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Theoretical realization of fully spin-polarized nodal box with traversing Brillouin zone surface state
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Magnetic topological materials have attracted much attention because of their exotic topological quantum
physics arising from the interplay between spintronics, crystallography, magnetism, and topology. Based on
first-principles calculations and crystal symmetry analysis, we present a lot of materials with fully spin-polarized
nodal boxes in a ferromagnetic cubic structure. This nodal box is formed by six butterflylike nodal lines in
the Brillouin zone when neglecting the weak spin-orbit coupling (SOC) mainly from F atoms. Such a fully
spin-polarized nodal box is reported here. The M;;p mirror symmetry is not broken in [110] magnetization
direction, thus leaving a symmetrically protected butterflylike nodal line on the (110) surface when the SOC
is present. The band gaps of the nodal box induced by SOC are less than 1 meV due to the weak SOC effect.
Our discovery fills the gap in the study of a fully spin-polarized nodal box in the magnetic system and provides
a good research platform for studying the combination of new topological states and spintronics. Such a fully
spin-polarized nodal box with unique Fermi surfaces and surface states traversing the Brillouin zone holds great

promise for applications in catalysis and spin transport.
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I. INTRODUCTION

Topological semimetals/metals (TSMs) hosting a finite
number or continuous nodal line of band crossings near the
Fermi level in momentum space have attracted widespread
attention [1-8]. In physics, the study of TSMs indicates that
Fermi surfaces crossed by conduction and valence bands
in momentum space can exhibit different patterns, such as
points [9-13], lines [14-24], and surfaces [25-29]. Compared
to nodal points, nodal lines are more flexible to form various
topological states. Many interesting physical properties have
been proposed in these interesting nodal line materials, such
as drumhead states [30], Friedel oscillation [31], nondisper-
sive Landau energy levels [32], specific long-range Coulomb
interactions [33], and so on. In particular, the nodal lines in
magnetic materials represent a different type. It will be most
interesting when the material is half metallic. Half metals
exhibit one spin channel possessing a metallic state while
the other remains in an insulating or semiconducting state.
Different from conventional ferromagnetic (FM) compounds
with a low degree of spin polarization, half metals with 100%
spin polarization are considered to be excellent candidates for
spintronics. Thus all the interesting physical properties related
to the nodal lines occur in only one single spin and the spin
polarization can be switched by controlling the magnetization
direction [34-36]. Therefore, researchers strive to find new
topological phases in magnetic systems and try to reveal new

“zhangxiaoming87 @hebut.edu.cn
Tedliu1978@126.com

2469-9950/2022/106(7)/075155(8)

075155-1

topological properties and application prospects in magnetic
systems.

Nodal lines can be formed in various forms flexibly, such as
nodal rings [8,19,37-40], nodal chains [19,26,41-44], nodal
knots [45-47], nodal nets [48,49], nodal link [50], nodal
box [51], and Hopf chains [50,52-54] based on the shape of
the nodal lines. So far, different types of nodal lines in the
model or nonmagnetic system have been proposed. So far,
many types of nodal line TSMs have been predicted. But the
reported nodal lines in the magnetic system are very limited.
Moreover, the types of nodal line reported in the magnetic
system are mainly simple nodal line or nodal ring [34,55,56].
Recently, nodal chain has been proposed in the magnetic ma-
terials Co,MnGa [57], XTiMn(POy)3 (X = Ca, Mg, Zn) [58],
and LiV,04 [59]. A topological phase namely nodal box,
where the crossing among nodal lines shows the boxlike
configuration protected by C; symmetry, has been recently
proposed in nonmagnetic material CuAgSe [51]. It shows
unique topological characteristics and transport properties dif-
ferent from isolated and intersecting rings. However, the nodal
box was reported in the nonmagnetic system [51]. The system
with magnetic properties will have great prospects for appli-
cations in spintronics, which can carry information not only
by charge, but also one by spin. Half metals with 100% spin
polarization are considered to be excellent spintronics candi-
dates for spin generation, injection, and transport. Therefore,
exploring a new family of nodal box in ferromagnetic half
metals is crucial in boosting the development of spintronic
devices. We look for nodal boxes very close to the Fermi
energy level in ferromagnetic half metals, which gives the
system a large electron mobility and a highly tunable ability
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to use external fields such as pressure, electric field, magnetic
field, electromagnetic radiation, etc.

In this work, we found a symmetry-enforced butterfly
nodal line in ferromagnetic CspAFs (A = Ag, Cu) com-
pounds. Specific butterfly nodal line features are protected by
Mo mirror symmetry on the (110) surface. Considering the
six mirror symmetries in the Oy, point group, the butterflylike
nodal lines form a nodal box in the Brillouin zone (BZ). In
these half-metallic ferromagnets, the nodal boxes are fully
spin polarized, which is very different from the previously
reported nodal box in a nonmagnetic system. Moreover, the
surface states of the nodal box traverse the entire BZ, which
will be very beneficial for the experimental observation. When
the SOC is present, the My mirror symmetry is present
when the magnetization is along the [110] direction, thus
leaving a symmetrically protected butterflylike nodal line on
the (110) surface. The band gaps of a nodal box induced by
SOC are less than 1 meV due to the weak SOC effect. Using
high-throughput calculations, we also predict that a class of
materials X, YZF¢ (X = Rb, K, Cs, Na; Y= Na, Li; Z = Ni,
Pd) possess the same nodal box topology features. Through
our analysis, we propose that a cubic structure with Fm3m
space group can host an ideal nodal-box structure when the
weak SOC effect is neglected. Our work presents a large
number of half-metallic ferromagnets with nodal-box prop-
erties, providing a good platform for research in spintronics
and topological physics.

II. COMPUTATIONAL DETAILS

The first-principles calculations were performed by us-
ing the Vienna ab initio Simulation Package [60,61]. The
correlation potential is chosen as the generalized gradient
approximation (GGA) with Perdew Burke, and Ernzerhof
(PBE) [62]. The plane-wave basis set with an energy cutoff
of 500 eV was used. The Brillouin zone was sampled by a
Monkhorst-Pack [63] k& mesh with a size of 15 x 15 x 15.
Energy and force convergence criteria were set as 1077 eV
and 0.001 eV/A, respectively. To account for the correlation
effects for transition-metal elements of the Ag atom, we ap-
plied the GGA+U method [64]. The effective U value for Ag
was chosen as 3 eV. Note that shifting the U values will not
change the conclusion of our work. The graph of electronic
band structure and projected density of states is plotted by
the PYMATGEN package [65]. The surface states are calculated
by using the WANNIERTOOLS package [66]. The irreducible
representations of the electronic states are obtained by using
the IRVSP code [67].

III. RESULTS AND DISCUSSIONS

A. Crystal structure and magnetic properties
in Cs;AFg (A = Ag, Cu) compounds

The lattice structure for the Cs,AF¢ (A = Ag, Cu) com-
pounds is shown in Fig. 1(a). They crystallize in the cubic
K,PtClg-type structure with space group Fm3m (No. 225).
The Cs atoms are located at 8c (0.25, 0.24, 0.25), A at 4a
(0, 0, 0), and F at 24¢ (x, 0, 0) Wyckoff sites. This structure is
characterized by two structural parameters that are not fixed
by symmetry: the lattice parameter a and the position of the F

500 === ==

|| PN

g 400 - S e GUEEEES LR LS e =
& ||
T 300 e e
g
Rl o g e
L

100 /\%: “““ et B S B

r X W K
(d)

00,8

i 5o €D

FIG. 1. (a) Conventional cell of Cs;AFs (A = Ag, Cu) com-
pounds. (b) The bulk Brillouin zone (BZ) with the high symmetry
points labeled and (001) plane surface BZ. (c) Calculated phonon
spectrum of cubic Cs;AgF, along high symmetry k path in the
bulk BZ. (d) Three-dimensional magnetic charge density (yellow) of
Cs,AgF. (e) The Fermi surface with electron (red) and hole (blue)
pockets.

atom (x, 0, 0), which can be determined by relaxing the lattice.
Figure 1 shows the conventional lattice of Cs;AFg (A = Ag,
Cu). These compounds can be seen as AFg octahedra well
separated by the presumed inert Cs ions, which serve to fill
the space and give charge to the AFs unit. We used CsyAgF,
as a representative of the Cs;AF¢ (A = Ag, Cu) series studied.
The equilibrium lattice parameter of the Cs;AgF, compound
isSa=b=c=9.25 A, which is consistent with the experi-
mental lattice parameter a = b = ¢ = 9.010 £ 0.005 A [68].
Since the cubic symmetry in CspAgF; is crucial for the dis-
cussions in the following, we here further verify the stability
of cubic Cs,AgF, from the phonon calculation. As shown
in Fig. 1(c), the phonon spectrum exhibit no imaginary fre-
quency mode throughout the Brillouin zone, indicating cubic
Cs,AgF, is indeed dynamically stable.

Figure 1(d) depicts the three-dimensional (3D) spin-
difference density of CspAgF;. It is clearly observed that the
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FIG. 2. (a) Total energy of fixed spin moment changes in the
Cs,AgF unit cell. (b) Comparison of the energy among the different
magnetic states; the FM state was set as the reference energy. (c) FM
and AFM states ina 2 x 2 x 2 supercell of Cs, AgF,. Only Ag atoms
are shown here.

magnetic moments are mainly distributed around Ag and the
magnetic moment of per unit cell is 4up. In other words,
the magnetic moment of the Csy;AgF, compound is 1lug
per primitive cell. Experimentally, we found that Cs;AgF,
was shown to be weakly magnetic [68], indicating that it
may be the ferromagnetic behavior at low temperature. To
understand its magnetic properties, we fixed the magnetic
moment to compare the energies. As can be seen in Fig. 2(a),
there is a considerable nonmagnetic instability. The magnetic
ground state of Cs,AgF, was evaluated by constructing non-
magnetic (NM), ferromagnetic (FM), and antiferromagnetic
(AFM) configurations. Two different types of antiferromag-
netic structures (AFM1 and AFM2) are considered, as shown
Fig. 2(c). By comparing the energy of nonmagnetic, ferro-
magnetic, and two antiferromagnetic structures (AFM1 and
AFM2), we found that FM has the lowest energy from
Fig. 2(b). Therefore, the FM state is most energetically stable
in all magnetic configurations.

B. Nodal box in Cs,AFg (A = Ag, Cu) compounds

We show the band structure of Cs;AgFy based on the fer-
romagnetic ground state in the absence of SOC. As shown in
Fig. 3, Csy AgF, exhibits a half-metallic feature with a metal in
the spin-up channel and a semiconductor with a gap of 1.7 eV
in the spin-down channel. The total and projected density of
states (TDOSs and PDOSs) on the right side of Fig. 3 shows
that the electron states near the Fermi level are dominated by F
atoms. Several band crossings are observed close to the Fermi
energy level in the spin-up channel and are very clean from
the interference of other trivial bands. Importantly, these band
crossings are fully spin polarized, which greatly increases
carrier mobility.

The detailed analysis of the electronic band structure in
the absence of SOC is shown in Fig. 4. In Fig. 4(a), we can
observe the linear band crossing in the I'-K path and the
doubly degenerate nodal line in the I'-L path. The nodal line
along the I'-L path is protected by point group Cs,. The Weyl
point in the I'-K path is protected by the point group of Cs,
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FIG. 3. Electronic band structure and the projected density of
states of Cs,AgF in (a) spin-up channel and (b) spin-down channel.
Black represents the total density of states, red is the density of states
of F atoms, blue is the density of states of Ag atoms, and green is the
density of states of Cs atoms in the right side of the figure.

with different irreducible representation I} and I'4. A careful
scan of the band structure around the I" points shows that these
band crossings are not isolated. Interestingly, these nodal lines
and nodal points formed a butterflylike nodal line on the (110)
surface protected by the Mo mirror symmetry [see Fig. 4(b)].
The symmetry group contains six mirror planes, collectively
referred to as Myjo. All the butterflylike nodal lines on the
(110) surface combine to form a nodal box in the Brillouin

@ (b)
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FIG. 4. (a) Enlarged band structure along the K-T'-L.
(b) Schematic diagram of four lines, with irreducible marked
on the line. (c) The shape of the butterfly-shaped nodal line on
one (110) plane in bulk Brillouin zone (BZ) obtained by DFT
calculation. The bright white line represents the contour line where
the energy difference between the two bands is zero. (d) Main view
of a nodal box formed by combining all the butterfly-shaped nodal
lines on the six (110) plane.
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zone as shown in Figs. 4(c) and 4(d). By plotting the Fermi
surface in Fig. 1(e), we find an electron pocket (red) on the
corners of the nodal box and a hole pocket (blue) on the face
of the nodal box. To the best of our knowledge, the nodal box
structure proposed in this paper is different from the known
nodal line, nodal chain, and nodal network systems. We hope
that this unique nodal box structure will yield new properties
in future transmission experiments.

Now we understand the nodal box from the symmetry point
of view. In the Cs, AgF¢ compound, there are only two bands
near the Fermi level. It is worth noting that these two bands
have two-dimensional (2D) irreducible representation I'; on
the I'-L path. Therefore, a nodal line is formed on the I'-L
path. Along the I'-K path, the two bands separate to form a
crossing point. Based on the irreducible representation, we
derive the effective model up to the first order of k for the
crossing point along I'-K, which is given by

Hir—ky = [M + By (ky + ky)]og
+ [AO - BZ(kx + ky)]oz +A(kx - ky)Ux- (1)

According to the presence of Mg, one could discover that
this crossing point is not isolated, but rather a generic point on
anodal line on k, = k, plane. To be specific, we consider that,
up to the second order of k, the effective model for the nodal
lines is given by

HNL(kx’ ky, kz) = H(]"fK) + D()(kf - kyz,)ax
+ [Cok? — Ay (k2 + K2) + Askiky o
@)

Such an effective model gives rise to a crossing point in 1D
on the k, = k, plane. On this plane, one has

Hyr(k, k. k) = [Ag — 2Bok + Cok? — (241 — Ay)k*|o.
(3)

If the two bands are degenerate, one has
Ao — 2Bok + CokZ — (2A1 — A)k* =0, )

which leads to the solutions

k = £,/ k2By + 241k — 2420) — Aol (5)

Hence one could derive two nodal lines on this plane, as
shown by the yellow line in Fig. 4(b). The two bands near
the Fermi level are 1D irreducible (A, By), and become 2D
irreducible (E,) only at the L point. Therefore, the green line
and the yellow line must cross at point L. The boundary of
the two nodal lines will share one L point and finally form
a butterfly shaped nodal line on the (110) plane. Due to the
cubic structure with O, symmetry of the system, there are
six mirror planes M. All the butterflylike nodal lines on the
(110) plane combine to form a nodal box in the Brillouin zone.
Similar connections of nodal lines have also been discussed
in several intersecting-nodal-ring examples [19]. In addition
to the advantages of standard half metals, the spin-polarized
nodal box has large electron mobility and highly adjustable
ability through external fields (such as pressure, electric field,
magnetic field, electromagnetic radiation, etc.). The unique
topological phase of spin polarization provides another plat-
form and opportunity for spintronics, electronics, and optics.
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FIG. 5. (a)-(d) Band structures of Cs,AgF, in the spin-up (the
left panel) and spin-down (the right panel) channels with varying U
(0, 1, 2, 4) values.

In particular, the spin-polarized topological phase has a nodal
box with a single spin channel and no other entangled trivial
bands, which combines spintronics and topological physics.

The electronic band structure of Cs,CuFg is similar to that
of CsyAgF,. Specifically, Cs,CuF¢ has the same band cross-
ings as CsyAgF in spin up channel and has a gap of 1.35 eV
in spin down channel. Thus a completely polarized nodal box
is also found in the Cs,CuFg compound. In particular, the
nodal box was previously mentioned only in the nonmagnetic
system [51]. In this work, the fully polarized nodal box is
proposed in a ferromagnetic system, which nicely combines
spintronics and topological physics. We also show the effect
of the U value on the electronic band structure and the results
are shown in Figs. 5(a)-5(d), indicating that the U value does
not have much effect on the electronic band structure. The
band crossings in the spin-up channel still exist and do not
change much in energy and momentum space.

One of the hallmarks of nontrivial topological materials is
the existence of a topologically protected surface state. As
mentioned above, the fully spin-polarized nodal box exists
in the Cs;AFs (A = Ag, Cu) compound. We can expect
drumhead surface states of the fully spin-polarized nodal box.
To address the issue, we have identified the surface spectrum
of the (001) surface of Cs,AgF,. In Fig. 6(a), we depict the
surface states along the high symmetry path, observing the
drumhead surface states of the nodal box clearly. We observe
that the drumhead surface states connected through and tra-
verse the entire Brillouin zone. As shown in the Figs. 6(b)
and 6(c), we further show the evolution of the drumheadlike
surface states from the momentum space and energy space,
respectively. In Fig. 6(b), the butterflylike nodal line evolves
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FIG. 6. (a) Surface spectrum on the (001) surface along the high
symmetry line. (b) Evolution of the surface state as the value of k,
increases. (c¢) The energy-dependent evolution of the (001) surface
state.

in momentum space as k, increases (k, = 0.0-0.5). From
Fig. 6(c), we can observe the evolution of the surface states
on the (001) surface spectrum at different energies. When the
energy range is 0.0 to 0.06, the surface state of the drum near
the ' point is clearly observed. The drumheadlike surface
state with unusually high electron density near the Fermi
level facilitates hydrogen precipitation from water [69-71].
The surface states traversing the Brillouin zone with high
electron density are not only very favorable for experimental
observations, but may also have good catalytic properties.

As can be seen from Fig. 7(a), the electronic band struc-
ture near the Fermi level is mainly contributed by F atoms.
The SOC effect is not significant in its impact on elec-
tronic structure. The direction of spontaneous magnetization
is determined by studying the total energy along different
magnetization directions including [001], [110], and [111]
axes. The results show that the [110] direction has the low-
est energy, which is 0.1 meV lower than [001] and [111]
axes. The electronic band structure with SOC in different
magnetization directions has no change compared with those
without considering SOC. The electronic band structure near
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FIG. 7. (a) Electronic band structure of atomic projection.
(b) Enlarged view of energy bands along K-I" and I'-L paths in the
presence of SOC. (c) When the magnetization is along the [110]
direction, the symmetrical protection of the butterflylike on the (110)
plane of the nodal line in the presence of SOC.
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FIG. 8. (a) Conventional cell of K;NaNiFs compound. (b) Three-
dimensional magnetic charge density (yellow) of K,NaNiFs. Elec-
tronic band structure and the projected density of states of K,NaNiFg
in (c) spin-up channel and (d) spin-down channel.

the Fermi energy level is mainly contributed by F atom. Due
to the weak spin-orbit coupling effect of this system, the
electronic structure does not change in different magnetization
directions when considering SOC. Therefore, the nodal box
will not be easily damaged. Based on the symmetry analysis,
the Mo symmetry is not broken, protecting the butterflylike
nodal lines on the (110) plane [see Figs. 7(b) and 7(c)] when
the magnetization direction is along [110]. Interestingly, the
SOC effect is very small and only opens up the gap to less than
1 meV. Therefore, the characteristic of the nodal box is hardly
affected when the SOC is considered. When the magnetization
direction is along the [100] direction, the M}y symmetry is
destroyed and the nodal line opens up the gap. However, the
gap of the nodal line is less than 1 meV. Therefore, due to the
weak SOC of the system, the nodal box will not be easily de-
stroyed. Here, we would like to emphasize that the nodal box
not only possesses a traversing Brillouin zone surface state,
but also is fully spin polarized. The topological nodal box
induced drumhead surface states and provides sufficient active
planes that will favor catalysis [69-72]. Unlike conventional
ferromagnetic (FM) materials with low spin polarization, fully
spin-polarized nodal boxes with 100% spin polarization are
considered as excellent spintronics candidates for spin gener-
ation, injection, and transport. The effective combination of
nodal boxes and fully spin-polarized properties provides po-
tential design ideas for high-performance spintronic devices.
The realization of fully spin-polarized nodal-box materials
has greatly expanded the topological magnetic topological
family and has great application prospects in topological
catalysis and spintronics [21,73-76].

C. Nodal box in elpasolite type compounds

As discussed above, our results indicate the existence of
a fully spin-polarized nodal box in the Cs;AFgs (A = Ag,
Cu) compounds when the weak SOC mainly from the F
atoms is ignored. In addition to K,PtClg-type structure, we
also found that a series of compounds with elpasolite type
X2YZFg (X = Rb, K, Cs, Na; Y = Na, Li; Z = Ni, Pd)
also have the topological properties of a nodal box through
high-throughput calculation. Finally, we found 10 compounds
with fully spin-polarized nodal-box properties with the Fm3m
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FIG. 9. (a)—(i) Electronic band structure of X, YZF¢ (X = Rb, K,
Cs, Na; Y= Na, Li; Z = Ni, Pd) (blue and red lines correspond to
spin-up and spin-down channels, respectively).

space group. Their structural information comes from the
Materials Project [77].

We used K;NaNiFg as a representative of the X, YZF¢ (X
=Rb, K, Cs, Na; Y = Na, Li; Z = Ni, Pd) compounds studied.
K;NaNiFg crystallizes in the Fm3m with O, symmetry and
the Ni atom occupies perfect octahedral sites surrounded by
six Cl atoms [see Fig. 8(a)]. Figure 8(b) depicts the three-
dimensional (3D) magnetic charge density of K,NaNiF¢. It
is clearly observed that the magnetic moments are distributed
around the Ni atoms and the calculated values of magnetic
moments are 4up per unit cell. We clearly find the electronic
band structures of the half-metallic nature and the band cross-
ings on one spin from Figs. 8(c) and 8(d). Importantly, the
band crossings along the K-I" and I'-L paths form butterfly-
like nodal lines. Considering the six Mjjo mirrors under Oy
symmetry, the butterflylike nodal line forms a nodal box in

the Brillouin zone. The results of the electronic band structure
for the other nine (X;YZFs) (X = Rb, K, Cs, Na; Y= Na,
Li; Z = Ni, Pd) compounds are shown in Figs. 9(a)-9(i). We
clearly find that these compounds maintain the half-metallic
nature and also have the topological properties of the nodal
box mentioned above.

IV. SUMMARY

In conclusion, we predict a series of materials with fully
spin-polarized nodal boxes in the Fm3m structure when ne-
glecting the weak spin-orbit coupling (SOC) mainly from F
atoms by first-principles calculations and symmetry analy-
sis. The butterfly-shaped nodal lines on the (110) face are
symmetrically protected by the mirror M;;o. The nodal-box
structure consists of six butterfly-shaped nodal lines, which
protect by Mo symmetry and cannot be removed without
breaking the symmetry. In the absence of SOC, the band
crossings occur in a single spin and therefore have a fully
spin-polarized nodal box. When the SOC is present, the Mg
mirror symmetry is not broken in the [110] magnetization
direction, thus leaving a symmetrically protected butterflylike
nodal line on the (110) surface. The band gaps of the nodal
box induced by SOC are less than 1 meV due to the weak
SOC effect. Our work proposes a series of fully spin-polarized
nodal box materials, which show great application potential in
spintronics, topology, and catalysis due to their unique Fermi
surface and surface states that traverse the Brillouin zone.
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