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Electronic and dynamical properties of CeRh,As,: Role of Rh,As; layers and expected orbital order
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The recently discovered heavy fermion CeRh,As, compound crystallizes in nonsymmorphic P4/nmm sym-
metry, which enables the occurrence of topological protection. Experimental results show that this material
exhibits unusual behavior, which is manifested by the appearance of two superconducting phases. In this Letter,
we uncover and discuss the role of Rh,As, layers and their impact on the electronic and dynamical properties
of the system. The location of Ce atoms between two nonequivalent layers allows for the realization of orbital
order. We point out that the electronic band structure around the Fermi level is associated mostly with Ce 4 f and
Rh 44 orbitals and suggest the occurrence of the Lifshitz transition induced by an external magnetic field. We
discuss also the role played by the f-d orbital hybridization in the electronic band structure.
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Introduction. The recently discovered CeRh, As; supercon-
ductor [1] is one of the rare examples of a heavy fermion
system crystallizing in the P4/nmm space group. In contrast
to isostructural SrPt,As, [2] or RPt;Si, (where R =Y, La,
Nd, and Lu) [3], it does not exhibit a coexistence of supercon-
ductivity and charge density waves.

In the case of CeRh;As;, two anomalies in the specific
heat are observed below 1 K [1]. The first anomaly (at lower
temperature) is associated with the phase transition from the
normal state to the superconducting (SC) phase (connected
with a diamagnetic drop of the ac susceptibility and the
specific heat jump of the same order of magnitude as the
Bardeen-Cooper-Schrieffer value). The second anomaly (at
higher temperature) is not associated with superconductivity,
but likely signals some other kind of order (its 7, increases
with the in-plane magnetic field). In the presence of a mag-
netic field perpendicular to the RhyAs, layers, the system
exhibits a phase transition inside the SC state. It is suggested
that at the transition the parity of superconductivity changes
from an even to odd one. This leads to the H-T phase diagram
in a characteristic form [1], which can be treated as a generic
one for a realization of spin-singlet and spin-triplet SC phases
[4]. Here, we would like to emphasize that this behavior is
also observed in other systems, where a coexistence of triv-
ial and topological SC phases can occur [5-7] due to finite
spin-orbit coupling (SOC), whereas the ranges in which both
kinds of superconductivity exist strongly depend on the model
parameters, e.g., on the ratio of electron hopping and SOC [8].

The symmetry of the system described by the P4/nmm
space group is nonsymmorphic with multiple symmetries pro-
tecting the Dirac points [9]. A similar situation has been
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recently reported for Dirac semimetals, crystallizing in the
same symmetry [10-16]. However, contrary to these materi-
als, where a dominant role is played by the square nets [17],
in the CeRh;As; compound, there exist two different types of
Rh;As; layers (Fig. 1). What is more important, these layers
can be treated as planes of the glide symmetry. The purpose
of this Letter is to highlight the important role played by
the RhyAs; layers in the possible realization of orbital order
as the result of two distinguishable Ce atom positions with
respect to the neighboring RhyAs; layers. We point out that
the existence of this order leads to an essential modification
of the phonon dispersion and could be tested by experimental
measurements. We discuss also the possibility of a Lifshitz
transition induced by the magnetic field as a source of the
topological superconducting phase reported experimentally in
Ref. [1].

The density functional theory (DFT) calculations were
performed using the VASP code [18-20]. Phonon calculations
were conducted by ALAMODE [21] for the thermal distribution

.6 ™

FIG. 1. The unit cell of the CeRh,As, crystal structure. The
system is composed of two Rh,As, layers, which separately play a
role of the mirrors of the glide symmetry.
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FIG. 2. (a) The electron localization function and (b) the partial
charge density (for occupied states 1 eV below the Fermi level) in
CeRh,As,. Results were obtained in the presence of SOC and with
Ce 4f electrons treated as valence electrons.

of multidisplacement of atoms at 7 = 50 K, generated within
the high efficiency configuration space sampling (HECSS) pro-
cedure [22]. More details of the numerical calculation can be
found in Refs. [23-26] and in the Supplemental Material (SM)
[27].

Crystal structure. CeRhyAs; crystallizes in the CaBe,Ge;
[28] tetragonal structure (with symmetry P4/nmm, space
group No. 129). The stacking sequence along the ¢ axis is Ce-
Rh;,As;-Ce-Rh;As,-Ce, in which Rh;As; layers are arranged
in two nonequivalent forms: a square array of Rh atoms sand-
wiched between two checkerboard layers of As atoms (one
below and one above the Rh layer, alternately) and vice versa
(a square As layer decorated by Rh atoms, alternately, from
top and bottom). This corresponds to the upper and lower
Rh,As; layers in Fig. 1.

The unit cell of the studied system consists of two formula
units. From the ab initio calculations [with the Perdew-Burke-
Ernzerhof pseudopotentials for solids (PBEsol), see the SM
[27]], we find the lattice constants as a = 4.2216 A and ¢ =
9.8565 A, which are in good agreement with the experimental
results [1]. In the case of Ce 4f electrons treated as valence
electrons, the ground state (GS) of the system is found to be
nonmagnetic (cf. the SM [27]).

Glide symmetry. The nonsymmorphic space group of
CeRh,As;, unusual for heavy fermion systems [29,30], sup-
ports the realization of an unconventional SC gap in the
electronic structure [31] protected by space group symmetry
[32]. This space group exhibits the glide symmetry, which is
here realized by the Rh and As square nets inside the Rhy As;
layers. Therefore, the orbitals of Ce atoms should also exhibit
the glide symmetry with respect to these planes. Simulta-
neously, the Ce electron orbitals lose the mirror symmetry
(along the ¢ direction) due to different environments from the
“top” and “bottom” sides (cf. Fig. 1). Indeed, this behavior is
clearly manifested directly via the electron localization func-
tion [33-35] [Fig. 2(a)] or partial charge density [Fig. 2(b)].
As one can see in Fig. 2(a), the localization of electrons
around the Ce atom (at the center of the system) does not
exhibit symmetry with respect to the ab plane (marked by the
dashed blue line). A similar property is observed in the case of
partial charge density coming from the occupied states around
the Fermi level (we take states 1 eV below the Fermi level). In
consequence, both Ce atoms of the unit cell are distinguish-
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FIG. 3. Results of phonon calculations in CeRh;,As;: (a) Phonon
dispersion curves along high-symmetry directions; (b) total and par-
tial phonon DOS, shown by gray and color (as labeled) solid lines,
respectively. Results were obtained in the presence of SOC and with
Ce 4f electrons treated as valence electrons.

able due to the relative position with respect to the RhyAs,
layers and effectively realized pseudo-orbitals. This scenario
is remarkably similar to URu,Si, [36], where the orbitals
located at the U atoms exhibit out-of-plane anisotropy and
the ground state is discussed as a superposition of different
irreducible representations [37] resulting in the crystal-field
states [38].

In our case, orbital order can occur due to broken reflection
symmetry at the Ce atoms. The onset of order in CeRh,As,
associated with the symmetry breaking at the Ce sites could
lower the symmetry from P4/nmm (space group No. 129) to
P4mm (space group No. 99). A similar effect of symmetry
lowering can be achieved by introducing antiferromagnetic
order on the sublattice of Ce atoms. This can be crucial in
the context of the realization of the nontrivial topological
phase, due to fact that the information about the nontrivial
phase realization can be attained from the number of the
bands crossing the Fermi level [39]. A changed degeneracy of
the bands by symmetry modifications can lead to a different
topological phase realized in the system. However, because
the band structure is relatively dense and a few bands have the
maxima located around the Fermi level, the results obtained
in this way can be ambiguous.

Lattice dynamics. The phonon dispersion curves and den-
sities of states (DOS) are shown in Fig. 3. As one can
see, CeRhyAs; is stable dynamically, i.e., the soft modes
(imaginary frequencies) are not observed. The irreducible
representations at the the I' point are E, 4+ A,, for acous-
tic modes, and 4E, 4+ 4Ay, + 5E; 4+ 3A g + 2By, for optic
modes.

Partial DOS clearly show that the modes associated with
the Ce atoms are located mostly at lower frequencies in a
range of 2-3 THz. This is a typical behavior observed in
clathrates [40], when some heavy atoms are located inside a
“cage.” In our case, Ce is located inside a cagelike dodecahe-
dron constructed by two Rh;As; layers (cf. Fig. 1). Indeed,
similar behavior is observed, e.g., in the case of KFe,As,
[41] with I4/mmm symmetry. There, the modes involving
the K atom located between the Fe,Se, layers are observed
only at lower frequencies [Fig. 3(b)]. Such a situation leads
to the emergence of nearly flat phonon bands with a weak
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FIG. 4. Electronic band structures of CeRh,As, in the presence
of the SOC. Solid blue and gray lines correspond to different treat-
ments of the Ce 4f electrons (as core and as valence electrons,
respectively).

contribution to lattice thermal conductivity, due to a small
group velocity and short phonon lifetime. Moreover, this
physical behavior can be examined experimentally by the
phonon lifetime measurements [42]. One finds that modes
mixing vibrations of Rh and As atoms are of particular interest
and are visible in the whole range of the phonon spectrum.

The effect of orbital order on the phonon spectra is no-
ticeable by comparing the results for the P4/nmm and P4mm
space groups (without and with orbital order, respectively).
By reducing symmetry, we find a small shift of energies and a
splitting of phonon branches resulting from a slightly different
charge distribution on two sites of the Ce atoms (Fig. S1 in
the SM [27]). This effect could be verified in the future by
inelastic scattering measurements [43-45].

Electronic band structure. The calculated electronic band
structure in the presence of SOC is presented in Fig. 4. The
absence of magnetic order in CeRhyAs, leads to the spin
degeneracy of electronic bands in the P4/nmm symmetry. For
instance, at k, = 0 the degeneracy of the bands is preserved at
the X and M points. Additionally, along the I'-Z direction the
bands cross below the Fermi level (marked by the green arrow
in Fig. 4). Similar behavior is observed in the nonmagnetic
Dirac semimetals (with the same symmetry), as in CeS-
bTe [14]. However, note that the Dirac point and nontrivial
topology can be expected even in canonical heavy fermion
systems such as CeColns [46] with the P4/mmm symmetry.

CeRh;As; can be compared with SrPt;As, [47,48] and
LaPt,Si, [48], both crystallizing in the same P4/nmm sym-
metry. The SOC has a weaker impact on the band structure
of CeRhyAs; than for SrPtyAs, [47,48] and is compara-
ble with the impact on the band structure of LaPt,Si, [48]
(cf. Fig. S4 in the SM [27]). These changes can be a conse-
quence of the modifications of chemical composition, due to
the mass dependence of the SOC [49,50]. Indeed, the biggest
splitting of the bands induced by the SOC is well visible in the
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FIG. 5. (a) The Fermi surface of CeRh,As, and (b)—(d) its sep-
arate pockets (side and top views). Results were obtained in the
presence of SOC and for Ce 4 f electrons treated as valence electrons.

unoccupied Ce 4 f energy levels (around 0.25-0.5 eV above
the Fermi level).

The band structure shows the shift of the Fermi level in
CeRh,As; to lower energies with respect to SrPtyAs; [47,48]
and LaPt,Si, [48]. In both latter compounds, the band struc-
tures around the Fermi level are associated with the atoms
located in the layers, i.e., Pt and As in SrPtyAs, [47,48], as
well as Pt and Si in LaPt,Si, [48]. In our case, the band
structure around the Fermi level originates mostly from the
Ce 4 f and Rh 4d electrons, which is well visible on the orbital
projection of bands (see Fig. S3 in the SM [27]). The Ce 4f
electrons are located at a relatively small range of energies,
which leads to the well visible peak of the density of states
(see Fig. S2 in the SM [27]). However, the Rh, As, layers play
an important role in the general form of the band structure in
CeRh,As;. This is well visible when we compare the band
structure of real CeRhyAs, with an artificial system without
Ce atoms (i.e., containing only two RhyAs, layers) (cf. Fig.
S5 in the SM [27]). The main features of the artificial Rh,As,
system are conserved and well visible in the band structure of
CeRh;As;. The differences arise only from 5d electron levels
of Ce atoms occupied by one electron.

Fermi surface. The Fermi surface of CeRh,As; [Fig. 5(a)]
is composed of three pockets [see Figs. 5(b)-5(d)], which ex-
hibit a three-dimensional (3D) character. Contrary to the other
heavy fermion systems, e.g., to CeColns [51-57], there is no
pocket with quasi-two-dimensional features (i.e., no pockets
with a weak z-direction dependence). Theoretical calculations
of the electronic structure show that the band structure around
the Fermi level can be very sensitive to chemical doping (see
the red boxes in Fig. 4). This is associated with a relatively
large number of hybridized bands. Similarly, the external
magnetic field can lead to a meaningful modification of the
electronic structure, as well as of the character of the Fermi
pockets.

Role of 4f electrons. A comparison of the band structures,
when Ce 4f electrons are treated as core or valence electrons
in the DFT calculations, are shown in Fig. 4 (solid blue and
gray lines, respectively). The Ce 4f electron energy levels are
located around 0.25 and 0.5 eV above the Fermi level, due to
the relatively strong SOC [58]. The f-d orbital hybridization
leads to a modification of the band structure around the Fermi
level. In practice, all energy levels are slightly shifted to lower
energies, while the band characters are almost unchanged
(cf. gray and blue lines in Fig. 4).
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Similarly as in the other heavy fermion systems with
14 /mmm symmetry (such as, e.g., URu,Si; [59], CeRh;Si,
[60,61], YblIr,Si»/YbRh,Si; [62,63], or EuRh,Si; [64-66]),
the f-d orbital hybridization can play an important role. In-
deed, orbital projected band structures show a strong impact
of the Ce 4f and Rh 4d orbitals onto states around the Fermi
level (see Fig. S3 in the SM [27]). This behavior can be im-
portant in the context of the correct theoretical description of
the studied system and can be indescribable within the simple
tight-binding model formulation [1,4,8,67,68]. Additionally,
we neglected the role of the strong correlations which can lead
to an additional renormalization of the bands, however, this is
out of a scope of this Letter and should be a topic of further
research. Nevertheless, the exact form of the electronic band
structure around the Fermi level should be examined by future
investigations within the high-quality angle-resolved photoe-
mission spectroscopy (ARPES) measurements [69-71].

The lattice constants found in the numerical calculations
depend on the description of the 4 f electrons of the Ce atoms
(cf. Tables S1— S4 in the SM [27]). Better agreement of the
numerical results with experimental data is obtained when the
4f electrons are treated as valence electrons. This behavior
is well known and associated with the formation of stronger
bonding in systems including f electrons, which leads to a
decreased volume.

Magnetic instability. The GS found from the ab initio cal-
culations is nonmagnetic. However, Ce atoms have nonzero
magnetic moments of magnitude below 0.03up. This can
be a symptom of magnetic instability of the system, which
could lead to magnetic ordering at lower temperatures. Re-
gardless of the GS, the numerical calculations with initially
enforced different magnetic orders uncover structures with
lattice constants better matching the experimental values
(cf. Table S3 in the SM [27]). These enforced initial magnetic
orders can discriminate between two Ce atomic sites and sup-
port the realization of the previously mentioned orbital order.
However, this case is out of the scope of this work and should
be studied in the future.

Lifshitz transition. We emphasize that several bands are
located close to the Fermi level. Here, one should particularly
point out the bands with maxima or minima around the Fermi
level, i.e., bands inside the red boxes in Fig. 4. An external
magnetic field, due to the Zeeman effect and band splitting,
can lead to the emergence of a new, fully polarized Fermi
pocket, or to the disappearance of the existing one. This
phenomenon, called a magnetic Lifshitz transition (MLT),
was described in the context of a high-magnetic field phase
observed in FeSe [72]. During the MLT a modification of the
Fermi surface topology is observed, which could be realized
here by the external magnetic field [72,73].

To mimic a tendency of CeRh;As, to the realization of
MLT, we performed calculations with a nonequal number of
spin-up and spin-down electrons, i.e., in a spin-polarized state
(cf. Fig. S6 in the SM [27]). For a comparison, we calculated
band structures for several values of the spin imbalance. In
such a case, we notice two effects: (i) The artificially intro-
duced polarization changes the Fermi level, and (ii) strong
modifications of the Fermi pockets even by a small change of

the Fermi level (cf. Fig. S7 in the SM [27]). For example, the
smallest Fermi pocket [presented in Fig. 5(b)] can disappear
as a result of a shift of the Fermi level by 0.01 eV.

Finally, note that the mentioned shift of the Fermi level by
0.01 eV corresponds to a relatively large external magnetic
field. However, one expects that the arising magnetic order
may in turn induce a sufficient internal “effective” magnetic
field. This resembles the antiferromagneticlike order in other
heavy fermion compounds (in the presence of an external
magnetic field). As an example one can mention here the O
phase in CeColns [74-76]. We underline that the magnetic
field, at which the MLT occurs, has an approximately constant
value [72,73,77]. Experimentally, the transition observed in
CeRh;As; occurs also at an approximately constant magnetic
field [1].

The realization of the MLT can change the topological
character of CeRhyAs;. Similarly to the above-mentioned
case of orbital order, the change in degeneracy or the num-
ber of bands crossing directly the Fermi level can change
the topological character of the system. Indeed, recently per-
formed theoretical calculations of the Z, invariant based on
the tight-binding model support this idea [67]. In such a sit-
uation, the realization of a topological surface edge state is
expected [67,68], which makes this material interesting also
in the context of topological properties or applications.

Conclusions. Summarizing, by using the ab initio tech-
niques we investigated the physical properties of the
CeRh;As; compound. The specific crystal structure as well
as the previous investigations on heavy fermion compounds
with the same P4 /nmm symmetry suggest a prominent role of
the Rh,As; layers in the properties of this compound. Their
impact is visible in the phonon spectra, where Ce modes are
located only at lower frequencies due to the cagelike structure
built by the Rh; As; layers. Additionally, orbital projections of
the electronic band structure suggest the strong hybridization
between Ce 4 f and Rh 4d electrons. The electronic states lo-
cated around the Fermi level are mostly composed by orbitals
of these types, which may be important for the construction of
a realistic tight-binding model of this compound.

Due to the location of Ce atoms between two nonequiv-
alent RhyAs; layers the emergence of the orbital ordering
is supported. As a result, two distinguishable Ce sublattices
with different effective “orbitals” are found. Similarly as in
URu, As;, such orbitals exhibit out-of-plane anisotropy. This
orbital order should occur independently of the external mag-
netic field. Moreover, in practice, this orbital order leads to a
lowering of the system symmetry. As a consequence, the mea-
surable modifications of the phonon band degeneracy occur.

From the observed small band splitting we conclude that
the spin-orbit coupling is relatively weak. However, the elec-
tronic band structure of CeRh,As, reveals specific topological
properties of this system. First, we can observe band crossing
(the Dirac points), approximately 1 eV below the Fermi level.
Second, the bands near the Fermi level support the hypoth-
esis of the magnetic Lifshitz transition. At finite magnetic
field, the new fully polarized Fermi pocket could emerge, and
the spin-triplet pairing (topological superconducting phase)
would arise.
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