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Rare-earth hexaborides offer a rich tapestry for exploring the interplay of topological orders,
magnetism, and electron-correlation effects associated with protected quantum phenomena. Here,
using first-principles modeling, we identify in cerium hexaboride (CeBg) a new topological state
that harbors a pseudo-nodal surface (PNS) along with double-Weyl fermions. An analysis of the
electronic states in the vicinity of the Fermi level reveals the presence of M,-mirror-symmetry-
protected band crossings that involve itinerant (d) and localized (f) states of Ce. These band
crossings are found to remain nearly gapless as one goes away from the mirror plane, driving the
formation of PNS states. We also demonstrate the presence of coexisting double-Weyl fermions with
chiral charges of £2 on the C4. rotational axis. By analyzing the Berry curvature field associated
with the topological states, we predict that CeBg supports a giant anomalous Hall conductivity
of -1840 Q7 'em™! in the slightly electron-doped regime, which would be larger than the values
reported to date in magnetic Weyl semimetals. Our study thus indicates that CeBg, which combines
ferromagnetic order with topological physics in a heavy-fermion matrix, would provide a promising
new playground for investigating topological magnetic states with giant anomalous Hall responses.

Introduction. Rare-earths provide exciting opportuni-
ties for realizing emergent correlated states that include
heavy fermions, unconventional superconductivity, quan-
tum critical fluctuations, non-Fermi liquids, and multipo-
lar phases [1-3]. The appearance of these novel states
is driven by the many-body interactions between the
local spins of rare-earth ions and the conduction elec-
trons at low temperatures. Correlated topological states
have also been proposed in the rare-earth family [4-7].
Prominent examples include SmBg (topological Kondo
insulator (TKI)) [8-10], CeNiSn (Mobius-Kondo insula-
tor) [11], CeAlSi and PrAlSi (magnetic Weyl semimetals)
[12-14], and Ce3BiyPd; (Weyl-Kondo semimetal) [6, 7].
Experimental realization, however, remains limited to
the observation of the TKI state in SmBg [10, 15] and
the magnetic Weyl semimetal states in CeAlSi [12] and
PrAlSi [14, 16]. The rare-earth hexaboride family has
also been actively used to search for topological magnetic
phases, e.g. EuBg [17, 18].

There is great need to discover new correlated topologi-
cal materials for fundamental science studies as well as for
the next-generation device applications. Here, the rare-
earth hexaborides present an attractive materials family
since it is well-known to provide a rich tapestry of elec-
tronic ground states [10]. CeBg is particularly interesting
because it exhibits an intricate magnetic phase diagram
that includes a hidden antiferromagnetic quadrupolar
phase [19-22]. The complex magnetic structure of CeBg
is driven by the unique spin and orbital orderings result-
ing from electron correlation effects. So motivated, we ex-
plore the topological structure of the ferromagnetic (FM)

phase of CeBg using an accurate parameter-free, first-
principles modeling framework. We find that CeBg hosts
a coexisting pseudo-nodal surface (PNS) with a nodal-
surface with a small gap of <bmeV along with double-
Weyl fermions that lie close to the Fermi level. By inves-
tigating the Berry curvature associated with topological
crossings, we predict that CeBg supports a large anoma-
lous Hall conductivity (AHC), which is larger than the
values reported to date in magnetic materials [23]. We
also discuss topological surface states and their thickness-
dependent anomalous Hall response in CeBg.
Topological semimetals can be broadly classified in
terms of the dimensionality of their band crossings
as zero-dimensional (0D) nodal-point, one-dimensional
(1D) nodal-line, and two-dimensional (2D) nodal-surface
semimetals [24-28]. Nodal-point semimetals can be fur-
ther subdivided into single or multi-Weyl fermion, Dirac,
or higher-fold fermion semimetals depending on the band
degeneracy at the crossing point and the symmetries in-
volved [29-32]. The nodal-point crossings can be pre-
served in the presence of planar symmetries to realize 1D
Dirac or Weyl nodal lines or 2D nodal surface crossings.
While the Weyl nodal-line states have been reported in
recent experiments on CosMnGa [33], the realization of
2D nodal surface fermions has remained challenging.
CeBg crystallizes in Pm3m (No. 221) space group
which contains various rotational and mirror-symmetries.
Three distinct low-temperature magnetic states have
been identified in CeBg: an antiferromagnetic phase be-
low Ty = 2.3 K, an antiferromagnetic (AFM) quadrupo-
lar phase between Ty = 2.4 K to Ty = 3.4 K, and a para-



magnetic phase above 3.4 K [19, 20]. However, the most
recent inelastic neutron-scattering experiments indicate
the presence of a low-energy FM state [34] and point
to the importance of competing magnetic orders in the
material. We will focus on the FM state of CeBg that
breaks time-reversal symmetry and makes all the elec-
tronic bands in the system essentially singly degenerate.
When combined with the mirror and rotational symme-
tries, these singly degenerate bands with opposite mirror
or rotational eigenvalues cross to realize PNS and double-
Weyl fermions as shown schematically in Fig. 1(a)-(c).

Methods. Electronic structure calculations were per-
formed using the Vienna ab-initio simulation package
(VASP) [35, 36] based on the projector-augmented wave
method [37]. A high-energy cutoff of 520 eV was used
to truncate the plane-wave basis set. The exchange-
correlation effects were treated using the strongly-
constrained-and appropriately-normed (SCAN) meta-
GGA functional [38]. The charge, spin and lattice degrees
of freedom were all treated on an equal footing in the
computations without invoking any free parameters such
as the Hubbard U. Previous studies works have shown
the efficacy of SCAN for accurately modeling ground
states and electronic structure of strongly correlated sys-
tems such as the cuprates [39-41] and nickelates [42],
binary 3d oxides [43], and especially the f-electron sys-
tem SmBg [8], due to the reduction of self-interaction
error in comparison with other widely used density func-
tionals [43]. We adopted a 16 x 16 x 16 I'-centered k
mesh to sample the primitive bulk BZ and total energy
calculations. SOC effects were included self-consistently.
The crystal structures and ionic positions were fully op-
timized with a force convergence criterion of 0.001 eV /A
for each atom and a total energy tolerance of 1076 eV.
Our optimized structural parameters, revealing an FM
ground state, were used for electronic structure calcula-
tions. Topological properties were calculated by using
a material-specific, effective tight-binding model Hamil-
tonian generated using the VASP2WANNIERO0 [44] in-
terface. Ce d and f and B p orbitals were included in
constructing the Wannier functions. The surface spec-
tral weight of semi-infinite slabs was calculated using an
iterative Green’s function method [45, 46].

Crystal and electronic structures. The crystal struc-
ture of the nonmagnetic state of CeBg is presented in
Fig. 1(d). It is a CsCl-type structure where Ce atoms
lie at the corners and the Bg octahedral clusters are
located at the body centers of the cubic lattice. The
system preserves 48 symmetry operations of the cubic
lattice including the mirror-planes, rotational axis, and
inversion symmetries. For the FM order with Ce spins
aligned parallel to the (001) direction [Fig. 1(e)], symme-
try of the system is lowered to contain one mirror plane
M., a four-fold rotational axis Cy,, and the inversion
symmetry. The breaking of the time-reversal symmetry
ensures that all bands are singly degenerate. The opti-
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FIG. 1. Topological state, crystal structure and band

structure of CeBg. (a)-(c) Coexisting PNS and double-Weyl
fermions. The nodal crossings that form the nodal surface
are protected on the M, = 0 mirror plane marked with
shaded gray. These nodal crossings interact weakly away
from the M, mirror-plane, remaining nearly degenerate to
form a PNS. (c) A pair of double-Weyl fermions with chiral
charge Cy, = £2 on the C4, rotational axis with double Fermi
arc surface states. Crystal structure of (d) nonmagnetic and
(e) ferromagnetic CeBg. Blue and green balls represent Ce
and B atoms, respectively. (f) Primitive bulk Brillouin zone
(BZ) of CeBg with relevant high-symmetry points. The pro-
jected plane represents the associated (001) surface BZ and
the dashed lines locate the projection of bulk high-symmetry
points on the (001) surface. First-principles band structure
of (g) nonmagnetic and (h) ferromagnetic CeBg. (i) Spin-
resolved electronic structure of ferromagnetic CeBg with spin-
orbit coupling (SOC). Color scale gives the spin-polarization
of the states.

mized lattice parameter a is found to be 4.110 A, which is
in good agreement with the corresponding experimental
value [47]. The calculated magnetic moment of Ce ions is
~1.0 up, which is consistent with our Ce 4f occupation
in calculations including spin-orbit coupling (SOC). The
bulk and (001)-surface BZs are shown in Fig. 1(f).

We have carried out computations on CeBg with
symmetry-lowered structures, see Supplementary Table
S1 [48], and found several low-energy magnetic phases
which lie within 5 meV/atom of the ground state, in-
dicating the presence of many magnetic states that are
nearly degenerate with the ground state. This result is
similar to the findings in recent studies of other corre-
lated compounds, such as the cuprates and SmBg, where
many magnetic states have been found to compete at low
temperatures [8, 39, 42, 43, 49]. We note that many ex-



perimental studies report finding strong magnetic fluctu-
ations at low temperatures in CeBg, suggesting that the
ground state of CeBg involves competing orders and that
it is not homogeneous. These experimental results are in
good accord with our theoretical results given in the Sup-
plementary Table S1 and support the notion that CeBg
is a strongly correlated metal. Interestingly, a ferromag-
netic/antiferromagnetic crossover has been reported in
the magnetic phase diagram of CeBg [50], so that our
predicted ferromagnetic state with novel topological fea-
tures should be amenable to experimental realization.

Figure 1(g) shows the calculated band structure of non-
magnetic CeBg in the absence of SOC. It can be seen that
valence and conduction bands dip into each other, form-
ing a connected band-crossing structure in the vicinity of
the Fermi level. The bands are seen to cross along the
I' — X line and maintain multiple degeneracies at the I'
and M points. These band crossings primarily consist of
itinerant d and localized f orbitals of Ce. Upon consid-
ering the calculated ferromagnetic order, the bands form
two spin-split channels. The spin-splitting is strongly de-
pendent on momentum (k) and reaches as large as ~1 eV
at the I" point, indicating a complex exchange-coupling
behavior in agreement with experiments [19, 34]. The
band crossings evolve from the nonmagnetic structure
with additional band crossings forming between up and
down spin states along the I' — X and X — M direc-
tions [Fig.1(h)]. Figure 1(i) shows the FM band struc-
ture with SOC. Although band structure changes due to
strong SOC effects, the band crossings along I' — X and
X — M are preserved.

We emphasize that FM band structure with SOC
clearly shows flat bands associated with Ce-f orbitals
with small dispersion (-0.20 eV) along the X — M direc-
tion and hole bands along I' — R. There is an additional
band inversion between Ce d and B p states deep in the
valence region around -2.0 eV at X. These features agree
with earlier DFT+U [51] and DMFT calculations [52]
and reproduce the ARPES experiments in greater de-
tail [53, 54].

Pseudo-nodal surfaces and double-Weyl nodes. We
now consider the topological properties of FM CeBg. To
locate the nodal band crossings in the full BZ, we con-
structed an effective tight-binding model Hamiltonian in-
formed by our first-principles computations, see Meth-
ods section for details. Figures 2(a) and (b) show M,
mirror-eigenvalue-resolved band structure on k, = 0 and
k, = m/a planes, respectively. There are clear band
crossings between the opposite-mirror-eigenvalue states
on both planes. A planar rendition of these band cross-
ings resolves mirror-symmetry-protected nodal lines on
k. =0 and k, = 7/a planes [Figs. 2(c) and (d)]. Inter-
estingly, upon scanning the band crossings in the full 3D
BZ, these nodal-line crossings are weakly hybridized away
from the mirror planes. They realize two PNSs. The
closed nodal surface shown in Fig. 2 (e) forms around the

k., = 0 plane and an open nodal surface appears around
the k, = 7/a planes [Fig. 2 (f)].
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FIG. 2. Pseudo-nodal-surface in CeBg. M, mirror-eigenvalue-
resolved band structures of CeBg (including SOC) at (a) k. =
0 and (b) k. = 7/c planes. Red and blue curves identify bands
with +¢ and —¢ M, mirror-eigenvalues. These bands form
protected crossings on the mirror-planes. (c)-(d) Nodal band-
crossings on (c) k; = 0 and (d) k. = 7/a planes. Numbers
1, 2, 3, and 4 on graphs identify inner and outer regions of
the nodal lines (see text for details). (e)-(f) Distribution of
nodal band-crossings in the bulk BZ. The band crossings form
a (e) a closed nodal surface surrounding the k. = 0 plane and
(f) open nodal surface around k. = m/a plane. Color scales
represent the k. value of the nodal band crossings.

Since M, is preserved in (001) FM CeBg, the states
on the k, = 0 and 7 mirror-invariant planes can be la-
beled by +¢ mirror eigenvalues. To determine the num-
ber of band inversions and topological protection of these
states, we first focus on the crossing points on the mirror-
invariant planes and define the index N, ,:

Nkle = Nkl _Nkzv

where N}, is the number of occupied states with +i mir-
ror eigenvalue at the k point. Interestingly, both Nio
and N34 takes a value of 1 in both Figs. 2(c) and (d),
respectively, which implies that a single band inversion



happens as one goes from the inner side to the outer
side of the nodal line. Thus, the band crossings on the
mirror-invariant plane are symmetry protected. How-
ever, the band crossings away from the mirror-invariant
plane are not symmetry-protected. They display a neg-
ligible gap as the interaction among the crossing bands
is small, realizing PNS crossings [55]. We have further
checked their robustness by artificially varying the SOC
strength in our computations, see Supplemental Materi-
als (SM) [48]. The pseudo-nodal crossings stay robust
even when the SOC strength is increased by 500%. Such
nodal crossings can enhance Berry curvature effects and
lead to large anomalous Hall responses.

Concerning the stability of the nodal surfaces, we em-
phasize first that nodal surface crossings are generally
protected by global symmetries such as the antiunitary
PC symmetry, where P and C denote the inversion and
particle-hole symmetry, respectively [55, 56]. However,
such symmetries have been difficult to realize in materials
with strong spin-orbit coupling effects. Notably, planar
symmetries involving mirror-planes can also protect the
nodal crossings that lie on these planes. If the coupling
between the crossing bands is weak, as we find here to be
the case in CeBg and in the systems reported in Ref. [55],
the PNSs are realized. Backbone of the PNS is formed
by the mirror-protected nodal lines and a vanishing gap
between the crossing bands away from the nodal lines is
maintained by the weak interactions, see Ref. [55].

Besides the PNS crossings, the bands in the vicinity
of the Fermi level cross to form robust single and dou-
ble Weyl fermions. Figure 3(a) illustrates the 18 Weyl
nodes in CeBg whose coordinates are listed in Table S1 of
SM [48]. There are 16 single and 2 double-Weyl nodes ly-
ing across the k, = 0 plane in the whole BZ. Interestingly,
a pair of single and double-Weyl nodes are located on the
Cy, rotational axis which can be characterized based on
(4. rotational eigenvalues [57]. Notably, C4, rotational
symmetry can protect Weyl nodes of both charge 1 or 2
that appear as crossing points between the different ro-
tational eigenvalues. We define the ratio u./u,, where
ue (uy) is the Cy, rotational eigenvalue of the conduc-
tion (valence) band at the Weyl nodes, to determine the
chiral charge of the Weyl nodes. The chiral charge of
Weyl nodes should be £1 (+2) when u./u, = £i (-1).
Figure 3(b) shows Cly, eigenvalue-resolved band structure
where both chiral charge C,, of +1 and +2 Weyl nodes
are seen. The associated Berry curvature on the k; = 0
plane is shown in Figs. 3(c) and (d) where the Weyl nodes
are seen as source and sink of the Berry curvature field.
To showcase the nontrivial surface states appearing due
to the important bulk-boundary correspondence, we in-
vestigate the surface states on both (001) and (100) sur-
faces, see SM. However, we find that the nontrivial sur-
face states are masked by the projected bulk bands and
may not be distinctly resolved in experiments.

Anomalous Hall conductivity. Having established PNS
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FIG. 3. Weyl nodes and Berry curvature field in CeBs. (a)
k—space location of the Weyl nodes in 3D bulk Brillouin zone.
Pink (yellow) balls represent the Weyl points of chiral charge
+1 (1), while green (blue) balls represent the Weyl points
of chiral charge +2 (—2). (b) C4. rotational eigenvalue re-
solved band structure of CeBg on the k. axis. e'3™/4) ¢i(7/4)
eii(’r/‘l), and e "G/ denote C4, eigenvalue of the bands.
Black (green) dots denote the chiral charge C\, = 2(1) of the
Weyl nodes. (c) The distribution of Berry curvature on k; = 0
plane. Pink and blue dots denote the Weyl points with pos-
itive and negative chiral charge, respectively. (d) Closeup of
the area highlighted in (c). Colorbar denotes the magnitude
of Berry curvature on a logarithmic scale and arrows represent
the Berry curvature field.

and Weyl nodal crossings in CeBg, we now address the
expected anomalous Hall response from such nontrivial
states. In this connection, we calculate anomalous Hall
conductivity (AHC) o4, using

= [ 0 )

where the Berry curvature is defined as

Jn) (2l

— Em)

BH(k:)

2Imzz<‘

ne€oce. m

0, (k)
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In Eq. 2, |n) denotes the n'* state counted from the
lowest occupied valence band [58]. Figure 4(a) shows the
calculated AHC o0, as a function of energy. o, shows
a value of -627 Q~'cm™! at the fermi level and reaches
a maximum value of -1840 Q~'cm ™! near 0.15 eV com-
pared to 1100 Q7 tem™' in CozSnySe [23]. The large
AHC could thus be accessed in electron-doped CeBg. To
the best of our knowledge, such a large AHC has not
been observed before. We present the calculated Berry
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FIG. 4. Calculated anomalous Hall conductivity of bulk and
thin-film of CeBs. (a) Energy dependence of anomalous Hall
0zy on the (001) plane of CeBg. (b) Berry curvature (Q3,(k))
distribution in the 3D k, —ky, —k. space. (c) The accumulated
Berry curvature along the k. direction. (d) 2D anomalous
Hall conductance G, as a function of CeBg layers (L).

curvature in Fig. 4(b) and the accumulated Berry cur-
vature along k, in Fig. 4(c). The dominant Berry cur-
vature hotspots are visible along the k, = +k, planes.
This is apparent since both the vertical mirror symme-
tries normal to [110] and [110] directions are broken in
the presence of the SOC. This symmetry breaking leads
to an inverted bandgap as large as 80 meV at the nodal
band crossings.

To showcase finite-size effects on the anomalous Hall
response in engineered thin films of CeBg, we present cal-
culated anomalous Hall conductance G, as a function
of layer-thickness L in Fig. 4(d). Gy, is -50.23 MQ ™! as
L/a = 2 corresponding to the anomalous Hall conductiv-
ity Guy/L = —611 Q tem™!. These results suggest that
CeBg will show anomalous Hall response in both bulk
and in the engineered thin films.

In summary, we have delineated in-depth the topo-
logical electronic structure and the associated anoma-
lous Hall response in the FM state of CeBg. Based on
parameter-free, first-principles modeling, we unveil the
presence of both the PNS fermions and Weyl fermions
in CeBg. These correlated topological states are formed
through interactions between the itinerant (d) and local-
ized (f) orbitals of Ce. Our analysis reveals that M,
mirror-symmetry-protected band crossings in the vicin-
ity of the Fermi level yield PNS fermions with coexist-
ing double-Weyl fermions with chiral charge +2 on the
C4. rotational axis. The computed AHC associated with
the topological states in CeBg is found to be larger than
the values that have been reported to date in currently
known magnetic materials. Our study thus indicates that

CeBg is a highly promising material for exploring core-
lated topological phenomena in a heavy-fermion matrix
for fundamental science studies as well as for future de-
vice applications.
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