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Prediction of double-Weyl points in the iron-based superconductor CaKFe As,
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Employing a combination of symmetry analysis, low-energy modeling, and ab initio simulations, we predict
the presence of magnetic-field-induced Weyl points close to the Fermi level in CaKFesAss. Depending on
the relative strengths of the magnetic field and of the spin-orbit coupling, the Weyl fermions can carry a
topological charge of +1 or £2, making CaKFe4As, a rare realization of a double-Weyl semimetal. We further
predict experimental manifestations of these Weyl points, both in bulk properties, such as the anomalous Hall
effect, and in surface properties, such as the emergence of prominent Fermi arcs. Because CaKFe4As, displays
unconventional fully gapped superconductivity below 30 K, our findings open a route to investigate the interplay

between superconductivity and Weyl fermions.
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I. INTRODUCTION

The realization of topological phenomena in iron-based
superconductors has opened a route to elucidate the interplay
between topology, electronic correlations, and unconventional
superconductivity. Indeed, a band inversion involving an
As/Se p, band and a pair of Fe d,./d,, bands along the I'-Z
line of the Brillouin zone has been observed in several com-
pounds, such as FeTe,_,Se,, LiFe,_,Co,As, and CaKFesAs,4
[1-6]. In the normal state, such a band inversion gives rise
to helical Dirac states at the surface and semimetallic Dirac
states in the bulk. In the superconducting state, zero-energy
states are observed inside some (but not all) vortices, suggest-
ing the presence of Majorana bound states [7—11], whereas a
flat density of states is seen at domain walls, characteristic of
linearly dispersing one-dimensional Majorana modes [12].

In this paper, we show that another nontrivial topological
phenomenon—Weyl points—can be realized in the iron-based
superconductor CaKFe4As4 in a magnetic field. The existence
of these Weyl fermions, which are anchored in a fourfold
rotational symmetry of the lattice, does not rely on a p-d band
inversion but on the fact that each Fe plane in this bilayer com-
pound lacks inversion symmetry. Unlike the other iron-based
superconductors, the inversion centers of CaKFe,As, are not
on the Fe layer but at the positions of the Ca and K atoms.
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Consequently, there is no glide-plane symmetry either. While
the inversion symmetries on the Fe layers are broken explicitly
by the lattice, the effect is enhanced by magnetic fluctuations
associated with the nearby spin-vortex crystal state realized in
weakly electron-doped CaKFe Asy [13].

Our combined analysis involving symmetry considerations
and ab initio simulations demonstrates that, in the presence
of a magnetic field, a pair of Weyl points emerge
close to the Fermi energy along the high-symmetry
M-A [i.e., (w,m,0)-(w,m, )] line of the Brillouin zone.
Whereas a number of inversion-symmetry-broken Weyl
semimetals have been reported [14-26], time-reversal
symmetry-broken Weyl semimetals seem more scarce
[27-36]. Importantly, in CaKFe4Ass we show that, depending
on the relative magnitudes of the splittings of energy levels
at the M point caused by the Zeeman field, by the bilayer
coupling, and by the spin-orbit coupling (SOC), Weyl points
can arise from crossings between bands of opposite or equal
spin polarization. In the latter case, which we explicitly
verify in our ab initio calculations, the Weyl fermions carry
a higher order topological charge of +2, making CaKFe As,
a double-Weyl semimetal. Experimentally, we propose that
the presence of Weyl fermions can be probed by transport
measurements of the anomalous Hall effect (AHE) and by
spectroscopic detection of the characteristic Fermi arcs that
we obtain in our analysis.

We propose that the separation between the Weyl points
and the Fermi level is reduced not only by hole doping but
also by electronic correlations, which are known to gener-
ally shrink the bands in iron-based superconductors [37-42].
Moreover, since the orbitals from which the Weyl points orig-
inate are the same d orbitals that become superconducting
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FIG. 1. Schematic of the symmetries and band-dispersion degen-
eracies of a single FeAs layer with P4/nmm space group. Including
spin-orbit coupling, the glide-plane symmetry enforces fourfold de-
generate bands along the M-A line and twofold degenerate bands
along I'-M (gray curves). Breaking of the Fe-plane inversion sym-
metry (IS) by making the two As atoms above and below the plane
inequivalent (upper inset) lowers the degeneracies of the bands to
twofold along M-A and onefold along I'-M (red curves). Application
of a perpendicular magnetic field (H,) in the Fe-plane inversion-
symmetry broken (ISB) case makes all bands nondegenerate (green
and blue curves). The lower inset shows the Brillouin zone, with
r=0,0,0,M = (r,n,0),and A = (;r, T, ).

below 7. ~ 30 K, CaKFe4As, provides a promising frame-
work to realize an intrinsic unconventional superconducting
double-Weyl semimetal.

II. WEYL POINTS IN A SINGLE FeAs LAYER

We first consider a single FeAs layer with P4/nmm (No.
129) space group, and analyze which symmetries need to be
broken to obtain nondegenerate bands, whose crossings can
result in Weyl points. The system has an inversion center on
the Fe plane and, due to the puckering of the As atoms above
and below the Fe plane, a glide-plane symmetry consisting
of a reflection with respect to the Fe plane followed by a
half unit-cell translation along the in-plane diagonal (upper
inset of Fig. 1). The combination of this Fe-plane centered
inversion symmetry with time-reversal symmetry leads to a
Kramers degeneracy of the bands over the whole Brillouin
zone, as illustrated in Fig. 1 by the twofold degenerate bands
along the in-plane I'-M direction. The energy states at the M
point, however, are fourfold degenerate, even in the presence
of SOC, due to the glide-plane symmetry of the space group
[43,44] (gray curves in Fig. 1).

For a simple stacking of FeAs layers (i.e., a stacking that
preserves the nonsymmorphic P4/nmm space group of a sin-
gle layer, like in FeSe or LiFeAs), the band degeneracies at
the M point extend along the entire M-A line. When inversion
symmetry centered on the Fe plane is broken so the space
group is reduced to P4mm, either explicitly by a substrate
[45] or spontaneously by interactions that favor a spin-vortex
crystal magnetic ground state [13], the glide-plane symmetry
is also broken and some of these degeneracies are lifted. As
shown by the red curves in Fig. 1, the fourfold degener-

ate bands along M-A split into pairs of twofold degenerate
bands in the presence of SOC. Along the in-plane I'-M line,
all bands become nondegenerate, as previously discussed in
Ref. [46]. The remaining twofold degeneracy of the energy
levels along M-A can be lifted by the Zeeman coupling to an
external out-of-plane magnetic field, as shown by the green
and blue curves in Fig. 1. Depending on the band structure
parameters and on the magnitude of the magnetic field, these
nondegenerate bands can potentially cross, yielding a pair of
Weyl points at (7, 7T, k).

III. WEYL POINTS IN CaKFe As,

Having established a general framework in which Weyl
points can potentially arise in iron-based superconductors,
we now turn our attention to a specific material. An ideal
candidate to realize this effect is the bilayer CaKFe4Asy,
since the individual FeAs layers lack inversion symmetry [see
Fig. 3(a)]. Indeed, this material crystallizes in the symmor-
phic tetragonal space group P4/mmm (No. 123) with lattice
constants ¢ = b = 3.8659 A and ¢ = 12.884 A. The fourfold
rotational symmetry about the z-axis, C;, is centered at either
the middle of the conventional unit cell or at one of its four
corners. The distinguishing feature of this crystalline structure
is that the alternating layers of Ca and K make the two As
atoms inequivalent, thus breaking the glide plane symmetry
present in all other iron-based superconductors. This results
in a polar structure for the Fe layers, since the site-symmetry
of the Fe atoms is 2mm (C5,), with no mirror plane or center
of inversion on the Fe layer. Moreover, because CaKFesAsy
is at the verge of spin-vortex crystal order [13], magnetic
fluctuations are expected to enhance the impact of the explicit
glide-plane symmetry breaking on the low-energy electronic
states.

In contrast to the single-layer case discussed in the context
of Fig. 1, the unit cell of CaKFe4As4 contains two Fe layers.
This ensures the existence of an inversion center on the Ca
and K sites, which in turn preserves the Kramers degeneracy
of the bands for every momentum. To verify whether Weyl
points can still emerge for this bilayer stacking configuration,
we first perform a group-theoretical analysis appropriate for
the space group P4/mmm, focusing on the I"'-M-A path.

We first consider the case without magnetic field or SOC,
where all bands are spin degenerate. As shown schematically
in Fig. 2(a), which is based on our density functional theory
(DFT) calculations, the band structure along the I'-M line
consists of four bands that transform as the single-valued
representations X;_4 [47,48]. Due to the C; symmetry at M,
these bands become pairwise degenerate at M, transforming
under the two-dimensional irreducible representations (irreps)
Msi. Microscopically, the energy splitting between the M;:
energy levels is set by the strength of the coupling between
the two FeAs layers. Both the M{ and the M5 irreps have
basis functions with C; eigenvalues i, which are related to
the orbital moments of the wave functions. Because the Cj
axis does not cross the Fe atoms, the orbital moments are
not those of the individual Fe atomic orbitals. Instead, they
are determined by the relative phase of the wave functions
on the two different Fe sites on the same plane in the unit
cell, which is related to the orbital angular momentum on a
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FIG. 2. (a) Schematic band structure of CaKFe4As, along I'-M
and M-A. Four bands, transforming under the irreps X;_4, become
pairwise degenerate at M, where they transform as Msi. Along M-A,
they form nodal lines (transforming as Vs) which, due to Kramers
degeneracy, are fourfold degenerate. (b) In the presence of SOC, the
bands transform as the double-valued reducible representations Msi.
The two nodal lines are split into four bands that remain Kramers
degenerate. (c) In the presence of a magnetic field (but no SOC),
the Kramers degeneracy is split into a spin-1 and a spin-| branch.
The Zeeman splitting A is proportional to the field H,. (d), (e)
In the presence of both SOC and a magnetic field, the bands become
nondegenerate and an accidental intersection can occur, resulting in
a Weyl point (WP). Its topological charge C depends on whether
the crossing involves bands of the same spin [C = %2, resulting in
a double WP, panel (d)] or opposite spins [C = %1, resulting in a
single WP, panel (e)].

four iron molecular orbital. Continuing along the M-A line in
Fig. 2(a), the bands remain pairwise degenerate, transforming
as Vs. The total degeneracy of each of these bands is four,
due to the Kramers degeneracy enforced by the composition
of inversion and time-reversal symmetries.

There are two different ways to break this fourfold degen-
eracy. One is to turn on the SOC, as shown in Fig. 2(b). In this
case, we must consider the symmetries of the double-valued
space group, which explicitly accounts for the spin-1/2 of the
electrons. Because at the M point, the double group has no
four-dimensional representations, the two fourfold degenerate
bands split in four twofold degenerate bands. This remaining
twofold degeneracy is a consequence of the fact that the
Kramers degeneracy is preserved by SOC.

The bands at M transform as the two-dimensional pseudo-
real irreps Mg, M7, Mg, and My of the double group, whose
C; eigenvalues are either e¥7/4 (for Mg g) or e¥7/* (for M7 9)
[48]. The extra factor of e¥™/4 with respect to the original C}
eigenvalues of Mgﬁ originates from the spin angular momen-
tum, such that the eigenvalues in the double-group correspond

to the z component of the total angular momentum (L + S) of
the electron.

An alternative way to break the fourfold degeneracy of the
M-A bands in Fig. 2(a) is to break time-reversal symmetry
by applying an external magnetic field parallel to the z axis,
as indicated in Fig. 2(c). In this case, each band is split into
two spin branches, denoted by spin 1 and spin |. Their en-
ergy splitting A is proportional to the magnetic field H,. The
reason why the M-A bands retain a twofold degeneracy, even
though the Kramers degeneracy is absent, is because of the
non-Abelian nature of the little group on the M-A line, which
is isomorphic to the magnetic space group P42'2’ (No. 89.90).

Combining both SOC and H., all bands become nondegen-
erate. Depending on the values of the bilayer splitting between
M? [Fig. 2(a)], the SOC splitting between l\_/[677 [Fig. 2(b)],
and the Zeeman splitting A between the spin-1 and spin-|,
branches [Fig. 2(c)], crossings of these nondegenerate bands
may occur along the M-A line, resulting in the Weyl points
shown in Figs. 2(d)-2(e). Of course, among these three param-
eters, the only one that can be efficiently tuned experimentally
is A. Although group theory cannot predict the existence and
positions of these crossings, it can be employed to identify two
different scenarios. When A is large compared to the SOC and
bilayer splittings, crossings between states with the same spin
orientation and opposite orbital angular momentum can occur,
as shown in Fig. 2(d). Because, as explained above, states of
opposite orbital angular momentum have C; eigenvalues =i,
their ratio is equal to —1, resulting in double-Weyl points with
topological charge C = +£2 [49]. On the other hand, when A is
small compared to the SOC and bilayer splittings, the crossing
can involve states with opposite spin states but the same orbital
angular momentum, as illustrated in Fig. 2(e). In this case,
the ratio between the Cj eigenvalues of the crossing bands
is equal to +i, yielding a single-Weyl point with C = £1. In
either scenario, note that the Weyl points are anchored in the
C; symmetry of the crystal.

IV. DFT RESULTS ON CaKFe4As,

To verify whether Weyl points emerge in CaKFe4Asy,
in Fig. 3(c) we present relativistic DFT calculations of the
electronic band structure obtained with the full potential local
orbital code [50] within the generalized gradient approxima-
tion [51]. To model the effects of an external magnetic field,
we assume a ferromagnetic configuration for the Fe atoms,
converging the structure self-consistently with a fixed total
magnetic moment. We initiate the calculations with magnetic
moments pointing along the [001] direction, resulting in an
out-of-plane magnetic moment of ug. = 0.63up on the Fe
atoms and puas = —0.13up on the As atoms. Figure 3(e)
shows a crossing between two d,»_,» bands in the spin-|
branch. We thus identify a pair of Weyl points located at
k(jf =(1/2,1/2,+0.0178)27 /a and 0.27¢V below the Fermi
level. On the other hand, the spin-1 branch in Fig. 3(d), which
is pushed down in energy by the Zeeman splitting, does not
exhibit any band crossing. We note that, due to the distinct lo-
cations of the spin-1 and -], branches in the energy spectrum,
the bands hybridize differently with surrounding As 4p bands.
Decreasing the magnetization of the Fe atoms first reveals a
tendency of the Weyl points to annihilate as they move toward
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FIG. 3. (a) Upper half of the crystal structure of CaKFe,As, and
(b) top view of four iron plaquettes. (c) DFT band structure in the
presence of finite Fe magnetization and SOC calculated with the
FPLO basis [50]. A double Weyl-point involving Fe d,2_,» orbitals
with equal spin emerges. (d) and (e) are zooms of the regions denoted
in (c), indicating where the double Weyl point appears.

the M point. Upon further suppression of the moment, we
observe band crossings consistent with single Weyl points as
depicted in Fig. 2(e) [see the Supplemental Material [48] for
more details].

As expected from the above symmetry analysis, by expand-
ing the band dispersion in the vicinity of the two Weyl points
at ka—L, we find that they disperse linearly along the k, direction
but quadratically in the (k,, ky)-plane [see Fig. 4(c)]. Thus, the

(a) (b) 1.0

LR ATy 0.8
\"Q\\ I uﬁﬂ”, R\ RIS 5
~ ;t\ ® %5; ”_Z? e ggkgr E—é_ 0.6"“;
< {1(' el ';77:’ ] ¥\E\<" 0y
py MV g TOMNY <
Fif e S=si Ly F02
TH— % |
(c) 0.15 1.5 x 1076
O 10 x 1070 E:b
05x10°6 ™
0.0 8
—05x107% |
-1.0x 107 S}
—15x 1076 ;:_\
—2.0x107% bt
C25x10°5
ky, 0.55

FIG. 4. Berry curvature flux 7 on momentum-space spheres of
radius 0.0027 /a centered at (a) ki and (b) k. The vectors have
been normalized and their magnitudes are indicated by their color.
Upon integration of F, we obtain the topological charges C = 2
characteristic of double-Weyl points. (c) Energy dispersion of the
two bands forming the Weyl point near k. Although they intersect
linearly along k;, a quadratic touching is realized in the (k;, k,) plane.
(d) Spectral density A(k) calculated from DFT across the (100) sur-
face. The Fermi arcs are indicated by white arrows. To enhance the
contrast, we performed semislab and bulk calculations and subtracted
the latter from the former.

corresponding k - p Hamiltonian [52] is
H = mo, + (aki + bk?)o, + Hec., (1)

with ky = k, & ik, and Pauli matrices o; defined in the sub-
space of the two bands. As a result, a double Weyl point
with topological charge C = %2 is realized. This is verified by
directly computing the Berry curvature flux across two small
spheres enclosing the Weyl points from our DFT calculations.
As shown in Figs. 4(a) and 4(b), the two nodes act as a source
and a sink of Berry flux F, represented by the vector field.
Integrating the Berry flux numerically, we indeed obtain topo-
logical charges C = £2. This nontrivial topological charge is
expected to manifest itself experimentally as an AHE [53,54].
Another typical manifestation of Weyl fermions is the emer-
gence of Fermi arcs on the sample’s surfaces. In Fig. 4(d),
we show the k-resolved spectral density on the (100) surface
at the energy where the Weyl points are located. Two pro-
nounced Fermi arcs are identified, as indicated by the white
arrows, terminating at the two Weyl points, denoted by the
crosses.

V. DISCUSSION AND CONCLUSIONS

To experimentally observe these manifestations of the
Weyl fermions—AHE and Fermi arcs—it is desirable that
the Weyl points are close to the Fermi level Er. In our DFT
calculations, they are located 0.27 eV below Er. However,
it is well-established that DFT overestimates the energies of
the bottom/top of the bands, which are reduced by correla-
tions [37-42]. Previous comparison between DFT results and
ARPES measurements on CaKFesAss in the absence of a
magnetic field [55] suggests that the bottom of the electron
pocket at the M point shifts upward by a factor of 5 in the
actual material; such a renormalization would bring the Weyl
point to within ~50 meV of the Fermi level. Moreover, hole
doping could be used to further tune the Fermi energy to the
desired position.

In summary, we demonstrated that the breaking of the
Fe-plane inversion symmetry in iron-based superconductors,
combined with an external magnetic field, provide a promis-
ing route to realize Weyl points in these materials. While
our focus here was on CaKFesAsy, the general symmetry
arguments are expected to apply to any other iron-based ma-
terial whose Fe layers lack inversion symmetry. The latter
is expected to happen, for instance, in thin films of single-
layer compounds [56], since the substrate explicitly breaks
the inversion symmetry. Alternatively, it can take place as a
spontaneous symmetry breaking driven by interactions that
favor the spin-vortex crystal magnetic ground state, which was
recently observed in the phase diagram Ba;_,Na,Fe,As, [57].

More broadly, the realization of Weyl points in iron-based
materials would open the door to investigate the interplay
between Weyl fermions and other types of electronic orders
not usually present in the currently studied Weyl semimetals.
For instance, spontaneous nematic order or applied uniaxial
strain would break the C; symmetry and split the double-
Weyl points into two single-Weyl points (see Ref. [48] for
more details). Another interesting route would be to probe
the impact of unconventional superconductivity, which onsets
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below 300 K in CaKFe4As,, on the Weyl fermions and the
associated Fermi arcs.
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