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Locally noncentrosymmetric structures in crystals are attracting much attention owing to emergent phenomena
associated with the sublattice degree of freedom. The newly discovered heavy fermion superconductor CeRh, As,
is considered to be an excellent realization of this class. Angle-resolved photoemission spectroscopy experiments
recently observed low-energy spectra of electron and hole bands and characteristic Van Hove singularities, stim-
ulating us to explore the electronic correlation effect on the band structure. In this Letter, we theoretically study
the electronic state and topological superconductivity from first principles. Owing to the Coulomb repulsion
U of Ce 4f electrons, the low-energy band structure is modified in accordance with the experimental result.
We show that Fermi surfaces change significantly from a complicated three-dimensional structure to a simple
two-dimensional one. Fermi surface formulas for one-dimensional Z, invariants in class D indicate topological
crystalline superconductivity protected by the glide symmetry in a broad region for U. The classification of
superconducting gap structure reveals the topologically protected excitation gap and node. Our findings of the
correlation-induced evolution of electronic structure provide a basis to clarify the unusual phase diagram of
CeRh,As, including superconductivity, magnetic order, and quadrupole density wave, and accelerate the search

for topological superconductivity in strongly correlated electron systems.
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I. INTRODUCTION

The locally  noncentrosymmetric  superconductor
CeRhyAs, stands out because it shows two distinct
superconducting phases under magnetic fields directed along
the ¢ axis [1]. The upper critical field reaches 14 T at zero
temperature, significantly exceeding the Pauli paramagnetic
limit in view of the low critical temperature, 7. &~ 0.35 K.
Rotating the field toward the ab plane quickly suppresses the
critical field down to 2 T, and the high-field superconducting
phase disappears [2]. This high-field phase is consistently
described as a pair-density wave (PDW) with an order
parameter switching from a uniform even to a uniform
odd-parity pairing state [1-5].

The unusual superconducting phase diagram seems to
emerge from strongly correlated electrons. The specific heat
coefficient is enhanced as y ~ 1000 mJ/mol K2, indicating
strong influence by Ce 4f electrons, and superconductivity
occurs from the resistivity p oc /T, suggesting the quan-
tum criticality [1]. Intriguingly, a nonmagnetic quadrupole
density wave above T, has been proposed based on the re-
sistivity, specific heat, and thermal expansion measurements
[1,6-8]. The appearance of antiferromagnetic order within the
superconducting phase has also been suggested by nuclear
quadrupole and magnetic resonance measurements [5,9,10],
in which magnetic moments are thought to break global in-
version symmetry in the system.

Theoretical studies of CeRhyAs, have provided further
insight into superconductivity and electronic states [11-21].
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The crystal structure has an inversion center between two Ce
atoms but not on the Ce atom. We refer to such a property
as local inversion symmetry breaking. Due to the lack of
inversion symmetry on the Ce atom, staggered antisymmetric
spin-orbit coupling (ASOC) plays a central role. The impact
of such staggered ASOC depends on the ASOC and the
interlayer hopping ratio, and can be enhanced if the latter
is weak [3,22]. Indeed, Rh;As, block layers considerably
reduce interlayer hopping between the Ce atoms, and the non-
symmorphic crystal symmetry exactly prohibits this hopping
at the Brillouin zone boundary [16,22]. As a consequence,
unusual H-T phase diagrams involving even and odd-parity
superconducting phases are highly expected [12,14,16,17].
The low-energy electronic structure near the Fermi level
is crucial to verify these scenarios. First-principles calcula-
tions show that the low-energy states are well described by
the Ce 4 f bands hybridizing with Rh 4d bands [6,13,15,16],
consistent with the heavy fermion behavior observed in ex-
periments. However, the optical conductivity measured in the
experiment quantitatively deviates from the simple hybridiza-
tion picture and suggests the importance of the correlation
effects [23]. Renormalized band structure calculations have
been conducted to gain insight into the electronic state [6,16].
The hole and electron Fermi surfaces (FSs) are elliptical
and cylindrical in the renormalized band calculation, whereas
they have a complex three-dimensional (3D) structure in the
standard bare band calculation. It should be noted that the
magnetic field separating the low- and high-field supercon-
ducting phases H* reaches H*/T. ~ 10 in CeRhyAs, [1],
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FIG. 1. Band structure along the high symmetry lines by the DFT + U calculation with various values of U. The red, green, and blue
colors represent the weight of atoms for Ce, Rh(1), and Rh(2), respectively.

which is consistent rather with the fluctuation exchange anal-
ysis ~15 [17] than with the mean-field value ~2 [3]. This
fact also implies the presence of strong correlation effects
in CeRthsz.

Studies of CeRhyAs, may impact research on topological
superconductivity because designing topological materials is
a central issue in modern condensed matter physics. Thanks
to the recent topological classification theory, several se-
tups for topological superconductivity have been identified
[24-29]. The concept of topological crystalline superconduc-
tivity (TCSC), in which the nontrivial topology is protected
by crystalline symmetry, has opened up a vast area of re-
search [30-51]. For example, it has been proposed that UPt3
[43], UCoGe under pressure [44], and the PDW state in
CeRh;As; [13] can be topological crystalline superconduc-
tors protected by the nonsymmorphic glide symmetry. For
CeRh;As;, topological Z, invariants defined in the glide in-
variant k space can be calculated by counting the number of
FSs on the high symmetry I'-M and Z-A lines. Indeed, the
previous study concluded the TCSC from a first-principles
calculation [13]. However, it is widely known that the first-
principles band calculations may be insufficient to predict
FSs of f-electron systems because of the strong correla-
tion, e.g., CeColns [52,53], Celrlns [54], CeCu,Si, [55], and
UTe; [56,57]. Therefore, clarifying the topological nature of
CeRh;As; with the strong correlation among the f electrons
is highly desired.

In this work, we investigate the electronic state in para-
magnetic CeRh;As, with the electronic correlation effects
by the density functional theory plus Hubbard U (DFT + U)
calculations. We show the dimensional crossover of the FSs
from 3D to two dimension (2D) due to the correlation effects.
The band dispersion for intermediate U is in good agreement
with the recent angle-resolved photoemission spectroscopy
(ARPES) experiment [58,59]. Linking the FS topology to the
FS formula of topological invariants, we show that the TCSC

is stable in a wide region for the interaction parameter U. In
addition, the superconducting gap structures are predicted in
terms of symmetry and topology. Combining the results, the
low-energy excitation in the bulk and the Majorana states on
the surface are predicted for all the odd-parity superconduct-
ing states.

II. RESULT
A. Band calculations

The atom-resolved band structures by the DFT 4 U
method are summarized in Fig. 1. Details of our band cal-
culation are given in the Supplemental Material [60]. The
result for U = 0 eV is in good agreement with the previous
reports [13,15]. As expected with the usual DFT + U cal-
culation, introducing U lifts some empty Ce 4f bands. The
low-energy band dispersion on the I'-X-M-T  line is well fitted
by the ARPES data [58] as shown later. We observe two
remarkable features. First, a Dirac point at the X point near
—0.3 eV is shifted up toward the Fermi level (~ — 0.13 eV
for U = 4 eV), qualitatively consistent with the recent ARPES
measurement, although the ARPES observed it slightly closer
to the Fermi level ~ — 75 &£ 60 meV. The electron bands are
fourfold degenerate at the X point because the nonsymmor-
phic space group symmetry P4/nmm of CeRh;As, protects
the degeneracy and stabilizes the Dirac electrons [58]. As
the Dirac point approaches the Fermi level, a hybridization
between Rh and Ce atoms becomes noticeable, resulting in a
Van Hove singularity hybridizing with 4 f electrons close to
the Fermi level, consistent with Ref. [58]. Second, electron
pockets constructed by the 4f electron bands appear around
the M and A points for U > 1 eV, involving a change of orbital
characters from Rh(1) to Ce. Owing to the flat band properties,
both the Van Hove singularity and heavy electron bands may
play a significant role for magnetic order, quadrupole order,
and superconductivity.
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FIG. 2. Band structure by the DFT + U calculation along the
M-T" and Z-R lines. Dashed lines are extracted from the ARPES
experiment [58].

Figure 2 compares the DFT + U band structure with the
ARPES data along the M-I" and Z-R lines. ARPES has
observed a(a’), B(B'), and y(y’) branches. The DFT + U
results actually capture these branches. Importantly, the 4 f
orbital character is dominant near the Fermi level. Thus, the
agreement between the calculation and experiment is found
in not only Rh(1) and Rh(2) components but also Ce compo-
nents, implying the accuracy of the DFT + U approximation.
However, we can see some deviations in 8’ and y’, which
do not cross the Fermi level for U < 3 eV. Further exper-
imental and theoretical studies are desired for comparison,
e.g., considering the self-energy correction from the localized
f electrons by DFT + DMFT. This is beyond the scope of
this paper, and we left it for further study. For experiments,
accurate observation of the bands close to the Fermi level is
desirable.

Figures 3 and 4 show the obtained four FSs, namely, the
hole-FS1(2) and electron-FS1(2), in addition to the merged
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FIG. 3. FSs from the top view by the DFT + U calculation with
various values of U.
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FIG. 4. Evolution of FSs by the DFT + U calculation with
increasing the interaction parameter U.

FSs. While the hole-FS1 disappears, the electron-FS2 appears
by introducing U. With increasing U, the shape of hole-FS2
and electron-FS1 changes from a 3D shape to a quasi-2D one
(see Fig. 3). Here we refer to the 3D (2D) nature of the FSs
by their topology, whether they are closed (open) along the
k, direction. The emergence of the 2D nature upon increas-
ing the electron correlation is understood from the crystal
structure and the evolution of the c-f hybridization between
different layers. The DFT 4 U result for U = 3 eV is partly
consistent with the renormalized band calculations [6,16]: (i)
the presence of the cylindrical hole-FS2 along the I'-Z line
with a bulge in the basal plane k, = 0 and (ii) the cylindrical
electron-FS1 at the zone boundary. However, a I'-centered
closed surface [6,16] is absent in the present calculation. It
has been pointed out that the electron-FS1 accounts for 80%
of the total density of states and may play a central role in
stabilizing the superconducting state [16]. It is also intriguing
that we observe disconnected electron and hole pockets with
a 2D nature. This is similar to iron-based superconductors,
which share the same space group symmetry. In the iron-based
superconductors, several electric quadrupole orders have been
observed, and fully gapped s-wave superconductivity emerges
due to the electric quadrupole and antiferromagnetic spin fluc-
tuations [61-66]. Thus, the evolution of electronic structure
due to the electron correlation may be essential for the super-
conductivity, and conversely, a future experimental study of
gap structure will give an insight into the electronic structure.
The evolution of FSs as a function of U leads to various
topological Lifshitz transitions, which are crucially important
for topological superconductivity as we discuss below.

B. Topological crystalline superconductivity

Here, we discuss topological properties of superconduc-
tivity in CeRhyAs,. First, we review the FS formulas for
the topological invariants obtained in Ref. [13]. We assume
odd-parity superconductivity as ensured by the gap function
of the PDW state [3,4]. We also assume that the time-reversal
symmetry is broken in the superconducting phase because
the PDW state is found in CeRh,As, under the magnetic
field parallel to the ¢ axis [1]. In this magnetic field, the
unitary part of the point group is Cyy,, and the superconducting
order parameter is classified into A,, B,, and E, irreducible
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TABLE 1. Z, topological invariants, v(‘f+, vg_, v}f, ve, and
Chern numbers Cy and C,; of CeRh,As, in the PDW state for various
values of U. We assume that the occupation numbers at the I'; and

I'; points are unchanged by the magnetic field.

w8 vE L Cy) W v Cy) Weyl SC
U=0eV (1, 1, even) (0, 0, even) X
U=1eV (1, 1, even) (0, 0, even) X
U=2eV (0, 0, even) (1, 1, even) X
U=3eV (0, 0, even) (1, 1, even) X
U=4eV (0, 0, even) (0, 0, even) X
U=5eV (0, 0, even) (0, 0, even) X

representations (IRs). The magnetic space group is repre-
sented by P4/nm’'m’ (No. 129.417), and importantly, the glide
symmetry G = {o;|la/2 + b/2} is preserved in this magnetic
field. Hereafter, we focus on the glide-invariant planes k, =
0, 7 and glide-odd superconductivity, namely, the A, and B,
states corresponding to the PDW state. We can prove that (i)
the glide operator anticommutes with the particle-hole opera-
tor {G, C} = 0, and (ii) the glide eigenvalues for the positive
and negative sectors, g = +iexp[—i(k, + ky)/2], become
pure imaginary in the restricted one-dimensional (1D) k-
space k; + ky, = 0 (I'-M and Z-A lines). From (i) and (ii), the
particle-hole symmetry is closed in each glide sector. Thus,
each glide sector on these lines is classified into 1D supercon-
ductors in class D. Therefore, the corresponding topological
invariants are given by the 1D Z, numbers:

+ 1 I £
vl o, = —f dk; A} (k) (mod 2), (1)
=07 = 7 [

1

where ,A?i (k) is the ith component of the Berry connection
of each glide sector. I'; and I'"; denote the I and M points for
k, = 0 and, analogously, the Z and A points for k, = 7. We
can identify whether v,gi is trivial or not from the number of
Fermi surfaces [67,68] by the formula

0" _ 4pst d2 2
v —#FSE_.  (mod2). @

Next, we combine the FS formula with our DFT+U cal-
culations. We obtain v,ff_i in Table I from Eq. (2) and the
DFT+U results in Figs. 3 and 4. The nontrivial topologi-
cal invariants v,fii are obtained for U < 3 eV. A topological
transition occurs between U = 1 and 2 eV accompanied by
the Lifshitz transition in the hole-FS1 pocket around the Z
point and the electron-FS1 pocket around the I" point. Thor-
ough the topological transition, the invariants change from
(vgi, vgi) = (1, 0) to (0, 1). These two topological states pre-
dict similar surface Majorana fermions. For a large U > 4 eV,
the Z, invariants are trivial in Table I.

In Table I, we also show Cy —, , denoting the Chern num-
ber whose parity is related to the two Zak phases y and
y’ on the k, +k, =0 and k, + k, = 7 lines, respectively:
Cr. = y — ¥’ (mod 2). By definition, the Zak phase y on the
ky + k, = 0 line is given by the sum of vlgi. Similar formulas
to Eq. (2) are valid for the Zak phase y’~0n the ky +k, =7
line and enforce y’ to be zero since the occupation numbers

TABLE II. Same as Table I, but we assume the high magnetic
field region. The occupation number at the Z point can change due
to the Zeeman splitting because the band can be sufficiently flat at
the Fermi level near the Z point. Difference in the Chern numbers at
k., = 0 and 7 indicates Weyl superconductivity. We will not discuss
the Weyl superconductivity in the case of Cy, € 2Z since the integer
part of Cy /2 depends on the detailed properties of the gap function.

High field  (v8",v¢ , Cy) s 08 Cp) Weyl SC
U=0eV (1, 1, even) (1, 0, odd) or (0, 1, odd) o
U=1eV (1, 1, even) (0, 0, even)

U=2eV (0, 0, even) (1, 1, even)

U=3eV (0, 0, even) (1, 1, even)

U=4eV (0, 0, even) (1,0, odd) or (0, 1, odd) o
U=5eV (0, 0, even) (0, 0, even)

are equivalent between the momenta (r, 0, k;) and (0, 7, k,)
because of the fourfold rotation symmetry. Thus, we obtain

G, = v,i+ + vkg: (mod 2), which is even according to Table I.

This is consistent with the fact that the Chern number vanishes
in the presence of time-reversal symmetry and our DFT+U
calculation is carried out at the zero magnetic field.

Here, we discuss the effect of the Zeeman splitting. The
Zeeman field lifts the band degeneracy, and the Z, invariants
will change their values if the occupation numbers at the I"
and T"; points change. Since the g-factor in CeRh;As; has
not been determined, we estimate the Zeeman splitting with a
value g = 10 considering an enhancement due to an electron
correlation effect [13]. For U = 0 and 4 eV, we observe a
shallow band across the Fermi level at the Z point (~4 meV
and —7 meV, respectively). It corresponds to the magnetic
fields 7 and 12 T, which are lower than the upper critical
field H,; ~ 14 T. Therefore, the Lifshitz transition may occur
due to the magnetic field, and the Chern number C, and Z,
invariants v}f may become nontrivial (Table II). For different
Chern numbers between k, = 0 and 7, the Weyl supercon-
ductivity accompanied by the topological surface states is
predicted [13,69].

To demonstrate the existence of Majorana states, we calcu-
late (110) surface states by using the ab initio Wannier model
for U = 2.0 eV. As shown in Sec. S3 [60], Majorana states
appear consistent with the analysis of topological invariants.

C. Superconducting gap nodes

In this section, we elucidate the gap structure in the high-
field superconducting state of CeRh,As,. We first give an
ordinary classification theory on superconducting gap nodes
based on the point group symmetry [70]. In the absence of the
magnetic field, superconducting order parameters are classi-
fied into the IRs of the Dg4;, point group. In the presence of the
magnetic field, the unitary part of the point group is reduced to
Cyy,. Thus, we can deduce nodes from the basis function of Dy,
and the compatibility relation to Cyj,. The gap function is given
by Alk) = (Yo(k)6pi6y ® T, +d (k) - 6i6, ® Tp), where o,
and 7, are Pauli matrices for spin and sublattice space. We
ignored the orbital degree of freedom. We limit ourselves
to the case in which superconductivity is induced by the
intrasublattice Cooper pairs of Ce 4f electrons. The
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TABLE III. Classification of superconducting gap structures for
all odd-parity IRs under the magnetic field parallel to the ¢ axis.
Results of the Wigner criteria and orthogonality test, effective
Altland-Zirnbauer (EAZ) class, and topological classification [60]
on the high symmetry lines (i) k, + k, = 0 with k, =0, 7 and (ii)
ke =k, = 0 (k, axis) are shown. For case (i), the A, IR in the Cy,
point group corresponds to the PDW state expected in CeRh, As,.

() ke +k, =0,k =Oand

IR of Cyy, w=E we wr EAZ Class Classification
A, I —1 1 CI 0

B, 1 0 0 Al zZ

(ii) ky = ky = 0 (k; axis)

IR of Cyy, w? we wr EAZ Class Classification
A, 1 0 0 Al Z

B, 1 0 0 Al z

E! 1 0o 0 Al z

E? 1 —1 1 CI 0

corresponding basis functions are

dy, (k) = a\ (k& + k3) + ark .2 + as(k,X — k), (3)

Ya, (k) = ag[1 + kky (k7 — k)], “)

and
dp, (k) = bi (k& — ky§) + ba(ky% + ki), ®)
Vg, (k) = bskcky + ba(k; — k7). (6)

Considering the basis function, we observe that the B, pairing
state has point nodes on the k, axis. The A, pairing state
may appear to be gapped since the staggered s-wave pairing
[Y4,(k) = as] remains finite in the whole k space, but we will
see that also the A, pairing state can have point nodes on the
k, axis. For the E,, pairing state, the gap function is

d (k) = ek, £ ik, 2 + ook, (& £ 9), 7
Y2 (k) = c3(kek, % ikyky), (8)

where the upper (lower) sign corresponds to the E! (E?)
state. Note that the magnetic field lifts the degeneracy of the
E, states. Under the high magnetic field along the c¢ axis,
the d vector parallel to the magnetic field (Z component) is
suppressed. In such a case, we expect a (pseudo) line node on
the k, = O plane.

Recently, it has been shown that the superconducting gap
structures at given high-symmetry points in k space are pre-
cisely predicted by the topological classification [71-75],
in which the gapless points are characterized by topo-
logical invariants. Especially, gap nodes protected by the
nonsymmorphic space group symmetry and the total angular
momentum of electrons are successfully found, consistent
with previous group theoretical classifications [76—82]. Here,
we classify the gap structure on the three different lines: (i)
ky + ky, = 0 lines with k, = 0 and 7, and the (ii) k, =k, =0
line (k, axis). The method of classification is given in the
Supplemental Material [60].

Summary of classification of gap nodes is shown in Ta-
ble III. For case (i), the A, IR in the C,, point group

TABLE IV. Excitation nodes and topological indices for odd-
parity pairing states. A node of the superconducting gap appears on
the k, axis when FSs intersects the axis: U < 4 eV with the high
magnetic field, while gapped otherwise.

ky + ky = 0 lines k, axis Topological index
Ay gap node/gap (v,gf, v,f;, Ct.)
B, gap node/gap o v G
E! node node/gap C,
E? node gap Ci,

corresponds to the PDW state of A, and B, representations
in Cy4y,. The classification with index 0 (Z) indicates that the
gap opens (closes) by the superconducting pair wave function
when FSs in the normal state exist on the lines. In Table IV
we summarize the excitation nodes for each pairing symmetry
and FSs. For example, the A, pairing state has a point node on
the k, axis for U < 4 eV (we again assumed the high magnetic
field), while it is fully gapped for U > 5 eV. Table III is
consistent with the result in Ref. [75].

Our analysis is based on the symmetry, and then it is
assumed that the time-reversal symmetry is entirely broken.
It corresponds to the situation that the magnetic field is suffi-
ciently strong, and the d-vector parallel to the magnetic field
is completely suppressed. For the E!-? states, we expect a line
node on the k, = 0 plane from Eq. (8), consistent with the
nodes along the k, 4 k, = O lines. Although the topological
classification does not give us any information on off-axis k
points, the node on the k, + k, = 0 line should be interpreted
as a part of the line node on the k, = O plane.

It should be noticed that the TCSC discussed in Sec. II B is
stable against excitation nodes. The 1D topological invariants
on the k; + k, = 0 lines are well defined in any values of
U, because the superconducting gap opens on these lines in
the A, and B, superconducting states expected in CeRh,As;
at high magnetic fields. The corresponding Majorana surface
states appear at the (110) surface preserving the glide sym-
metry when the topological invariants in Tables I and II are
nontrivial.

III. SUMMARY

In this Letter we have investigated the electronic state
in CeRh,As, by the DFT + U method and shown how the
electron correlation changes the band structure, Fermi sur-
face, and topological properties of superconductivity. A strong
hybridization between Rh and Ce atoms at the Van Hove
singularity and heavy electron pockets near the Brillouin zone
corner are highlighted. The evolution of the Fermi surface
as a function of U revealed a crossover from a 3D electron
system to a quasi-2D one. A weak interlayer coupling favoring
the 2D electronic structure and FSs near the zone corner of
nonsymmorphic crystals are favorable features for the two
superconducting phases with even and odd parity [3,16,22].
Thus, the correlation-induced FS evolution supports the PDW
scenario for CeRh,As,.

The similarities of CeRhyAs; and iron-based supercon-
ductors were discussed. The hole pockets at the zone center
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and the electron pockets at the zone corner are similar to
the iron-based superconductors. While the nesting vector for
the magnetic and quadrupole orders has been discussed [6,9],
we expect the finite ¢ nesting vector from our results: it would
be ¢ = (7, 7, 0) if the electron correlation is strong enough.
The topological Z, invariants for TCSC are evaluated from
the Fermi surface formula, and the odd-parity superconduct-
ing states in the A, and B, representations are identified as the
TCSC unless U is significantly large. Superconducting gap
structures under the magnetic field are predicted by classifi-
cation of symmetry and topology. The superconducting gap
protecting the Z, invariants are found to be robust, and Ma-
jorana surface states appear at the (110) surface, preserving
the glide symmetry. Because the high-field superconduct-
ing phase of CeRh,As,; is expected to be of the A, or B,
representation, TCSC is predicted for a wide range of the
parameter U. Although the band dispersion along the high
symmetry line agrees with the ARPES experiment [58], the
presence or absence of a small FS has not been investigated
experimentally. Our calculations enable us to determine the
topology in the PDW state from the normal electronic band

structure, and thus, the observation of whole FSs is desirable
for experimental verification.

In this Letter, we have ignored the effects of normal state
order on superconductivity. This assumption is supported by
the decoupling of the PDW state from the quadrupole order
[8] and the magnetic order [5]. Because the normal state order
is suppressed in the PDW state at high magnetic fields or
pressures, our treatment is justified there. Even when the glide
symmetry is broken by the quadrupole order in the coexisting
region, a surface state reminiscent of the Majorana fermion is
expected to appear.
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