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Two scenarios for superconductivity in CeRh2As2

David Möckli 1 and Aline Ramires2

1Instituto de Física, Universidade Federal do Rio Grande do Sul, 91501-970 Porto Alegre, Brazil
2Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

(Received 23 February 2021; accepted 18 May 2021; published 11 June 2021)

CeRh2As2, a nonsymmorphic heavy fermion material, was recently reported to host a remarkable temper-
ature versus z-axis magnetic-field phase diagram with two superconducting phases. In this material, the two
inequivalent Ce sites per unit cell, related by inversion symmetry, introduce a sublattice structure corresponding
to an extra internal degree of freedom. Here we propose a classification of the possible superconducting
states in CeRh2As2 from the two Ce-sites’ perspective. Based on the superconducting fitness analysis and the
quasiclassical Eilenberger equations, we discuss two limits: Rashba spin-orbit coupling and interlayer hopping
dominated normal state. In both limits, we are able to find two scenarios that generate phase diagrams in
qualitative agreement with experiments: (i) intrasublattice pairing with an even-odd transition under z-axis
magnetic field and (ii) intersublattice pairing with an odd-odd transition under z-axis magnetic field.
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I. INTRODUCTION

The heavy fermion CeRh2As2 was recently discovered
to host remarkable properties in the superconducting state
[1]. Under z-axis magnetic field, a transition between a low-
field and a high-field superconducting phase is observed by
measurements of magnetization and magnetostriction. The
presence of two superconducting phases is unusual, and has
only been reported in other two stoichiometric heavy fermion
materials: UPt3 [2–4] and UTe2 [5]. The high effective elec-
tronic mass inferred from the low-temperature value of the
specific heat coefficient indicates that CeRh2As2 is in the
heavy fermion regime, but the power-law temperature depen-
dence of the specific heat below 4 K suggests the proximity
to a quantum critical point, whose fluctuations can play an
important role for pairing [6–9]. Furthermore, the high-field
phase has an upper critical field of 14 T, exceptional for a
material with a superconducting critical temperature (Tc) of
0.26 K, suggesting that CeRh2As2 hosts an unconventional
triplet superconducting state.

Theory developed in the context of layered superconduc-
tors with local inversion symmetry breaking accounts for the
qualitative features of the temperature versus magnetic field
phase diagram of CeRh2As2 [10–12]. More recently, these
studies were supplemented by detailed investigations includ-
ing also orbital depairing effects [13,14]. Intralayer singlet
pairing (referred to here as BCS) is assumed to be the stable
superconducting state within each layer. Once a magnetic field
is applied perpendicular to the layers, a pair-density wave
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(PDW) state, with a sign change of the order parameter be-
tween layers, is favored under the requirement that Rashba
spin orbit coupling (SOC) is comparable to interlayer hopping
(ILH) amplitudes.

Nevertheless, the phenomenology of CeRh2As2 indicates
that other scenarios might be possible. In particular, the small
anisotropy of the effective mass, inferred from the slope of
the upper critical field around Tc, indicates that the system
is rather three-dimensional [1]. This is in agreement with
recent first-principles calculations [15], and with other 122
materials in this family. As an example, CeCu2Si2 crystallizes
in the ThCr2Si2-type structure (the centrosymmetric ana-
log of the CaBa2Ge2-type structure of CeRh2As2), displays
a three-dimensional spin density wave state supported by
Fermi surface nesting, and hosts superconductivity around the
pressure-induced quantum critical point [16,17]. Motivated by
these facts, here we analyze the possible unconventional su-
perconducting states that can be hosted by CeRh2As2. We start
with focus on the main ingredient, the Ce ions, and propose a
microscopic model for the normal-state Hamiltonian based on
the spin and sublattice (SL) degrees of freedom (DOF). This
model allows us to discuss two limits: (i) two-dimensional,
dominated by Rashba-SOC and (ii) three-dimensional, dom-
inated by ILH. We then classify all possible types of Cooper
pairs that can be formed in this material. We perform the su-
perconducting fitness analysis and discuss the relative stability
of different superconducting states in both limits. Finally,
we obtain temperature versus magnetic-field phase diagrams
from the quasiclassical Eilenberger equations, based on which
we can propose two scenarios for the temperature versus z-
axis magnetic field phase diagram of CeRh2As2.

II. THE MODEL

CeRh2As2 has a CaBa2Ge2-type structure with the non-
symmorphic centrosymmetric space group P4/nmm (No.
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FIG. 1. Schematic depiction of CeRh2As2. The spheres corre-
spond to the two inequivalent Ce atoms and the rectangular structures
to the two types of Rh/As layers. The big arrows on the left
correspond to the effective electrical field generating a staggered
Rashba-SOC. The dotted lines correspond to in-plane intra-SL hop-
ping with amplitude tp (same for all layers), and the dashed lines
correspond to inter-SL hopping, with amplitude tu or td , depending
on if the hopping is to a neighbor in the layer above or below.

129). Given the heavy fermion nature of the electronic struc-
ture around the Fermi energy inferred by recent experiments,
we start modeling the electronic DOF from the Ce sites’
perspective. The Ce atoms are located in between Rh-As lay-
ers, which appear intercalated in two flavors: with Rh atoms
tetrahedrally coordinated by As, or vice versa, as schemati-
cally shown in Fig. 1. The intercalation of two types of Rh-As
layers generates two inequivalent Ce sites with C4v point
group symmetry. Importantly, the Ce sites are not centers of
inversion. The point group C4v can be generated by C4z, a
rotation along the z-axis by π/2, and σxz, a mirror reflec-
tion along the xz-plane. The complete space group includes
inversion, which can be made a symmetry at the Ce sites if
composed with half-integer translation vectors. We define i1/2

as inversion composed with a translation by (a/2, a/2, c/2),
which links the two inequivalent Ce sites (here a and c are
the unit cell dimensions in the plane and along the z-axis,
respectively). These three operations generate the complete
space group. Here we note that this space group is isomorphic
to D4h up to integer lattice translations [18]. Given these gen-
erators, Table I summarizes the properties of the irreducible
representations. For simplicity, here we focus on the symme-
try analysis around the � point.

We start with the most general noninteracting normal-state
Hamiltonian considering Wannier functions localized at the
Ce atoms accounting for a two SL structure

H0 =
∑

k

�̂
†
kĤ0(k)�̂k, (1)

where �̂† = (c†
1↑, c†

1↓, c†
2↑, c†

2↓) encodes the two SLs (1,2)

and the spin (↑,↓) DOF. The 4 × 4 matrix Ĥ0(k) can be

TABLE I. Irreducible representations (irrep) at the �-point asso-
ciated with the three symmetry operations at the Ce sites. The last
column shows examples of polynomials in each irrep.

Irrep C4z σxz i1/2 Basis

A1g +1 +1 +1 x2 + y2, z2

A2g +1 −1 +1 xy(x2 − y2)
B1g −1 +1 +1 x2 − y2

B2g −1 −1 +1 xy
Eg 0 0 +2 {xz, yz}
A1u +1 +1 −1 z
A2u +1 −1 −1 xyz(x2 − y2)
B1u −1 +1 −1 z(x2 − y2)
B2u −1 −1 −1 xyz
Eu 0 0 −2 {x, y}

parametrized as

Ĥ0(k) =
∑
a,b

hab(k)τ̂a ⊗ σ̂b, (2)

where τ̂a and σ̂b are Pauli matrices, {a, b} = {1, 2, 3}, or the
two-dimensional identity matrix, {a, b} = {0}, corresponding
to the SL and spin DOF, respectively. In the presence of inver-
sion (implemented as τ1 ⊗ σ0 accompanied by k → −k) and
time-reversal symmetry (implemented as iτ0 ⊗ σ2, accompa-
nied by complex conjugation and k → −k), only the (a, b)
pairs summarized in Table II are symmetry allowed.

We now associate each term with specific physical
processes. (0,0) concerns intra-SL hopping, with
h00(k) = 2tp[cos(kxa) + cos(kya)], dominated by in-
tralayer hopping to nearest neighbors with amplitude
tp. (1,0) and (2,0) stem from inter-SL hopping, which
in this case is necessarily out-of-plane, with h10(k) =
4(tu + td ) cos(kxa/2) cos(kya/2) cos(kzc/2) and h20(k) =
−4(tu − td ) cos(kxa/2) cos(kya/2) sin(kzc/2). These terms
are parametrized by tu and td , the hopping amplitudes to the
nearest neighbors in the layer above and below, which are
inevitably distinct due to inversion symmetry breaking. (3,1)
and (3,2) are concerned with intra-SL staggered Rashba-type
SOC, h31(k) = −α sin(kya) and h32(k) = α sin(kxa),
parametrized by α. Finally, (3,3) is an Ising-type SOC,
h33(k) = λ sin(kxa) sin(kya) sin(kzc)[cos(kxa) − cos(kya)],
associated with hopping to neighbors of the same SL in the
next nearest layer, parametrized by λ. This Hamiltonian is the
same as the one proposed in Ref. [1].

TABLE II. Symmetry-allowed (a, b) terms in the normal state
Hamiltonian, as given in Eq. (2). The table highlights the irrep,
the even or odd k dependence, the associated physical process, and
dominant parameter for each term.

(a, b) Irrep k Process Parameter

(0,0) A1g Even Intra-SL hopping tp

(1,0) A1g Even Inter-SL hopping tu + td

(2,0) A1u Odd Inter-SL hopping tu − td

{(3,1),(3,2)} Eu Odd Rashba-SOC α

(3,3) A2u Odd Ising-SOC λ
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TABLE III. Symmetry classification of the [a, b] matrices asso-
ciated with all order parameters, defined in Eq. (3), organized by
irreducible representations (irreps) around the � point. Here E/O
stands for even/odd and S/T for singlet/triplet. The irrep associated
with the complete order parameter is obtained by taking the product
with the irrep of dab(k), which is always nontrivial for the odd-k
order parameters.

Irrep [a, b] Spin SL k Parity

A1g [0,0] S Intra E E
[1,0] S Inter E E

A2g [0,3] T Intra O O
[1,3] T Inter O O

A1u [3,0] S Intra E O
[2,0] S Inter O E

A2u [2,3] T Inter E O
[3,3] T Intra O E

Eg {[0, 1], [0, 2]} T Intra O O
{[1, 1], [1, 2]} T Inter O O

Eu {[2, 1], [2, 2]} T Inter E O
{[3, 1], [3, 2]} T Intra O E

The superconducting order parameter can be written in a
similar fashion:

	̂(k) =
∑
a,b

dab(k)τ̂a ⊗ σ̂b(iσ2). (3)

In the presence of inversion symmetry, we can distinguish
between even or odd in k and even or odd parity gap functions.
Table III lists all the order parameters, their nature in terms of
the microscopic DOFs, and their symmetry properties. The
different brackets distinguish the normal-state Hamiltonian
parameters (a, b) from the superconducting order parameters
[a, b].

III. SUPERCONDUCTING FITNESS ANALYSIS

Within the standard weak-coupling formalism, the super-
conducting fitness analysis allows us to discuss the relative
stability of superconducting states based on properties of
the normal electronic state [19,20]. In particular, it was
shown that the larger the average over the Fermi surfaces
(FSs) of Tr [F̂A(k)†F̂A(k)], the more robust the superconduct-
ing instability and the higher the critical temperature. Here,
F̂A(k) = H̃0(k)	̃(k) + 	̃(k)H̃∗

0 (−k) is the superconducting
fitness matrix, written in terms of the normalized normal-
state Hamiltonian H̃0(k) = [Ĥ0(k) − h00(k)τ0 ⊗ σ0]/|h(k)|,
where |h(k)| =

√∑
(a,b)�=(0,0) |hab(k)|2, and the normalized

gap matrix 	̃(k) with 〈	̃(k)〉FS = 1.
The superconducting fitness analysis for CeRh2As2 is sum-

marized in Table IV. We start discussing the scenario with
dominant ILH, such that we assume |tp| > |tu + td | > |tu −
td | > |α| > |λ|. From Table IV, we find that Cooper pairs with
a = 0 are the most stable since they have the contribution
from the two largest terms in the normal-state Hamiltonian,
(1,0) and (2,0). These are followed by pairs with a = 1,
supported only by (1,0) hopping, controlled by (tu + td )2.
Pairs with a = 2 are less stable since these are supported
only by (2,0), controlled by (tu − td )2, while pairs with a = 3

TABLE IV. Superconducting fitness analysis for all order
parameters. Each line corresponds to an order parameter la-
beled by [a, b], as in Eq. (3). The numerical entries correspond
to Tr [F̂A(k, s)†F̂A(k, s)] = 4

∑
cd (table entry) |hcd (k, s)|2/|h(k, s)|2,

for each term (c, d ) in the normal-state Hamiltonian. The last two
columns summarize the effects of ILH and SOC dropping the ac-
companying momentum dependence of the respective functions.

(1,0) (2,0) (3,1) (3,2) (3,3) ILH SOC

[0,0] 1 1 1 1 1 2α2 + λ2

[0,1] 1 1 1 0 0 2
(
t2
u + t2

d

) α2

[0,2] 1 1 0 1 0 α2

[0,3] 1 1 0 0 1 λ2

[1,0] 1 0 0 0 0 0
[1,1] 1 0 0 1 1 (tu + td )2 α2 + λ2

[1,2] 1 0 1 0 1 α2 + λ2

[1,3] 1 0 1 1 0 2α2

[2,0] 0 1 0 0 0 0
[2,1] 0 1 0 1 1 (tu − td )2 α2 + λ2

[2,2] 0 1 1 0 1 α2 + λ2

[2,3] 0 1 1 1 0 2α2

[3,0] 0 0 1 1 1 2α2 + λ2

[3,1] 0 0 1 0 0 0 α2

[3,2] 0 0 0 1 0 α2

[3,3] 0 0 0 0 1 λ2

are not stabilized by any hopping term in the normal-state
Hamiltonian. Among the intra-SL pairs (a = 0, 3), the most
robust order parameters are the spin singlets, stabilized by
the larger contribution stemming from both Rashba and Ising
SOC. Among the inter-SL pairs (a = 1, 2), the most stable
order parameters are the spin triplet states with a d-vector
along the z-direction, stabilized by Rashba SOC. Overall this
analysis supports [0,0] and [1,3] as the two most robust su-
perconducting states for the ILH-dominated scenario. Moving
now to the SOC dominated scenario, we assume |tp| > |α| >

|tu + td | > |tu − td | > |λ|. For the intra-SL Cooper pairs, we
find that SOC stabilizes spin singlet states (b = 0), while for
inter-SL pairs SOC stabilizes triplet states with the d-vector
along the z-axis (b = 3). Among the intra-SL pairs, a finite
ILH stabilizes [0,0], and among the inter-SL pairs it supports
[1,3]. Note that these are the same order parameter candidates
found for the ILH dominated scenario.

Within the rough assumption that pairing in all channels
have the same strength, we can conclude that the trivial
order parameter with matrix structure [0,0], an even parity
intra-SL spin singlet (BCS) state, is the absolutely most sta-
ble superconducting state since all terms in the normal-state
Hamiltonian support the instability in this channel. We note
here that within the assumption of tu = td and λ = 0, the [1,3]
order parameter candidate, an odd parity SL-symmetric spin
triplet (SLS-ST), would have the same transition temperature.
These are good candidates for the low-field superconducting
phase of CeRh2As2.

In the presence of a magnetic field along the z-axis, the
proposed PDW state, an odd parity intra-SL spin singlet, here
captured by [3,0], is not very robust since the normal state
ILH terms (1,0) and (2,0) do not contribute to its stabilization.
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Interestingly, from the analysis above, within the assumption
of tu = td and λ = 0, the order parameter [2,3], an odd parity
SL-antisymmetric spin triplet (SLA-ST), is equally stable. In
fact, under the assumption |tu − td | > λ, the SLA-ST is more
robust than the PDW state. Order parameters with a similar
nature, antisymmetric in an internal DOF, were recently pro-
posed in multiple contexts [21–24].

IV. PHASE DIAGRAM

With these facts at hand, we now examine the behav-
ior under z-axis magnetic field of the four order parameters
identified above. The hierarchy of energy scales motivates
the writing of a quasiclassical theory assuming |tp| 
 {|tu +
td |, |tu − td |, α, λ}. For simplicity, here we take tu = td and
λ = 0 and study the interplay of the magnetic field B, Rashba
SOC α, and ILH |tu + td |. We extend the linearized Eilen-
berger equations of Ref. [25] to include |tu + td |, which allows
us to obtain the transition lines of the best low and high field
phase candidates. For each pairing irrep-channel, we associate
a superconducting critical temperature Tirrep that is defined in
the absence of magnetic field and SOC. For simplicity, we
consider the same critical temperatures for all fitness-favored
channels by setting TA1g = TA2g = TA1u = TA2u = Tc. We find
two promising scenarios that display the same phase diagram:
(i) intra-SL scenario, with a transition from an even BCS
state [0,0] to a high field odd PDW state [3,0]; (ii) inter-SL
scenario, with a transition from a low field odd SLS-ST state
[1,3] to a high field odd SLA-ST state [2,3]. These results are
summarized in Fig. 2. In both scenarios, a first-order phase
transition separates the high from the low field phase. The
exact location of these transitions requires a treatment beyond
linearization.

V. DISCUSSION

Given the extremely large upper critical field observed
experimentally, the results above suggest that the normal state
is SOC dominated. Note, though, that this limit does not
allow us to distinguish between the intra-SL and inter-SL
scenarios, as illustrated by Fig. 2. One potential way to dis-
tinguish them is the effect of impurities. Current samples of
CeRh2As2 are likely to be in the dirty limit [1], in which
case a k-independent order parameter in the microscopic basis
would be robust [25–28]. This suggests the intra-SL scenario
for the low field phase since, in the inter-SL, d13(k) is odd
in momentum. If cleaner samples become available and dis-
play a significantly enhanced Tc, then the inter-SL scenario
would remain a good candidate. Furthermore, the presence
and location of nodes in the superconducting gap can give
us important information since the inter-SL scenario involves
odd-parity states which necessarily display line nodes in the
superconducting gap at kz = 0.

In this work, we do not discuss the pairing mechanism. For
a realistic discussion, details of the FS in the heavy fermion
regime are needed to investigate possible spin-fluctuation
mechanisms. Also, the clarification of the nature of the hidden
order observed at 0.4 K and its association with multipolar
order brings an interesting possibility for exotic pairing from
multipolar interactions [29–31]. Moreover, the presence of

FIG. 2. Identical temperature versus z-axis magnetic field phase
diagrams for the even-odd intra-SL [0, 0] → [3, 0] and odd-odd
inter-SL [1, 3] → [2, 3] scenarios with |tu + td | = Tc. The blue
curves correspond to the SOC-dominated regime, while the green
curves correspond to the ILH-dominated regime. The dotted (dashed)
lines are the extensions of the low (high) field solutions. The inset
displays schematic two-dimensional cuts of the FSs. Left: SOC-
dominated regime. The lighter (darker) color indicates FSs stemming
from Ce(1) [Ce(2)] layers, and the arrows indicate the helicity. Turn-
ing on ILH connects FSs with same helicity and complementary
Ce-content (dotted lines). Right: ILH-dominated regime. The lighter
(darker) color indicates spin up (down). Turning on SOC connects
FSs with opposite spin and bonding state (dotted lines).

quantum critical behavior evidenced by the temperature de-
pendence of the specific heat at low temperatures suggests a
scenario similar to β-YbAlB4, for which a careful description
of the crystal electric field states was key to understand its
phenomenology [32–35].

Future studies targeting the vortex core size through
the first-order transition and possible zero-energy states can
further elucidate and distinguish the two scenarios. From
thermodynamics, one expects a sudden change of the core
size through the transition [14,36], which would give further
evidence of two distinct phases. For the triplet scenario, one
expects zero-energy bound states for both low and high field
phases. In contrast, for the singlet scenario, the zero-energy
states only exist in the high field phase [36–38]. Therefore, the
presence/absence of zero-energy states in the low field phase
could distinguish between the triplet/singlet scenarios.

VI. CONCLUSION

In summary, we analyzed all possible superconducting
order parameters for CeRh2As2 within the Ce-sites perspec-
tive. We find temperature versus z-axis magnetic field phase
diagrams in qualitative agreement with experiments for both
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SOC- and ILH-dominated normal states. We identified two
possible scenarios for the two superconducting phases ob-
served in CeRh2As2: (i) even-odd intra-SL, associated with
the previously proposed PDW scenario and (ii) new odd-odd
inter-SL scenario. Our work stimulates more efforts in the
field of complex locally noncentrosymmetric materials with
extra internal degrees of freedom. We have preliminary evi-
dence that the joint action of SOC and magnetic field might
lead singlet-triplet mixing in both the low and high field
phases. We detail this possibility in a future, more extended
paper. Further theoretical work analyzing the interplay of
normal-state parameters and magnetic field, as well as topo-
logical aspects are interesting directions for future work.

Note added. Recently, we became aware of the preprint
[39] which suggests that in-plane magnetic fields would be
able to discriminate the two scenarios proposed here, favoring
the BCS-PDW scenario.
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