tion currently. A large number of nodal line semimetals
are proposed [40—48], and some are convinced by experi-
ments [49-52]. Among these examples, most nodal lines can
be annihilated without changing the symmetry and are vul-
nerable against spin-orbit coupling (SOC), namely accidental
nodal lines [53-55].
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Nonsymmorphic symmetries, which involve fractional lat-
tice translations, have been hotly discussed to stabilize
symmetry-enforced band crossings [23,56—60]. Their influ-
ences manifest in two aspects. For the first one, they can
enable the band degeneracy robust against SOC. Some stable
nonsymmorphic Weyl (double degeneracy) and Dirac (four-
fold degeneracy) nodal lines have already been proposed
under SOC [53,61-63]. Second, multiple energy bands could
be entangled together in topological systems with nonsym-
morphic symmetries. This gives rise to the potential formation
of new fermionic states. Hourglass fermions are one typ-
ical example, where four bands are entangled into groups
with hourglass-shaped dispersions [64—67]. For another ex-
ample, under nonsymmorphic symmetry, multiple nodal lines
can form various configurations such as Hopf link, nodal
box, nodal chain, and nodal net [45,54,68-74]. So far, non-
symmorphic topological semimetals are mostly proposed in
a nonmagnetic system, while magnetic candidates are still
limited. Therefore, it is very meaningful to explore nonsym-
morphic topological semimetals in a magnetic system for
expediting the investigations on their intriguing properties and
exploring potential applications in spintronics as well.

In current work, we predict a remarkable topological
phase in magnetic compound Mg, VO; that enabled by non-
symmorphic symmetry. The material intrinsically shows a
ferromagnetic half-metallic band structure, where only bands
from the spin up channel exist near the Fermi level. Four
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spin up bands are entangled into groups and form three
types of hourglass nodal lines (HNLs). These HNLs are
conjunct together that further form hourglass networks in
the three-dimensional (3D) Brillouin zone (BZ). The hour-
glass networks are fully spin polarized, which are different
from those proposed in nonmagnetic materials. The protec-
tion mechanism and the effective models for the hourglass
networks are fully addressed. The hourglass networks locate
almost at the Fermi level and show clean drumhead surface
states, which can facilitate their detections in experiments.
The spin-orbit coupling (SOC), lattice strain, and electron
correlation effects on the hourglass networks are discussed.
This work suggests Mg, VO, compound is a good material
candidate for studying the basic physics of hourglass fermions
in a magnetic system.

II. COMPUTATIONAL METHOD

The first-principle calculation that we used is based on
the density functional theory (DFT), which is implemented
in the Vienna ab initio simulation package (VASP) [75,76].
The correlation potential is chosen as the generalized gra-
dient approximation (GGA) with Perdew-Burke-Ernzerhof
(PBE) [77]. The plane-wave cutoff energy was set to 500 eV.
A Monkhorst-Pack k-point mesh [78] of size 11 x 11 x 11
was used for the BZ sampling. Energy and force convergence
criteria were set as 107° eV and 0.01 eV/A, respectively.
To account for the correlation effects for transition-metal ele-
ments, the DFT +U method [79,80] was used to calculate the
band structures. The effective U values between 0 and 6 eV
have been tested for the V 3d orbitals. For the topological
band structure shown in the following sections, the effective
U value is chosen as 4 eV. To be noted, the conclusion of
the work would not change if we slightly shift the U values.
The surface states are calculated by using the WANNIERTOOLS
package [81].

III. CRYSTAL STRUCTURE, SYMMETRY, AND
MAGNETIC CONFIGURATION

Compound Mg,VO, is an existing material and has
already been synthesized by different experimental technolo-
gies [82-84]. The Mg,VO, crystal structure belongs to a
face-centered cubic Bravais lattice, with the space group
Fd3m (No. 227). Figure 1(a) shows the conventional crys-
tal structure of Mg, VO, compound. The cubic unit cell of
Mg, VO, totally contains 56 atoms. Among them, 32 O atoms
locate at the 32¢ (0.373, 0.373, 0.373) Wyckoff position, 16
Mg atoms occupy at the 164 (0.125, 0.125, 0.125) Wyck-
off position, and 8 V atoms situate at the 8a (0.5, 0.5, 0.5)
Wyckoff position. The conventional unit cell is composed
of a cubic framework of V atoms. Each V atom is sur-
rounded by four O atoms, which form a tetrahedral local
crystal. The Mg atoms are inserted into the cubic framework.
Each Mg atom bonds with six O atoms to form the Mg-
Og¢ octahedron. The primitive unit cell contains two formula
units of Mg, VOy,, which shows in Fig. 1(b). The optimized
lattice parameters are basically consistent with the exper-
imental results [82-84]. The optimized lattice constant is

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

a =b = c = 8.458 A, which is applied in electronic structure
calculations.

There are three nonsymmorphic glide planes involving
fractional lattice translations, G;: (x,y,z) = (x+1/4,y +
3/4, —z+1/2), Gio1: (x,y,2) > (=y+1/4,x+3/4, —z+
1/2), and Gyo: (x,v,2) > (—x+1/4, —y+3/4,z+ 1/2).
Combining these three nonsymmorphic symmetry operations
leads to the twofold rotation C,. These symmetries are impor-
tant for our discussion below.

To obtain the ground magnetic state in Mg, VO4, we have
considered three magnetic arrangements of V atoms, which
include nonmagnetic (NM), ferromagnetic (FM) and anti-
ferromagnetic (AFM). In addition, we have also considered
three potential magnetic ordering directions including [001],
[110], and [111] in the FM and AFM states. In Table I, we
show the calculated total energies for the considered magnetic
arrangements in Mg, VO4. We can find that the FM state with
the [111] magnetization is the most energetically stable. In
addition, we have also checked the ground magnetic states
with U values in the range of 0-6 eV. We find Mg, VO, com-
pound always shows the FM ground state. In the following, we
investigate the band topology of Mg, VO, in the FM ground
state.

TABLE I. Total energy E,, per unit cell (in eV, relative to that
of the FM,; ground state), as well as magnetic moment M (in units
of up) per V atom. The values are calculated by the GGA+SOC
method with U = 4.0 eV.

FMoo1 FMi 9y FMi1 AFMy AFMig AFM;
Energy/eV 0.0001 0.0002 0 0.0344 0.0075 0.0342
M, /g 0.0010 0.7880 0.6430 0.0010 0.7830 0.6280
M,/up 0.0010 0.7880 0.6430 0.0020 0.7820 0.6310
M. /up 1.1140 0.0010 0.6430 1.0940 0.0010 0.6370
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FIG. 2. The electronic band structures and projected density of
states (PDOS) of Mg, VO, compound in the absence of SOC. (a) is
for the spin up case, showing a metallic character with bands crossing
the Fermi level. (b) is for the spin down case, exhibiting an insulating
character with a big band gap of 4.65 eV.

IV. FULLY SPIN-POLARIZED HOURGLASS NETWORKS

We start with the electronic structures of Mg, VO, com-
pound in the absence of SOC. The band structure and
projected density of states (PDOSs) in the spin up and spin
down channels are shown in Figs. 2(a) and 2(b), respectively.
It is very interesting to find that the band structures in the spin
up and spin down states exhibit completely different conduct-
ing behaviors. In the spin up channel, we can observe four
bands entangle together near the Fermi level, and the band
structure shows the metallic character. However, the bands in
the spin down channel exhibit an insulating signature with an
energy gap of 4.65 eV around the Fermi level. These results
show that the Mg, VO4 compound is a half-metal phase, where
the conducting electrons have a 100% spin polarization. A
further observation finds several band crossings in the spin up
band structure, as shown in Fig. 2(a). Especially, band cross-
ings show hourglass dispersions in the X-I', I'-W, and L-X
paths. These novel band crossings will be discussed in detail
below. From the provided PDOSs, we find the electron states
near the Fermi level are mostly contributed by the d orbitals
of V element. Considering that GGA functional usually under-
estimates potential band gaps, here we have also checked the
band structure under the Heyd-Scuseria-Ernzerhof (HSE06)
functional [77,85]. We show the band structure in the spin up
channel in Fig. 3. We can observe that the band crossings near
the Fermi level are retained under HSEO6 calculation.

We here review the general characters of the band structure
in the spin up channel. As shown in Fig. 2(a), there are
totally six band crossing points near the Fermi level, which
happen in the X-I', I'-W, K-I', L-X, U-L, and L-K paths,
respectively. After a careful scan on the band structures, we

PBE+U
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FIG. 3. The band structure of Mg, VO, in the spin up channel
along high-symmetry k paths using HSE and PBE calculation.

find these crossing points are not isolated but belong to three
hourglass nodal lines (HNLs). Figures 4(a)—4(c) show the
orbital-component band structures for the crossing points. In
each case, we find four bands are entangled into two groups
and show the hourglass-shaped dispersions. These bands are
mostly contributed by the V — d.,,V —d,;,andV —d>_y or-
bitals. We can clearly observe the band inversion feature near
these crossing regions, which indicates the potential nontrivial
band topology in Mg, VO, compound.

—
Q
-
—
o
=

0.4 0.5
S ‘ —
Q ’ ife)
S~
3 00 Ko
: ‘ , -
[WE)
-04 0.0
X i W
k(2m/a)
(b) (e)
0.4 0:5
z , g
> &
g 0.0 l}
C ’ ‘
[NN)
| 0.0
-04
N X L
(0) )
S —
9 o
S~
5 0o lTs: 5
o <
[WE)
N 0.0
04r K L

k(2V2/a)

FIG. 4. (a)-(c) Orbital-projected band structure of Mg, VOy, in-
cluding V-d,; orbital (red), V-d,, orbital (blue) and V-d,2_,» orbital
(green). (d)—(f) show the profiles of hourglass nodal lines in k£, = 0
plane, k,_, plane, and k,_, = O plane, which are labeled as HNLI,
HNL2, and HNL3, respectively. In (d)—(f), the color map indicates
the local gap between two crossing bands.
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FIG. 5. (a) Illustration of the HNL1 in the k, = O plane. The
points a, b, ¢, and d are equally spaced between X and K'.
(c) Schematic illustration of the HNL2 in the k,_, plane. The points
a, b, ¢, and d are equally spaced between I' and L. (c) Schematic
illustration of the HNL3 in the k,_, plane. The points a, b, ¢, and d are
equally spaced between I and L. (b), (d), and (f) are band structures
along the k paths as indicated in (a), (c), and (e), respectively.

The profiles of the three HNLSs are shown in Figs. 4(d), 4(e)
and 4(f). For clarity, we here denote them as HNL1, HNL?2,
and HNL3, respectively. HNL1 situates in the k, = O plane,
centering the I" point in the BZ. It manifests a petaloid profile,
as shown in Fig. 4(d). HNL2 and HNL3 both show the ellip-
tical profiles but have distinct locations. HNL2 locates in the
['-X-L plane (denoted as k,_, plane), centering the X point
[see Fig. 4(e)], while HNL3 locates in the I"-K-L plane (k,_,
plane), centering the K’ point [see Fig. 4(f)].

To examine band dispersions at other regions of the HNLs,
we have selected several other k paths in these planes. As
shown in Figs. 5(a), 5(c) and 5(e), the selected k paths all
traverse the HNLs. The corresponding band structures are
displayed in Figs. 5(b), 5(d) and 5(f), respectively. We can
observe that all the k paths show hourglass band disper-
sions. These results have fully verified the HNL signature in
Mg, VO, compound.

To capture the topology signature of the HNLs, we calcu-
late the Berry phases for a closed loop surrounding each HNL
as

Py = %A(k) -dk. 1
L

Here, A(k) = —i{ @(k) | Vi | ¢(k) ) denotes the Berry
connection, and ¢(k) is the wave function. After numerical
calculations, we find that these HNLs all give the Berry phase
of Py = 7, which shows that they are topologically nontrivial.
We notice that all the HNLs locate in the mirror-invariant
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FIG. 6. (a) Schematic illustration of the outer nodal chain
formed by HNL1 (the red loop) and HNL2 (the light blue loop).
(b) Schematic illustration of the outer nodal chain formed by HNL1
(the red loop) and HNL3 (the green loop). (c) Schematic illustration
of the 3D hourglass networks formed by HNL1, HNL2, and HNL3.
(d)—(f) are the corresponding top views of (a)—(c).

planes. For HNL1, it situates in the k, = O plane, which is
found to be protected by the glide mirror symmetry G; in-
volving half the lattice translations. We have calculated the
eigenvalues for the crossing bands and find they possess op-
posite eigenvalues. This ensures the formation of nodal line
without opening gaps. Similarly, we find HNL2 and HNL3
are also protected by glide mirror symmetries, which are Gyg;
and Gy, respectively. Both Gyg; and Gyj¢ also preserve the
fractional lattice translations.

It is very interesting to note that the HNLs are not isolated
but connected together to form 3D nodal networks in the BZ.
The configurations of the nodal networks are depicted by the
3D model in Fig. 6(c), where HNL1 is shown by the red loops,
which lie in the k, = 0, k, = 0, and k; = O planes. HNL2 are
shown as the blue loops, locating in the kc_y, ky,_;, and k,_,
planes. HNL3 are shown as the green loops, which situate in
the k,_,, k,_, and k,_; planes. The complex nodal networks
can be simply decomposed into several nodal chains. First,
three loops of HNL1 form an inner nodal chain, as shown by
the red loops in Fig. 6(c). Second, HNL1 and HNL?2 connect
at the same point in the I"-X path, which form an outer nodal
chain structure, as shown in Fig. 6(a). Such a connection can
be clearly identified by the top view of the model in Fig. 6(d).
Third, HNL1 and HNL3 are also not isolated but form another
outer chain. They share the same nodal point in the I"-K path,
as shown in Figs. 6(b) and 6(e). These nodal chains entangle
together, thereby forming the 3D nodal networks, as shown in
Figs. 6(c) and 6(f).

Now, we investigate the surface states corresponding to
the nodal networks. Figure 7(a) displays the projection of the
nodal networks onto the (001) surface in Mg, VO4 compound.
We show the constant energy contours at the Fermi level for
the (001) surface states in Fig. 7(b). We can observe several
sharp surface bands, which are in fact the drumhead surface
states. To more clearly characterize the relationship between
HNLSs and the projected surface states, we outline the profiles
of HNLI1, HNL2, and HNL3 when projected onto the (001)
surface. As shown in Fig. 7(c), we can observe that the sharp
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FIG. 7. (a) The bulk BZ and the projection of hourglass networks
onto the (001) surface. (b) The (001) surface states in the first BZ at
the Fermi level. The sharp features are the surface states. (c) The
(001) surface states with the profiles of project hourglass networks
provided. (d) and (e) are surface band structures along cutl and cut2
indicated in (b), where the drumhead surface states are pointed by
the arrows.

surface bands originate from the nodal networks. In addition,
we have selected two paths crossing through distinct tangent
points between the HNLs [cutl and cut2 in Fig. 7(b)]. We
show the corresponding surface band structures in Figs. 7(d)
and 7(e). In these cases, the drumhead surface states can be
clearly identified.

V. ROBUSTNESS OF HOURGLASS NETWORKS

In this section, we investigate the robustness of the hour-
glass networks. We first consider the SOC effects on the
electronic band structure. As discussed above, the three HNLs
are protected by specific glide mirror symmetries. In Mg, VO4
compound, the ground magnetic ordering is along in the [111]
direction, which will break all the glide mirror symmetries
displayed above. Therefore, all the HNLs are gapped under
SOC, as shown in the band structures in Fig. 8(a). However,
the SOC effects in Mg,VO,4 compound are not quite pro-
nounced, and the SOC gaps are only 1.79-10.19 meV. To
be noted, these SOC gaps are smaller than former proposed
hourglass nets in Ag,BiO3 [86,87].

We notice Mg, VO, compound has a soft magnetism, since
the energy difference among different magnetization direc-
tions is very small. The magnetization can be easily tuned
by external strain. Then, if the magnetization is applied in
a specific direction which preserves one certain glide mirror
symmetry, some HNLs can be retained. We show this point
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FIG. 8. (a) Electronic band structure of Mg, VO, with SOC un-
der the [111] magnetization. The size of SOC gaps are indicated.
(b) Electronic band structure of Mg, VO4 with SOC under the [001]
magnetization. (c) Schematic illustration of a single HNL in the
k, = 0 plane under the [001] magnetization.

by applying the [001] magnetization. The corresponding band
structure under SOC is shown in Fig. 8(b). We find HNL1 in
the k, = 0 plane can retain, since the glide mirror symmetry
G, preserves in the [001] magnetization. As a result, the hour-
glass networks transform into an hourglass line, as shown in
Fig. 8(c).

Unlike accidental nodal lines, HNLs are robust against
perturbations as long as the nonsymmorphic glide planes
preserve. We show this point by applying lattice strains and
shifting electron correlation strength. Beside the HNLs, we
are also concerned about the half-metallicity in Mg, VO4
compound, which ensures the fully spin-polarized conducting
electrons. In Fig. 9(a), we show the changes of the conduc-
tion band minimum (CBM) and the valence band maximum
(VBM) in the spin down channel under different strains. To
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FIG. 9. (a) In the spin down channel, the curves of valence band
maximum (VBM) and conduction band minimum (CBM) under
different strains. The middle area formed by the curves represents
the band gap. (b) The band structure of Mg, VO, compound in the
spin-up channel with strain at +6%. (c) Variation curves of VBM
and CBM in the spin down channel under different U values. (d) The
spin-up band structure under U = 6 eV.
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be noted, we here apply the hydrostatic strain to ensure the
existence of all glide symmetries. The tensile and compressive
strains are shown by “+” and “—,” respectively. As shown
in Fig. 9(a), we find both CBM and VBM will not touch
the Fermi level during the stain shifting from —5% to +5%.
This suggests the half-metallicity in Mg, VO, is very robust
against strain. More importantly, we find that all the band
crossings of the 3D hourglass networks in the spin up channel
can also retain under strain. Here, we take the band structure
in spin up under +5% strain as an example, and the result
is shown in Fig. 9(b). Similarly, we have also investigated the
impacts of electron correlation strength on the half-metallicity
and hourglass networks in Mg, VOy. The results are shown in
Figs. 9(c) and 9(d). We can find that the electronic structure
is also quite robust against the electron correlation effects by
shifting the U values from 0 to 6 eV. This phenomenon can be
understood from the crystal field view. In Mg, VO, compound,
the bonding between V and O atoms forms the V-Oy tetrahe-
dron local structure. Under the tetrahedral crystal field, the
V-3d orbitals split into two parts: the triple degenerate #,, or-
bitals and the double degenerate e, orbitals. Further exchange
splitting among these d orbitals would break the time-reversal
symmetry and lead to the spin degeneracy, thereby forming
the half-metal band structure. In Mg, VO4 compound, each V
atom transforms four valence electrons to the neighboring O
atoms and only one valence electron is left. As a result, the
V4 is just half-filled in the e, orbital. Such half-filled config-
uration leads to the four entangled band structure around the
Fermi level, which is not very sensitive to the choice of the U
values. Such high robustness of half-metallicity and hourglass
networks quite facilitate their experimental detections.

VI. EFFECTIVE MODEL

As discussed above, the nodal networks consist of connec-
tions among HNL1, HNL2, and HNL3. We first prove the
presence of HNL1 centered at the I' point. It is protected
by glide mirror G, : (x +3/4,y + 1/4, —z 4+ 1/2). To protect
the nodal ring, the two crossing bands should have opposite
eigenvalues of G, which have already been verified by our
DFT calculations such that G, has a matrix representation as
G, = 0. Generally, we consider the effective Hamiltonian is
given by

He =) dilk)o, @

where o is the Pauli matrix. As we know that

GHrG;' = Hr(ky, ky, —k.), 3)

to satisfy this commutation relation, it requires that
dx,y(kxv kya kz) = - x,y(kx’ kya _kz)a (4)
d (ky, ky, k;) = d (ky, ky, —k;). 5)

According to the DFT result, the nodal ring lies on plane
k; = 0, such that Eq. (4) vanishes. Therefore, the nodal ring
is determined by d, (k). We consider up to the second order of
k, then we have

d.(k) = Mo + ak? + k2 + ykZ, (6)

with Mya < 0, MyB < 0, which indicates a nodal ring on
plane k, = 0. The remaining operations further constrain the
shape of nodal ring, but only the mirror operation G, deter-
mines its existence.

Similar discussion is also applied to HNL2 and HNL3
on the k, =k, (k, = k;) plane. Glide mirror G119 (Gio1) is
predicted to have opposite eigenvalues for the two cross-
ing bands. Such that the glide mirror is given by Gyjg =
o; (Gio1 = o), it also describes a nodal ring on the corre-
sponding plane. Specifically, the nodal ring is determined by
d.(—=k, —k,k;) = My + &'k* + yk? (d.(—k, ky, —k) = Mo +
o'k? + ,Bkvz) for the ky =k, (kx = k;) plane. Therefore, we
have proved that there are three types of nodal rings, as shown
in Fig. 4(a), 4(c) and 4(e). Among them, HNL1 and HNL2
touch at some point along the I'-X direction, and HNL1 and
HNLS3 touch the I'-K direction. They finally can form the
nodal networks shown in Fig. 5(c).

We should emphasize that, due to the presence of glide
mirror, there may exist a band switching between the two time
reversal invariant momenta (TRIM), leading to the hourglass
type dispersion. Taking the nodal ring on the k, = O plane as
an example, we have

G = Typ = e Hie b, (7)

Hence, the eigenvalues of G, are dependent of k., k,. At
the T" point, g, = £1. For this FM case, each spin channel
can be regarded as a spinless case. Such that 7 = I, K is
the conjugate complex operation, which leads to a Kramer
degeneracy at the I" point. Every Bloch state on plane k, = 0
can be chosen as the eigenstate |u) of G_; it shows a double
degeneracy, {|u), T |u)}, at the T" point. Notably, |u) have the
same eigenvalue g, = +1 (or g, = —1) as its Kramer partner
T |u). However, one notes that at X = (0, 7, 0) (the coordinate
in conventional cell) g, = +i, each Kramer pair |u) and T |u)
shares the different eigenvalues g, (one is g, = i and the other
one is g; = —i). Therefore, there must be a partner switching
when going from I'" to X, leading to an hourglass band cross-
ing. Furthermore, since k, = 0 plane is invariant under glide
mirror G, its eigenvalue g, can be well defined on this plane.
Such that the above discussion can be applied to any path on
this plane and connecting the two TRIMs, we trace out an
hourglass nodal loop on this plane. The same argument can be
extended to HNL2 and HNL3 on planes k,_, and k,_.

VII. DISCUSSIONS AND CONCLUSION

We have several remarks on the topological band structure
of Mg, VO,. First, noticing the Mg, VO, system preserves the
inversion symmetry but lacks the time-reversal symmetry; the
HNLs and hourglass networks are all time-reversal-breaking
Weyl ones with the double degeneracy. These Weyl HNLs
are different with the Dirac ones proposed in ReO, previ-
ously [86]. Second, the hourglass networks situate almost at
the Fermi level and have a very clean band structure without
interferential bands nearby; hence, their novel properties may
be readily investigated in future experiments. Third, the hour-
glass networks arise from the bands in one single spin channel,
thus the hourglass-network fermions are fully spin polarized.
Such fully spin-polarized fermions can be meaningful for
spintronics applications.

155116-6



THREE-DIMENSIONAL WEYL HOURGLASS NETWORKS IN ...

PHYSICAL REVIEW B 102, 155116 (2020)

In addition, we want to point out that hourglass line-
hourglass chain or hourglass net have already been proposed
in spinless models [67] and in a few nonmagnetic materials
such as oxide Ag,BiO; [87,88]. However, similar research
in the magnetic system is quite rare. Therefore, Mg, VO,
compound can be a good material platform to investigate the
potential entanglement effects between hourglass fermions
and magnetism. We also want to emphasize that the nodal
chain states here are also fundamentally different than pro-
posed in ferromagnetic Heusler compound Co,MnGa [72],
because the nodal chains in Co,MnGa do not show the hour-
glass dispersion.

Another important feature for the Mg, VO, system is that
the hourglass networks have 100% spin polarization, because
Mg, VOy is a half metal and the conducting electrons purely
originate from the bands in the same spin channel. Previously,
it has also seen several reports on topological phases iden-
tified in half metals, such as the double Weyl phase in half
metal HgCr,Se4 [89] and the Weyl half metal CoszSe, S, [90].
In addition, nodal line and nodal surface states with the
100% spin polarization have also been reported in several
half metals such as Liz(FeOs), compound [48], tetragonal
B-V,0P04[91], MnN monolayer [92], CrN monolayer [30],
CsCrXs3 (X = Cl, Br, I) compounds [39], and some spinel
materials [32,73]. Comparing with traditional topological ma-
terials, topological half metals with 100% spin polarization
could be meaningful in spintronics applications.

In conclusion, we report the presence of fully spin-
polarized hourglass networks in Mg, VO, compound with the
nonsymmorphic crystal symmetry. The hourglass networks

are constructed by three HNLs, which form the conjunction
among one inner nodal chain and two outer nodal chains.
The hourglass networks are symmetry enforced and cannot be
annihilated without breaking symmetries. Since the hourglass
networks are solely formed by bands in the spin up channel,
they have the 100% spin polarization. From this perspective,
such nodal networks are different from those identified in non-
magnetic materials. The nodal networks show clear drumhead
surface states, which are also fully spin polarized. The SOC
impact on the nodal networks has been discussed. In addition,
the fully spin-polarized nodal networks are found to be robust
against the electron correlation effects and the lattice strain.
Effective models are constructed, which can successfully de-
scribe the nature of hourglass networks. This work provides
an excellent platform to investigate the hourglass fermions in
the magnetic system, as well as bring potential applications in
spintronics.
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