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Locally noncentrosymmetric materials are attracting significant attention due to the unique phenomena
associated with sublattice degrees of freedom. The recently discovered heavy-fermion superconductor CeRh, As,
has emerged as a compelling example of this class, garnering widespread interest for its remarkable temperature-
magnetic-field phase diagram, which features a field-induced first-order superconductor-to-superconductor phase
transition with nontrivial dependence on the field direction and high critical fields, as well as antiferromagnetic
and potentially higher multipole orders. To investigate the complex interplay of the ordered phases in CeRh,As,,
we develop a theoretical framework based on symmetry analysis applied to a Bogoliubov—de Gennes Hamilto-
nian and Landau methods. This approach allows us to propose probable symmetries of the superconducting states
and elucidate their close relationship with magnetism. Among other results, we find that the near degeneracy of
two pairing symmetries is naturally explained if and only if intralayer spin-orbit coupling is large compared to
interlayer hopping. Intriguingly, we find that the first-order transition can be interpreted as a transition between
coexistence phases of the same superconducting order parameters, albeit with distinct admixtures. This line may
end in a critical end point below the superconducting critical temperature. Our approach accurately reproduces
current experimental phase diagrams for varying temperature as well as out-of-plane and in-plane magnetic field,
both if the transition to a magnetic phase occurs below the superconducting critical temperature and if it occurs
above. Furthermore, we calculate the magnetic susceptibility and the specific heat and compare these quantities

to recent experimental results.
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I. INTRODUCTION

Layered materials that overall possess inversion symmetry
while the separate layers do not have this symmetry show
intriguing superconducting phenomena enabled by the sub-
lattice degrees of freedom [1-5]. A particularly interesting
example is the heavy-fermion material CeRh;As,, which has
recently received attention due to its remarkable multiphase
superconductivity [6]. The material becomes superconducting
with reported critical temperatures ranging from 7. ~ 0.26 K
[6] to 0.37K [7], in both cases obtained from the suscepti-
bility. A magnetic field applied along the crystallographic z
axis suppresses 7T, but the suppression is weaker than expected
for Pauli limiting in a conventional superconductor [6]. A
key feature is the field-induced first-order transition between
different superconducting orders at about 4 T, which depends
only weakly on temperature [6]. The high-field phase is only
very weakly suppressed when the field is further increased and
thus evidently avoids Pauli limiting [6], with an extrapolated
upper critical field at zero temperature of about 14 T. The first-
order transition is widely interpreted as an even-to-odd-parity
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transition, with a potential (pseudo-)spin-triplet high-field su-
perconducting state [6,8—11].

On the other hand, a magnetic field applied in the ab plane
suppresses the low-field superconducting phase at an upper
critical field of 1.9 T, consistent with Pauli limiting [6]. No
transition to another superconducting phase is observed for a
magnetic field in plane. However, additional phase transitions
are clearly seen in several observables at stronger field and
higher temperatures [12]. A “phase I’ completely surrounds
the superconducting phase in the temperature-magnetic-field
plane. Its critical temperature 7 grows with increasing field
strength within the plane [12,13]. The phase gives way to a
“phase II” at a first-order transition at a weakly temperature-
dependent field of about 9T and the critical temperature
Ty further increases with field [12,13]. The phases I and II
were suggested to exhibit quadrupolar order since they are
not visible in the magnetic dipolar response and because the
enhancement of 7, with magnetic field is hard to understand
for dipolar order [12,14].

Beyond exhibiting multiple superconducting phases,
CeRh,As; also demonstrates the coexistence of magnetism
and superconductivity. On the one hand, >As nuclear
quadrupole resonance (NQR) [7] and nuclear magnetic res-
onance (NMR) [10,15] exhibit an onset of magnetic order
below the superconducting transition. On the other hand, re-
cent muon spin relaxation (uSR) data [16] suggest that phase
I, which sets in at 7T ~ 0.55K, above the superconducting
critical temperature of 7, ~ 0.3 K, in fact involves magnetic
dipolar order.
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In this work, we study the interplay between competing
orders in CeRhyAs; based on symmetry analysis, plausible
physical assumptions, and free-energy expansion in terms of
multiple order parameters (OPs). Our approach shows that
the phase diagram down to rather detailed aspects does not
depend on details of the electronic structure and the shape
of the Fermi surface, which are not well known. Recent
angle-resolved photoelectron spectroscopy results [17,18] still
have limited resolution and are performed at significantly
higher temperatures than relevant here. Results of ab ini-
tio calculations tend to depend rather strongly on details of
the method and on the interaction strength [9,19-23]. On
the other hand, this approach allows us to identify those
aspects of the electronic structure that do have a large im-
pact on the phase diagram. We identify the symmetry of
the dominant superconducting pairing states as well as the
magnetic phase. We find that the low-field phase is domi-
nated by even-parity, spin-singlet B, pairing, whereas the
high-field phase shows predominant odd-parity B, and By,
contributions. The magnetic OP likely has time-reversal-odd
(TR-odd) A;, symmetry and is antiferromagnetic (AFM).
However, the situation is more complex since we find an
admixture of four superconducting OPs of different symme-
tries and the AFM OP in various regions of realistic phase
diagrams. This is accompanied by the novel observation of
a symmetry-preserving first-order transition between coexis-
tence phases of the same overall symmetry, yet with distinct
proportions of the individual superconducting OPs. Moreover,
the symmetry-preserving first-order transition allows and we
indeed predict that the first-order line ends in a critical end
point. Beyond this point, the low-field and high-field phases
are connected by a crossover region. Our approach coher-
ently reproduces state-of-the-art experimental results for both
orderings of the superconducting critical temperature 7, and
the Néel temperature of the magnetic order, Ty > 7. and
Ty < T, while introducing the important perspective of not
just multiphase, but also multicomponent superconductivity
in CeRhyAs,. These multicomponent phases involve nonde-
generate composite OPs of distinct irreducible representations
and amplitudes, as opposed to the case of OPs that belong
to the same irreducible representation and are degenerate by
symmetry.

The remainder of this paper is structured as follows: In
Sec. II, we introduce our symmetry-informed model for the
normal state of CeRh,As;. In Sec. III, we then analyze which
superconducting pairing states might exist and which are most
likely in the absence of an applied magnetic field. Section IV
discusses the magnetic order observed in CeRh;As, and its
coexistence with superconductivity. In Sec. V, we investi-
gate the effect of a magnetic field on the superconducting
order, depending on the field direction. Section VI first in-
troduces the Landau free-energy expansion for our model
and then presents our main results for phase diagrams in the
temperature-magnetic-field plane for various magnetic-field
directions and both cases Ty > T, and Ty < T.. We also show
plots of the OPs and the free energy vs magnetic field or tem-
perature for cuts through the phase diagrams and discuss their
interpretation. In Sec. VII, we briefly discuss thermodynamic
signatures visible in the susceptibility and specific heat for
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FIG. 1. Schematic of the CeRh,As, level splitting with the in-
set showing the crystal structure with distinct lattice planes. The
f-orbital degeneracy is lifted by strong spin-orbit coupling (SOC)
and the J = 5/2 multiplet of Ce*" is split by the crystal electric field
(CEF) into three Kramers doublets [6,12].

Ty > T. and a field out of plane. We summarize our work and
draw conclusions in Sec. VIIIL.

II. MODEL AND NORMAL STATE

CeRh,As; is a layered compound with CaBe,Ge,-type
crystal structure, nonsymmorphic space group P4/nmm, and
point group Dy;,. The structure contains square lattices of Ce
atoms and alternating inequivalent spacer layers, as shown
in Fig. 1. The unit cell contains two Ce atoms in adjacent
layers. The inversion centers are located between the Ce lay-
ers, whereas there are no inversion centers within the layers.

We use an effective model with a single doublet per
Ce atom, resulting in a 4 x 4 normal-state Hamiltonian.
The Hamiltonian can be expanded into Kronecker products
7, ® 0;, where 1,, 7, and 7, are Pauli matrices and 7 is
the identity matrix acting on the basis site (sublattice) [24],
while oy, oy, and o, are Pauli matrices and oy is the identity
matrix acting on the spin. The ground states likely form a
I'7 (E3/2) doublet of the local point group Cy, at the Ce site
[12]. The first excited doublet of I'g (E7/2) symmetry is about
30K above the ground-state doublet. Since E3/, = Ej» ® By,
the ground-state doublet transforms differently from a spin,
i.e., from a E;,, doublet, and we assume Ej3,, when writing
down the representations of symmetry operations. However,
the additional signs compared to E;,, drop out for bilinear
forms and therefore do not affect the results. For simplicity,
we refer to the E3/, degree of freedom as a “spin.” The energy
splitting and the crystal structure are shown in Fig. 1.

Spatial inversion is described by

P =1, ® o, ey

since inversion interchanges the two Ce sites but leaves the
spin invariant. Fourfold rotation about the z axis and twofold
rotations about the x axis are described by

Cy; = 1o @ e ™%/, (2)
C2x T ® e—inax/Z’ (3)

023363-2



COMPOSITE SUPERCONDUCTING ORDERS AND ...

PHYSICAL REVIEW RESEARCH 8, 023363 (2026)

TABLE L Irreps of basis matrices acting on basis-site (sublattice)
space, 7;, and on spin space, ;. For the components of the E,_ dou-
blet, we take the standard convention: The first element is invariant
under C,, and is transformed into the second by Cj,.

Basis matrix Irrep
To A lg+
Tx A lg+
r,v AZu—
1% A2u+
(o4} Ajgr
o
* E,.

Oy

o, A

respectively. The twofold rotation about the [110] direction is
then described by

Cny — C4zC2x -7 ® e—in(ax-&-ay)/Z\/f. 4)

The twofold rotations C,, and C,,, also interchange the two
Ce sites since the rotation axes lie between the layers. Finally,
the antiunitary TR operator is 7 = Ur K with the unitary part

Ur =1 Q®io, ®)]

and complex conjugation K. The matrices in sublattice and
spin space are irreducible tensor operators of irreps of the
gray group Dy,. The basis matrices and their irreps inferred
from Egs. (1)-(5) are given in Table I. We are using real, i.e.,
orthogonal, irreps, and the sign “+£” in the subscript refers
to the behavior under TR [25]. The irreps of the 4 x 4 basis
matrices then follow from the usual rules for products of
representations and are shown in Table II. The normal-state
Hamiltonian Hy (k) can be expanded into these basis matrices

TABLE II. Irreps of 4 x 4 (t; ® o) basis matrices on combined
sublattice-spin space for our model for CeRh,As,.

Basis matrix Irrep
T ® 0o Ajgy
T0 Q Oy

(ro ® U.V) Ee-
To 29 g, AZg—
Ty ® (o)) A]g+
TX ® UX

(TX ® Gy> Be-
Tx ® o; A2g—
7, ® 09 Agye
T, ® 0y

(_Ty ® O'x) Eu+
Iy ® oy AILH-
g2 ® oo A2u+
T, ® 0y

(_Q . a) E,
7, Q 0, Aluf

with momentum-dependent form factors as

5
Hy(K) = cu(k) hy, (6)
n=0

where the combination must be invariant under the point
group, i.e., must belong to the trivial irrep Ajgy. Table III
shows the possible TR-even products of irreps for the basis
matrices and the form factors. As noted, in Hy (k) only com-
binations belonging to A,y can occur; these are highlighted
by boldface. The corresponding basis matrices can be read off
from Table II [9,26]:

ho = 19 ® 0y A1g+a @)
h =1, ® 0y Aggy, (®
h2 =Ty ® o9 A2ufv (9)
hy =1, Qo0

poes Ux} E.  (10)
hs =1, Q 0, Aty (11)

The form factors ¢, (k) must be basis functions of the same
irreps. It is useful to collect the lowest-order basis functions
compatible with the tetragonal lattice. Taking into account
that the unit cell contains two Ce layers and that 7, and
7, describe processes involving the same layer (sublattice),
whereas 1, and 1, describe processes involving different lay-
ers, the lowest-order trigonometric basis functions compatible
with the nonsymmorphic space group P4 /nmm read as [27]

co(k) ~ 1 Agy, (12)
ci(k) ~ cos]&coslgcos—Z Ay (13)
2 2 2 &
ky y . ke
ca(k) ~ cos 5 cos > sin > As, (14)
c3(kK) ~ sink,
cigk; ~ sin ky} Epr (15

cs(K) ~ sink, sink, sink; (cosk, —cosk,) A,—. (16)

Lattice constants have been suppressed to simplify nota-
tion. The term co(k)ho contains the chemical potential as
well as hopping within the layers and between layers sep-
arated by an integer number of lattice constants (note that
cos k; + cosk, and cosk, are also basis functions of Ajgy).
The basis functions agree with the coefficients given in
Refs. [6,26]. The terms with n = 1,2 in Eq. (6) describe
hopping between neighboring Ce layers. The remaining terms
describe spin-orbit coupling (SOC) since they contain spin
Pauli matrices oy, oy, and o,. The leading basis functions for
n = 3,4 [Eq. (15)] clearly describe in-plane nearest-neighbor
coupling, which can be identified as Rashba SOC. On the
other hand, the leading basis function for n =5 [Eq. (16)]
describes coupling between sites with separation vector (1,
1, 1) and symmetry-related ones, where the z component of
1 refers to one unit cell, i.e., two Ce layers. This long-range
SOC is expected to be very weak [9,26]. It is of Ising type
(02).

The matrices 4, satisfy the standard algebra of gamma
matrices for inversion-symmetric models with four-valued in-
ternal degrees of freedom [25]: Ay, ..., hs anticommute with
each other and sy commutes with all of them. The dispersion
in the normal state is thus

£+(k) = Co(k)i\/C%(k)+~--+C§(k), a7
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TABLE III. TR-even products of irreps of basis matrices (columns) and form factors (rows). Here, X, = Ay, D Azyr @ Byt @ By, and
X =Aggr @Ayt @ Biyy @ Bypr. Combinations invariant under the point group are highlighted by boldface.

Form factor Ajgr A E,_ Aps Aq Agyr Agu_ E.. E,_
A1g+ A1g+ Alu+ A2u+ EM+
A2g+ A2g+ A2u+ A1u+ Eu+
B]g+ B]g+ Blu+ B2u+ ELH»
B2g+ B2g+ B2u+ Blu+ EM+
Eg+ Eg+ Eu+ Eu+ Xu+
A lu— A2u+ Eu+ A 1g+ A2g+ Eg+
A2u— A lu+ Eu+ A2g+ A1g+ Eg+
Bluf BZu+ ELH» Blg+ BZg+ Eg+
B2u— Blu+ EM+ B2g+ B1g+ Eg+
E, E. ) i Eg Eg Xos

where each band is twofold degenerate. Since c;(k) gener-
ically contains a k-independent term, we do not expect
band-touching points in the normal state.

III. SUPERCONDUCTING PAIRING STATES

In order to understand the unconventional phase diagram
of CeRh,As;, we have to consider its properties that go be-
yond generic materials with Dy, point group: (1) the material
consists of relatively weakly coupled layers, (2) the inversion
centers lie between these layers, and (3) the Ce f electrons
carry a relatively large spectral weight close to the Fermi
energy.

The superconducting states are described by the 8 x 8
Bogoliubov—de Gennes (BdG) Hamiltonian

_ (Hyv(k) A(k)
HK) = (AT(k) —H,@(—k))' (18)
It is useful to write the pairing matrix as
A(k) = D(k) Ur, 19)

where D(K), unlike A(K), transforms like a matrix under
point-group transformations [25,28], which facilitates the
symmetry analysis. D(K) can be expanded into basis matrices
from Table II with momentum-dependent form factors. Unlike
the normal-state block Hy(k), D(k) need not transform triv-
ially (Ai,+) under the point group since the superconducting
state can break the lattice symmetry spontaneously. However,
contributions that are odd under TR cannot occur since only
TR-even “+” irreps are compatible with fermionic antisym-
metry [25,28].

Our next task is to determine the most likely superconduct-
ing state in zero applied magnetic field. The analysis relies
on two distinct ingredients: First, the pairing interaction in
different symmetry channels is of course different. We will
give arguments based on the specific structure of CeRh,As;
as to which channels are favored. Second, even equal inter-
action strengths can open gaps of vastly different size at the
Fermi energy, which is what matters for the weak-coupling
instability. We address these two aspects in the following.

A. Pairing interaction

The specific-heat jump at the superconducting transition
suggests a strongly enhanced effective mass, which implies
that CeRh,As; is a heavy-fermion material with significant
Ce f-orbital weight at the Fermi energy [9]. Standard density
functional theory is unable to describe this mass enhancement
but including renormalization of the bands due to strong cor-
relations [19,20] provides a band structure with rather flat
bands with large f-orbital weight at the Fermi energy [9].
However, Nogaki et al. [21] and Ptok et al. [22] obtained
rather flat f bands without this renormalization. Because of
the large f-electron weight, the onsite Hubbard repulsion U
is expected to be strong. Therefore, any pairing state that
involves on-site pairing should be disfavored by the Hubbard
repulsion. This applies to pairing matrices A(k) = D(k) Ur
that satisfy three conditions: (1) D(k) describes pairing at the
same basis site, i.e., it contains 7y or 7,. (2) D(K) describes
spin-singlet pairing, i.e., it contains oy, because our model has
only a single orbital per Ce site and local spin-triplet pairing is
excluded by the Pauli principle. (3) The form factor contains a
momentum-independent (local) term and thus necessarily has
Ajgq symmetry.

The basis matrices resulting from conditions (1) and (2) are
70 ® 00 (A144) and 7, @ og (A2,+). Both are compatible with
an Ay, form factor so that condition (3) does not lead to a
further reduction.

The layered nature of CeRh, As; suggests that the strongest
(pairing) interactions are in plane. So far, we have argued that
they are repulsive on site. Due to the localization of f orbitals
and the relatively strong screening due to a high density of
states at the Fermi energy, we do not expect strong longer-
range repulsive Coulomb interactions. Hence, it is natural to
assume that the dominant pairing interaction is in plane, of
short range, but not local. In the absence of arguments to the
contrary, the leading contribution to superconductivity is as-
sumed to be in-plane nearest-neighbor pairing. Which pairing
matrices are compatible with this?

First, they must contain 7o or 7, because 7, and 1, de-
scribe interlayer pairing. These correspond to the first and last
blocks in Table II, including irreps of Ay, Aze—, Eg, Ay,
Asy+, and E,_. Second, the form factors for in-plane nearest-
neighbor pairing contain linear combinations of cos ky, cos k,,
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TABLE IV. Possible symmetries of intralayer nearest-neighbor pairing states. Rows (columns) correspond to different symmetries of form

factors (matrices).

Form factor Ajgr Age E, A Ay E,

A1g+ A1g+ A2u+

B1g+ B|g+ B2u+

Euf Eu+ A1u+ @ A2u+ (&) Blu+ @ BZu+ Eg+ A1g+ @ A2g+ @& Blg+ ® BZg+

sin k., and sin k,. These are easily organized by irreps:

cosk, + cosk, Ajgq, (20)
cos k, — cosk, Bigt, 21
(sink, sink,) E, . 22)

The possible symmetries of in-plane nearest-neighbor pairing
states are given in Table IV. Note that all irreps of Dy, with
positive sign under TR occur in the table.

We can now list the matrices D(K) for all in-plane nearest-
neighbor pairing states and their irreps. The spin-singlet
pairing states are

(cosk, + cosk,) 1o ® og Algy, (23)

(cosky +cosk) T, ® 00 A, (24)

(cosk, — cosk,) 1o ® g Bigy, (25)

(cosk, —cosky) T, ® o By, (26)

and the spin-triplet states are

sin(k,) T, ® o, — sin(ky) 7, ® o, Ay, 27
sin(ky) T, ® oy + sin(k,) T, ® o, Aoer, (28)
sin(k,) 1o ® o, + sin(ky) 7o ® oy Alus, 29)
sin(k) 70 ® 0y — sintk) 1 @ 0y Az, (30)
sin(k,) T; ® o, + sin(ky) . ® o, Bigt, 31
sin(ky) T; ® oy — sin(k,) T, ® o, Bogy, (32)
sin(k,) 1o ® o, — sin(ky) 10 ® oy B, (33)
sin(ky) 1o ® oy, + sin(ky) 7o ® oy B+, (34
(sinky, sink,) 7. ® o, E,y, 35)
(sink,, —sink,) 7o ® o, E,., (36)

where the OP for the two-dimensional irreps E,, and E,
have two components. The expressions in Egs. (27)—(34) re-
sult from the reductions E,_ ® E,_ = A4 ® Azey @ Bigr @
Bzg+ and Eu_ RE,_ = A|u+ D A2”+ &) B|u+ &) BZ;4+ together
with the observation that consistently ordered doublets are
(sinky, sink,), (z; ® 0y, —7; ® 0x), and (7o ® 0, To ® 0,). In
principle, D(K) is a linear combination of these matrix-valued
functions of momentum. At the critical temperature 7, gener-
ically only terms belonging to the same irrep will become
nonzero, though.

Note that half of the terms listed in Egs. (23)—(36) contain
79 and thus describe superconductivity with equal pairing
amplitude in neighboring Ce layers, while the other half con-
tain 7, and describe superconductivity with a sign change
of the pairing amplitude between neighboring layers, which
has been called a “pair-density wave state” in the literature

[10,29]. Recall that the layers are weakly coupled. Weakly
coupled layers can be understood as two-dimensional su-
perconductors with Josephson junctions connecting them.
BCS theory applied to generic models for a stack of two-
dimensional layers with weak hybridization between them
and with a local pairing interaction leads to the same pairing
amplitude in all layers in equilibrium, i.e., to O junctions. One
has to introduce nontrivial coupling between the layers, for
example, through ferromagnetic tunneling barriers or struc-
tural twisting, to favor sign changes of the pairing amplitude
between layers, i.e., 7 junctions. Nothing in what we know
about CeRh;As, suggests that such a mechanism applies. We
conclude that the pairing states containing 7, are favored over
those containing t,.

Moreover, Eqgs. (23)—(26) describe spin-singlet pairing,
whereas the remaining terms describe spin-triplet pairing. Ob-
serving that spin-singlet pairing is much more common than
spin-triplet pairing, unless they coexist due to symmetry, it
is natural to assume that the pairing interactions in the spin-
singlet channels are stronger. Specifically, CeRh,As, does not
show a tendency to ferromagnetic order so that we do not
expect strong ferromagnetic fluctuations, which might drive
triplet pairing [30,31].

The first four columns of Table V summarize our conclu-
sions concerning the bare pairing interaction in the site-spin
basis. We see that B is the only pairing symmetry that avoids
all restrictions: It should have a strong pairing interaction in
the spin-singlet channel. There is also a spin-triplet contri-
bution of the same symmetry [4], which is disfavored since
it involves sign changes of the pairing amplitude between
layers, besides being a triplet state. Hence, the B, spin-triplet
component will not contribute much to the internal-energy
gain.

B. Pseudospin picture

In addition to analyzing the bare interaction, we have to
assess how it acts at the Fermi energy, which will turn out
to be essential for understanding the coupling of supercon-
ducting order parameters to magnetic order and magnetic
field. This can in principle be done by diagonalizing the
BdG Hamiltonian in Eq. (18). A more transparent method is
to first transform the BdG Hamiltonian into the pseudospin
basis, which diagonalizes the normal-state blocks. Since the
bands are twofold degenerate, the states can be labeled by a
pseudospin of length 1/2 [9,32-34]. Then, the off-diagonal
block A__ (k) pertaining to the low-energy band, denoted by
the subscript “—,” gives information on how efficient a certain
superconducting state is in opening a gap. More details on
the pseudospin picture are given in Appendix A. BCS theory
shows that a reduction of the gap at the Fermi energy by a
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TABLE V. Assessment of superconducting states restricted to in-plane nearest-neighbor pairing. The pairing states are listed in the same
order as in Eqgs. (23)—(36). For each entry, the second to fourth columns specify whether a contribution is suppressed by local Hubbard repulsion
U, sign change between layers (7 junctions), or spin-triplet pairing. The fifth column indicates whether the state is a pseudospin-singlet or
pseudospin-triplet state. The sixth and seventh columns show the leading factor describing the rescaling of the superconducting gap at the
Fermi energy, i.e., in the pseudospin basis, relative to the pairing amplitude in the original BdG Hamiltonian, for the two cases of (1) large
interlayer hopping c¢; and (2) large intralayer SOC ¢3 = ¢4, respectively. ¢s is the smallest scale in any case. For pseudospin-triplet states, the

factor is distinct for the in-plane components (d,, d,) of the d vector and for the out-of-plane component d..

Interaction Gap renormalization
Pairing state (bare spin) Hubbard U 7T junction Triplet Pseudospin state Large hopping Large SOC
A4 singlet Yes No No Singlet 1 1
: : (dxv d\) 63 /EI 1
Ay, singlet Yes Yes No Triplet { . & /2) & /2
B g singlet No No No Singlet 1 1
. . (dxs d\) E3/El 1
B, singlet No Yes No Triplet i o _
2t S8 P { . cs/c cs/c
Ay triplet No Yes Yes Singlet c3/¢ 1
Aggy triplet No Yes Yes Singlet c3/¢Ci 1
. . (d,, d,) 1 1
A\, triplet No No Yes Triplet Y _ _
Lt HIP P { d, C3C5/C% Cs/Cy
. . (dy, dy) 1 1
Aj,4 triplet No No Yes Triplet ’ o _
2ur HIP P { d; 636‘5/6'% Cs/ci
B4 triplet No Yes Yes Singlet c3/Cy 1
By, triplet No Yes Yes Singlet c3/Cy 1
, | ay) 1 1
By, triplet No No Yes Triplet d. &5Ts /E% % /2,
. . (dy, dy) 1 1
B, triplet No No Yes Triplet 4 _ _
2ut P P d, C3Cs/c; cs/c
E,. triplet No Yes Yes Singlet Cs/Cy Cs5/C3
. . (dy, dy) 0 0
E, . triplet No No Yes Triplet d. 1 &\/es

factor of n < 1 has essentially the same effect as a reduction
of the pairing interaction by a factor of 1. The argument is
sketched in Appendix B.

The projection onto the low-energy band does not
change the symmetry of the superconducting state. Since
the pseudospin behaves like a real spin under symmetry
transformations, even-parity (odd-parity) pairing strictly cor-
responds to pseudospin-singlet (pseudospin-triplet) pairing.
The pairing matrix can be written as A__(k) = ¥ (k) is,
for pseudospin-singlet pairing and as A__(k) = d(k) - sisy
for pseudospin-triplet pairing [35], where s = (sy, sy, s;) are
the Pauli matrices on pseudospin space. In the following,
when we mention the spin—as opposed to the pseudospin—
we mean the bare spin described by Pauli matrices o, o,
and o,.

The pairing amplitude in the original BAG Hamiltonian
[Eq. (18)] is rescaled by a factor that depends on the pairing
state, i.e., on A(k). For any pairing state, in particular, for any
entry in Table V, the factor can be expressed in terms of the
form factors ¢,(k), n =1, ..., 5, appearing in the normal-
state Hamiltonian Hy (k). It is therefore crucial to understand

the hierarchy of energy scales encoded in ¢, (k). We define the
typical energy of the five terms by

& = [0y 37

where the average is over the Fermi surface. The physical
interpretation of the five terms is given in Sec. II, follow-
ing Eq. (16). As noted there, the long-range interlayer SOC
Cs is expected to be small compared to both the interlayer
hoppings ¢, and ¢, and the nearest-neighbor intralayer SOC
¢3 = ¢4 [36]. The relative size of ¢y, ¢, vs ¢3 = ¢4 is less
clear. The band structure obtained from ab initio calculations
shows sizable dispersion in the z direction [9,12,21], suggest-
ing that ¢, and perhaps ¢, are not small. On the other hand,
CeRh;As; contains only heavy elements with relatively strong
SOC. Cavanagh et al. [9] show that the nonsymmorphic space
group leads to SOC being larger than interlayer hopping at the
boundary of the Brillouin zone, where significant portions of
the Fermi surface seem to reside.

We here consider the extremal cases of (1) large interlayer
hopping, ¢; >> ¢3 = ¢4 > ¢5 (¢, turns out not to matter in
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this case), and (2) large SOC, ¢3 = ¢4 > ¢ ® ¢, > ¢5. The
leading factors describing the rescaling of the superconduct-
ing gap at the Fermi energy, i.e., in the pseudospin basis,
relative to the pairing amplitude in the original BdG Hamil-
tonian are given in the last two columns in Table V. For the
pseudospin-triplet states, the factor is different for the in-plane
and out-of-plane components of the d vector. The stability of
a pseudospin-triplet state is determined by the pairing ampli-
tude |d(k)| and is thus controlled by the largest component of
the d vector.

The most important result is that the By, pairing state pre-
ferred by the bare interaction is not affected by the projection
into the low-energy sector. The gap at the Fermi energy is not
suppressed for either limiting case. Next, we note that the—
in any case not very promising—=FE,, pairing state is highly
disfavored since the gap at the Fermi energy contains the small
factor c¢5(k). For the E,; state, the pseudospin d vector is
strictly out of plane, whereas for all other pseudospin-triplet
states, it is predominantly in plane [9].

Further results depend on the limit (1) or (2). We dis-
cuss one point: From the beginning, it was argued that the
superconductor-to-superconductor transition in a magnetic
field of about 4T along the z direction indicated the exis-
tence of two nearly degenerate superconducting states. It was
suggested that the weak coupling between layers implied that
superconducting states that differ only in the relative sign of
the pairing amplitude in neighboring layers are close in energy
[6,9]. The corresponding pairs of states can easily be read
off from Egs. (23)—(36). We call them “partner states.” In
particular, the By, spin-singlet state and the By, spin-singlet
state are partner states. Hence, it seems natural to assume that
the low-field phase is dominated by Bz and the high-field
phase by By,

We want to make the point that the conclusion of near
degeneracy of Bj,y and By, states is not generally true but
strongly depends on the hierarchy of normal-state energy
scales ¢,. First, it is indeed natural to assume that the bare
interactions for partner states are similar (the effect of the
“yes” or “no” in the column headed “zr junctions” in Table V
is small). Second, the renormalization of the gap at the Fermi
energy can be a strong reduction. Such a reduction leads to an
even stronger (quadratic) suppression of the effective pairing
interaction. Thanks to the weak-coupling expression for the
gap in BCS theory, this causes an exponential suppression
of the self-consistent pairing amplitude at zero temperature
and also of the critical temperature (see Appendix B). Now,
consider the purported partner states By, (spin-singlet) and
By, (spin-singlet) in Table V. The B, state is unaffected
by the renormalization. If the interlayer hopping is large com-
pared to the intralayer SOC, then the renormalization factor
for the relevant in-plane component of the By, state is on the
order of ¢3/c; <« 1. The effective pairing interaction is then
reduced by ¢3/c7 < 1 and the self-consistent gap for By,
is exponentially smaller than for Bi,,. On the other hand,
if the intralayer SOC is the largest scale the renormalization
factor for By, is on the order of unity. In this limit, we ob-
tain similar zero-temperature self-consistent gaps and critical
temperatures in the Bjgy and By, spin-singlet channels, in
agreement with Ref. [9].

We can now turn the argument around: Evidently, there are
two superconducting states with similar energies. The only

way to avoid a fine-tuning problem is to conclude that the
intralayer SOC is larger than the interlayer hopping. An al-
ternative mechanism has been proposed by Nally and Brydon
[11], who apply a strong-coupling theory to a ¢-J model:
Superconducting states of certain symmetries are disfavored if
their gap nodes lie close to large parts of the Fermi surface. In
such a case, the typical gap at the Fermi energy, which drives
the weak-coupling instability, is suppressed compared to the
naive maximum gap. In Ref. [11], a transition between A-type
(extended s-wave) and B-type (d-wave) states is tuned by
shifting the Fermi surface through the gap nodes by changing
the strength of spin-orbit coupling.

Based on the above reasoning, the most likely pairing state
at weak magnetic fields and ignoring magnetic order has B1,
symmetry. The superconducting order parameter changes sign
in momentum space, unlike for A, pairing. Sign-changing
superconducting states are expected to be sensitive to disorder,
which is consistent with the observed variation of critical
temperatures 7, with sample quality [37]. On the other hand,
the first-order superconductor-to-superconductor transition is
quite robust. The effect of disorder has been studied theo-
retically by Cavanagh and Brydon [38] and by Mockli and
Ramires [39]. The upshot is that the robustness of a supercon-
ducting order parameter of given symmetry against disorder
depends strongly on the symmetry, in sublattice and spin
space, of the impurities. However, the observation that the
first-order transition varies little between samples indicates
that such a mechanism is not dominant for CeRh,As,.

Our result is consistent with the d,._,.-pairing state re-
cently proposed by Amin et al. [26]. In that work, Kramers’
degenerate magnetic order, i.e., magnetic order that breaks
inversion and TR symmetry but preserves their product, and
its interplay with superconductivity are considered. We ad-
dress the magnetic order in the following section. The closely
competing B, and By, states are also found by Lee et al.
[40] from a renormalization-group analysis of a k - p model
centered at the X point. However, Lee e al. [40] find that
the By, state is stabilized in large parameter regions. Pairing
states that are insensitive to the local interaction have also
been found by Nogaki and Yanase [41] using the fluctuation
exchange approximation, by Nally and Brydon [11], and by
Lee et al. [40] with a parquet renormalization-group approach.

IV. MAGNETIC ORDERING

Magnetic ordering in CeRhyAs, was first inferred from
NQR and NMR experiments [7,10]. Here, the onset of
magnetism was found to occur below the superconducting
transition, i.e., at a Néel temperature Ty < T.. These mea-
surements are most suited to identify the symmetry of the
magnetic order, as discussed in the following subsection.
Phase I mentioned in Sec. I was interpreted in terms of
quadrupolar order [12,14]. Recently, this scenario has been
challenged by uSR studies; Khim et al. [16] suggest a mag-
netic dipolar character of phase I.

A. Magnetic order parameters from NQR and NMR

In this section, we discuss the possible magnetic OPs in
view of the NQR experiments by Kibune et al. [7] and NMR
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Ce (2)
o As (1)

Ce (1)

FIG. 2. The four linearly independent spin configurations at the four Ce neighbors of an As(1) site.

experiments by Ogata et al. [10,15]. The NQR and NMR
experiments are sensitive to the local magnetic field at As
positions. There are two inequivalent positions (see Fig. 1):
As(1) forms a square lattice in the middle between two Ce
layers. The As(1) square lattice is rotated by 45° relative to
the Ce square lattice and contains twice as many sites. As(2) is
vertically aligned with Ce sites and does not lie in the middle
between Ce layers. The central result of Ref. [7] is that in the
absence of an applied magnetic field, the local magnetic field
at the As(1) site is consistent with zero, whereas the local field
at As(2) is clearly nonzero, as shown by a strong broadening
of the NQR peak. The NMR experiments [10] are consistent
with this result.

It is natural to attribute the magnetic order to the Ce f
moments [22]. Alternatively, it may be the consequence of
TR-symmetry-breaking superconductivity, which is carried
by electrons at the Fermi energy, which also have a high Ce
f-orbital weight. In the following, we determine the spin con-
figurations that are consistent with vanishing local magnetic
field at all As(1) sites and nonzero field of equal magnitude at
all As(2) sites, in view of the NQR experiments [7], without
prior assumptions on translational invariance.

For every As(1) site, at least the field due to the nearest
four Ce sites, which are related by S4, transformations, must
cancel. The spin configuration of these four sites must there-
fore be a linear combination of the four configurations shown
in Fig. 2. The requirement that the local fields at all As(1)
sites vanish then implies that the orientation of one Ce spin
fixes all the others in the same double layer. A double layer
is here defined as two Ce layers with As(1) sites between
them. Hence, the spin configuration of every double layer

(b)

is translationally invariant and is a linear combination of the
three spin orders shown in Fig. 3.

This leaves us to determine the relative spin orientation in
different double layers. Double layers separated by 2¢, where
c is the lattice constant in the z direction, contain quartets of
Ce sites related by the same S, symmetry centered at an As(1)
site as above [42]. The zero-field condition then forces double
layers separated by 2¢ and hence by an even multiple of ¢ to
have the same spin configuration.

To determine the relative spin orientation in even-
numbered and odd-numbered double layers, we turn to the
As(2) sites. Each As(2) site is close to the center of a square of
Ce and slightly displaced in the z direction. For the magnitude
of the magnetic field at all As(2) sites to be equal, the spin
configurations of all elementary Ce squares must be related
by symmetry transformations that leave the field magnitude
at the As(2) site invariant. The possible transformations are
generated by time reversal 7, which flips all spins, and 7 /2
rotations Cy4, of all spins. Within the same double layer and
for double layers separated by an even multiple of ¢, this
condition does not constrain the spin configuration any further
since it is satisfied by the three configurations in Fig. 3.

For double layers separated by an odd multiple of ¢, we
consider the out-of-plane and in-plane configurations sepa-
rately, which is allowed due to linearity [43]. The out-of-plane
spin components can either be the same or time reversed
(opposite). For the in-plane components, four distinct config-
urations are possible. The two double layers may either share
the same spin arrangement or differ by a relative rotation of
all spins. This relative rotation can be generated by rotating
the spins in one single layer by 7 /2, 7, or 37 /2, after which
the spin orientation of the second single layer is determined by

(c)
Ce (2)

As (1)

Ce (1)

FIG. 3. The three linearly independent translationally invariant magnetic orders of a Ce double layer consistent with the absence of a
magnetic field at the As(1) sites. Configurations (b) and (c) are degenerate. All linear combinations are also compatible with the zero-field

condition.
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(a)

Ce (2)

Ce (1)

Ce (2)

RS S

0 0 o o

Ce (1)

FIG. 4. The six linearly independent magnetic orders consistent with vanishing local magnetic field at the As(1) sites and nonvanishing but

equal field magnitude at the As(2) sites.

the vanishing-field condition at the As(1) sites. Time reversal
is redundant here. Hence, the spin configuration at all Ce sites
is a linear combination of six possible orders, which are shown
in Fig. 4.

All orders are commensurate. Only the order in Fig. 4(a)
has ordering vector q = 0. Two of them are collinear out-
of-plane configurations and four are noncollinear in-plane
configurations. The latter involves rotations of spins by mul-
tiples of m/2 between adjacent Ce layers, which seems
unnatural since there is no reason for the interlayer ex-
change interaction to favor such ordering—the exchange
tensor would have to be strongly off diagonal. One of
the out-of-plane configurations and two of the in-plane
configurations require very different exchange interactions
between Ce layers separated by Rh(2)-As(1)-Rh(2) and by
As(2)-Rh(1)-As(2). Again, there is no plausible mechanism
for this.

Also, only the q = 0 order in Fig. 4(a) corresponds to a
pure irrep, namely, Aj,_, whereas the other five are neither
even nor odd under all inversions and thus mix even and
odd irreps. A pure irrep is preferred because mixed irreps
generically lead to separate phase transitions where the order
parameters of different symmetries set in, for which there is

no evidence for CeRh,As,. Note that if one allows for trans-
lational symmetry to be broken, the nonsymmorphic space
group P4/nmm leads to the appearance of irreps that mix
even and odd parity, as recently studied by Szab6 and Ramires
[44] for the simplest case that the unit cell is doubled. Next,
we analyze the symmetry of possible magnetic states that do
not break translational symmetry. The magnetic field at the
As(1) and As(2) sites can be decomposed into components
along the lattice axes. These components can be classified
according to irreps, by checking the action of the operations
from Dy, on the local fields. Of course, the local field could,
in principle, point in any direction but if it has in-plane and
z-axis components this would imply a state with mixed irreps,
which is not expected generically. The irreps for the As(1) and
As(2) sites are shown in Fig. 5.

We see that the only magnetic symmetry consistent with
zero field at As(1) and nonzero field at As(2) is Ay,_, i.e.,
an out-of-plane AFM order [45]. This proposed A, order
is shown in Fig. 6. Szabé and Ramires [44] have come to
the same conclusion. Note that A;,— magnetic order is odd
under inversion and under TR but even under their product.
This is the case considered by Amin et al. [26]. On the other
hand, the out-of-plane Néel vector of the Aj,_ order seems to
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Rh (2)
As (1)
Rh (2)

(2) E, (h) E,

| SR 850 8% 0% 1

FIG. 5. Irreducible representations of possible magnetic orders for (a)—(d) the As(1) and (e)—(h) the As(2) sites: (a), (e) out-of-plane FM;
(b), (f) out-of-plane AFM; (c), (g) in-plane FM; and (d), (h) in-plane AFM. Blue arrows describe the local magnetic field. The corresponding

irreps are given in all panels.

contradict the experimentally favored easy plane anisotropy
[46]. However, new NMR results [15] indicate that the mo-
ment is indeed out of plane, consistent with A;,— symmetry.

As noted above, the magnetic order is likely predominantly
carried by the Ce atoms. The symmetry classification is analo-
gous to the case of the As(2) sites. The result is again that the
only pure irrep consistent with the NQR results is A, [see
the left sketch in Fig. 3(a) in Ref. [7]. Note that the right sketch
shows magnetic order that breaks translational symmetry. It is
neither even nor odd under inversion at any center and is thus
not a pure-irrep order.

More recent NMR experiments [10] shed additional light
on the magnetic state. The authors still find a transition to
a TR-symmetry-breaking state in zero field, at a temper-
ature below the superconducting 7, [7]. In addition, this
magnetic transition is now followed to nonzero magnetic
fields along the z direction [10]. Its critical temperature
decreases with increasing B, but slightly less so than the

Ce (1)

As (2)
Rh (1)
As (2)

Ce (2)

é Rh (2)

(+] O (» ) As (1)

‘ Rh (2)

‘L_; ., ce (1)

FIG. 6. Proposed out-of-plane AFM A;,_ order of CeRh,As,
with zero field at As(1) and nonzero field at As(2) sites. Large orange
(small blue) arrows describe the magnetic moments at Ce sites (local
magnetic field at As sites).

superconducting 7;.. The NMR results are consistent with the
magnetic transition line ending where it reaches the first-
order superconductor-to-superconductor transition at about
4T, which is the interpretation given by the authors in
Ref. [10].

As noted above, recent uSR experiments [16] suggest
that phase I in the normal state has magnetic dipolar char-
acter, i.e., that Ty > T,. The internal magnetic field seen by
1SR is continuous through 7;; hence, the magnetic order is
likely of the same type above and below 7.. Moreover, the
internal field is found to be roughly temperature indepen-
dent below T, instead of rising further upon cooling [16].
This indicates that magnetic order and superconductivity are
coupled and compete with each other [16]. Recently, the
magnetic transition could be observed within the high-field
superconducting phase, where the critical field is also roughly
temperature independent [37]. The origin of the distinct mag-
netic ordering temperatures might be different quality of
older and newer samples or that the magnetic order is not
static. In such a situation, the different timescales of the ex-
perimental probes lead to distinct critical temperatures [16].
We consider both the cases Ty > T. and Ty < T, in our
analysis.

Note that the application of a uniform magnetic field
leads to an FM contribution in addition to the out-of-plane
AFM A,,_ order. Such a field can be decomposed into a
z component B;, which transforms according to As,_, and
in-plane components (By, By), which transform according to
E,_. Thus, the expected FM OP symmetries are Ay, and
E,_, respectively. One could speak of a canted AFM state
in this case. Compared to the pure Ay, state, this would
lead to an increased line width also at the As(1) sites for
finite fields. The comparison of out-of-plane NMR measure-
ments [10] with recent in-plane results [15] suggests that this
effect could be especially pronounced for fields within the
plane, even at low-field amplitudes. This could contribute to
the explanation for why a significant site-dependent broad-
ening is observed for B || [001] [10] but not for B || [110]
[15]. However, in this work we focus on the primary AFM
A1,— OP, which we expect to be the most relevant contribution
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for the purpose of understanding the superconducting phase
transitions.

Results of neutron scattering experiments [47] are also
relevant here. Elastic neutron scattering places an upper limit
of 0.31 up on the local moments at the Ce sites for static
magnetic order with ordering vector q # 0. On the other hand,
inelastic neutron scattering shows quasi-two-dimensional spin
fluctuations peaked at (gy, g,) = (v /a, w /a). The authors of
Ref. [47] interpret these spin fluctuations in terms of Fermi-
surface nesting and suggest that they play a role in the
superconducting pairing interaction. The measurements [47]
are not sensitive at ¢ = 0. One can thus conclude that any
static magnetic order, in particular, the one suggested to exist
in phase I, is either weak or has ordering vector q = 0, which
is compatible with our conclusions.

B. Coexistence of superconducting and magnetic
order parameters

If superconductivity and magnetic order coexist for zero
applied field and the two order parameters do not belong to the
same irrep, then a secondary superconducting order parameter
is induced. In the language of Landau theory, there are allowed
trilinear terms of the form [44]

Mi(ASA; — ASAY), (38)

where M is the magnetic OP, A| and A, are superconducting
OPs, and the term must have Aj,y, i.e., full, symmetry. The
trilinear term is reminiscent of a so-called Lifshitz invariant
[48]. We denote the irreps of the three OPs by I'y, ['j, and
I',. Since the likely primary superconducting OP and the
magnetic OP were found to belong to one-dimensional irreps,
we restrict ourselves to this situation. It is then easy to see
that the irrep of the induced OP is also one dimensional. Any
symmetry-allowed term must then satisfy

Algy =Ty ®A, @1 QT (39)

where the additional factor Aj,_ (odd under TR, otherwise
trivial) appears because A7A, — A A is odd under TR since
it maps to AjAY — AyAT = —(ATA, — ASAy). Hence, the
induced superconducting OP belongs to the irrep

[ =A,_ Ty ®TI;. (40)

As discussed above, we propose I'yy = Ay, and I'f = Byg,
at vanishing magnetic field. Hence, we obtain I', = By, for
the induced OP. The partner state By, of Bi,. would give
'y = Byyt and I’y = Byg,. The argument so far is based on
Landau theory. We note that in the microscopic pseudospin
picture, coexisting B, and By, as well as coexisting By,
and B,,, OPs indeed generate trilinear couplings to A;,— mag-
netic order. In both cases, this coupling appears as a correction
y (k) of Aj,— symmetry to the normal-state dispersion due to
interband pairing (see Appendix A).

V. FIELD-INDUCED SUPERCONDUCTING ORDERS
AND PAIR BREAKING

In this section, we investigate the effects of applying a mag-
netic field in the presence of superconducting order, where
the field generically induces further superconducting OPs. In

the bulk, this only happens if the field actually penetrates the
sample, i.e., in the vortex phase. The symmetry of the induced
OP can be determined in the standard way using product rep-
resentations. This mechanism can stabilize superconducting
states, as discussed below. Moreover, the magnetic field can
suppress and eventually destroy superconducting condensates,
in particular, due to Pauli limiting, which is discussed in
Sec. VC.

A. Out-of-plane field

We first consider the case of a field in the z direction,
which transforms according to Aj,_. In Landau theory, and
assuming that the irreps of the superconducting states are one
dimensional, the induction of another OP is described by a
symmetry-allowed trilinear term

Fy = B.i(ATAy — ASA)). A1

This coupling generally contains contributions both from
charge currents carried by the condensate and from local spin
and orbital degrees of freedom [49]. The irrep of the induced
superconducting OP is

=A% QA1 ®T| =4 &T7, (42)

where the factor A, appears because A7A; — AJA; is odd
under TR (see Sec. IV B). Hence, for I'j = By,y, the field
induces B,g, pairing. When two superconducting OPs of sym-
metries Big and By, coexist, as argued in Sec. IV B, the
applied field induces two additional OPs By, and By, .

One of the most striking properties of CeRh,As, is the
first-order superconductor-to-superconductor transition at an
applied magnetic field of about 4 T. This field is likely much
larger than the lower critical field [10]. Hence, the magnetic
field penetrates in the form of overlapping vortices and the
energy cost of magnetic-field expulsion is strongly reduced
compared to the Meissner state. In the high-field phase, we
again get a pair (or possibly two pairs) of superconducting
OPs related by Eq. (42).

For weak applied field, the induced OPs will be linear in
B, and hence small. The trilinear coupling F3 from Eq. (41)
then lowers the free energy quadratically in B,. This mecha-
nism increases the stability of superconductivity in an applied
field B;.

We now consider the relevant OPs in more detail. For the
Bigy OP, a By OP is induced. The only relevant contribu-
tion to it is an unfavorable spin-triplet state with 7 junctions
between layers, given in Eq. (32). On the other hand, for the
Bi,+ OP, a By, OP is induced, which has been argued to be
only slightly higher in energy than Bj,,. Moreover, the B,
OP involves a spin-triplet state with energetically favored 0
junctions between layers [Eq. (34)]. Therefore, the induced
OPs shift the balance from the combination of By, and By,
toward the combination of By, and Bj,.. It is, however,
unlikely that this mechanism alone can stabilize the second
combination.

For the coupling of superconducting order parameters to
the magnetic field, only effects at the energy scale of the su-
perconducting gap are relevant. In other words, the bare-spin
content of the pairing state is irrelevant for the coupling; only
the pseudospin content matters. Hence, the pseudospin picture
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is again very useful. It shows that the coupling of the field
B, to the odd-parity pairing states is parametrically stronger
than the coupling to the even-parity states. This is because,
for the combination of By, and By, OPs, the effect already
appears at order zero in the interband pairing: The quasiparti-
cle dispersion is already split by intraband pairing, as can be
shown by evaluating the intraband gap product A__ AT _ (see
Appendix A)). On the other hand, the combination of Bj,; and
Byg, OPs affects the dispersion only perturbatively through
the pseudomagnetic field induced by interband pairing.
The latter contribution is generically suppressed compared
to the former by a factor of the pairing amplitude divided by
the interband splitting. Hence, the prefactor of F3, Eq. (41)
is generically larger for the odd-parity OPs so that they can
lower their free energy more efficiently in an applied magnetic
field B,.

We have argued above that in the absence of a magnetic
field, B1, pairing is favored, with a possibly coexisting By,
superconducting OP (and thus AFM order). The B, field
then induces Byg. and possibly By, pairing. The emerging
scenario is thus that the larger free-energy gain due to the
coexistence of the odd-parity By, and By, OPs stabilizes
these states above a sufficiently strong magnetic field B,
where the first-order transition takes place. It is then likely that
the B, contribution is stronger than the Bj,, contribution
since By, is nearly degenerate with B, . Note that in the
presence of AFM order superconductivity involves the same
four irreps Bigt, Bogy, By, and By, below and above the
first-order transition. There is thus no change of symmetry.
We will return to this point below.

Machida [50] proposed a magnetic mechanism for the
superconductor-to-superconductor transition in a field B;: It
is essentially a spin-flop transition of an antiferromagnet of
local Ce moments in a magnetic field applied in parallel to
the low-field Néel vector. In this scenario, the low-field su-
perconducting phase has AFM order with Néel vector along
the z axis, which is consistent with the A;,— magnetic order
discussed above. At the first-order transition, the Néel vector
jumps into the xy plane and the Ce moments are canted by the
field, leading to a nonzero magnetization [50]. Such a mag-
netically driven scenario could not explain a situation where
the magnetic transition meets the first-order superconductor-
to-superconductor phase transition below 7, [10].

B. In-plane field

The in-plane field components (B, By) transform accord-
ing to E,_. This requires a superconducting OP belonging
to a two-dimensional irrep to construct a trilinear term. The
two irreps I'y and ', of the superconducting OPs must be
such that the product E,_ ® A1, Q' @I, =E,, 9 ®
", contains Ai,y. Taking I'y = Bygy, I'; has to be E,,. The
coexisting By, induces E, .

The allowed trilinear term has the same form for primary
Bigy and B,y

F; = l[AT (BXAZX - ByAZy) - A1 (BXAZX - ByA;y)]» (43)

where the two-dimensional E,; or E,; OP is written as
(Ayy, Agy) [51]. Minimization of F3 determines the orienta-
tion of the vector OP (A, A,,) for given field (B, By).

As discussed in Sec. III, the Eg, OP induced by Bjg, is
strongly suppressed at the Fermi energy so that we do not
expect that the system gains significant free energy by in-
ducing E,,. The E,; OP induced by By, is not as strongly
disfavored. However, unlike the induced B,,; OP for out-
of-plane field, it has no reason to be close in energy to
the primary Big, OP. This near degeneracy is essential for
the superconductor-to-superconductor phase transition. Since
there is no near degeneracy relevant for in-plane fields, we do
not expect such a transition in this case and, in particular, no
phase dominated by an E,, OP at strong fields.

C. Pauli limiting

The most commonly discussed mechanism in the context
of the superconductor-to-superconductor transition is Pauli
(paramagnetic) limiting [6,9-11,26,50,52,53], i.e., the de-
struction of a superconducting state by an applied magnetic
field due to the Zeeman splitting of the bands [54-56]. We
now discuss how Pauli limiting changes the picture developed
in the previous sections.

For a B, field, the originally degenerate pseudospin bands,
and thus the Fermi surface, in the normal state split into
pseudospin-up and pseudospin-down bands. A pairing state is
Pauli limited if it does not permit a weak-coupling instability
by pairing electronic states at momenta k and —k on the split
Fermi surface. We do not consider pairing of electrons the
momenta of which are not opposite, i.e., Fulde-Ferrell-Larkin-
Ovchinikov states [57,58], since there is no direct evidence for
such states in CeRh,As,. However, an inhomogeneous state
has recently been invoked as a way to explain a discrepancy
between the Pauli limiting field obtained by extrapolating
Knight shift data to zero temperature and the actual upper
critical field for the high-field phase [10].

Pairing states are Pauli limited by a field B, if the Cooper
pairs are made up of electrons with opposite pseudospin
orientation in the standard (spin-z) basis. On the one hand,
this is the case for pseudospin-singlet states. On the other
hand, pseudospin-triplet states are described by a pairing po-
tential of the form d(k) - sis, [35]. The z component of the
d vector corresponds to s;is, =s, and thus describes the
opposite-pseudospin contribution to triplet pairing, which is
Pauli limited [54,55].

As noted in Sec. III B, even-parity (odd-parity) pairing
strictly corresponds to pseudospin-singlet (pseudospin-triplet)
pairing. Hence, the Bz, and Bg pairing states are projected
onto pseudospin-singlet states, whereas the By, and By,
states are projected onto pseudospin-triplet states. Moreover,
as shown in Table V, the d vectors of the By,+ and B, states
predominantly lie in the xy plane [9]. Hence, the B, and
Bog, states are Pauli limited. On the other hand, the By,
and By, states, which we have argued to dominate in the
high-field phase, mostly avoid Pauli limiting.

We thus find that the inclusion of Pauli limiting does not
overturn our scenario but refines it. The main additional in-
sight is that the odd-parity pairing states are not only favored
over the even-parity ones by larger trilinear coupling terms but
also by avoiding Pauli limiting.

At B, beyond about 7T, AFM order is absent [37]. The
even-parity, pseudospin-singlet states are strongly suppressed
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by Pauli limiting. Of the low-energy partner states Bz and
By, only the latter avoids Pauli limiting. Hence, we expect
strong Bj, pairing with a coexisting By, OP supported by
the applied magnetic field. We briefly consider what would
happen if superconducting states with  phase shifts between
layers (r junctions) were favored, in contrast to what we
have assumed in Sec. III A. Everything else being unchanged,
the order of the nearly degenerate B, spin-singlet and By,
spin-singlet states would be reversed,; i.e., B, + would become
favored also at low fields B,. In the pseudospin picture, this
state corresponds to pseudospin-triplet pairing with d vector
predominantly in plane (see Table V) and would thus avoid
Pauli limiting. Since B,,+ pairing is also favored at high fields,
there would not be any reason for a first-order superconductor-
to-superconductor transition.

For in-plane magnetic field, the Bz state is again Pauli
limited since it is a pseudospin-singlet state. The By, state
induced by magnetic order is a pseudospin-triplet state with
momentum-dependent d vector mostly in plane (see Table V).
The d vector is not orthogonal to the applied magnetic field
for general momenta k and is thus subject to Pauli limiting
[59].

Moreover, Eo, and E, OPs are induced by an in-plane
field. The first corresponds to pseudospin-singlet pairing and
is thus Pauli limited, in addition to being strongly disfavored
by the small renormalized gap. The E,. OP corresponds to
pseudospin-triplet pairing with d vector strictly in the z direc-
tion, as Table V shows.

In analogy to the previous discussion, Pauli limiting occurs
for pseudospin-triplet states if the d vector contains a term
parallel to the magnetic field B. However, here, the d vector
is orthogonal to B so that the induced E,; OP avoids Pauli
limiting. This is not expected to stabilize superconductivity at
high in-plane fields for the reason discussed in the previous
section: The E, OP is not generically close in energy to the
primary Bi,, OP, unlike the B, OP.

D. Implications of Knight shift data

Recent NMR data [10] showed clear signatures of the
superconducting transitions in the Knight shift, which has
implications for the superconducting states. For both the
low-field and the high-field phase (at a single field value of
B, =4.5T, slightly above the first-order transition), the
Knight shift shows a kink at 7. and a decrease below 7, with
decreasing temperature. The magnetic transition in the low-
field superconducting phase is invisible in the Knight shift for
As(1), while the Knight shift for As(2) cannot be determined
below this transition because of the very large line width. The
absence of a signature for As(1) is consistent with an Ay,
magnetic OP.

Generally, a temperature-dependent Knight shift below 7,
indicates a pseudospin-singlet state or a pseudospin-triplet
state with d vector along the z direction, for a B, field. Con-
versely, a pseudospin-triplet state with in-plane d vector is
expected to lead to a temperature-independent Knight shift
since there is no energy gap suppressing spin flips [60]. Ogata
et al. [10] conclude that both superconducting phases are what
we would call pseudospin-singlet states. The possibility of a

pseudospin-triplet state with d vector along the z direction is
not considered. A primary Bj,; superconducting OP in the
low-field phase is consistent with the authors’ interpretation.
On the other hand, we have proposed coexisting By, and
By, states in the high-field phase, which are inconsistent with
the authors’ interpretation.

It is unclear how any pseudospin-singlet state in the high-
field regime could (mostly) avoid Pauli limiting. Moreover,
the upper critical field is also inconsistent with the expecta-
tions based on the Knight-shift data. The Pauli-limiting field
estimated from the As(1) Knight shift at 4.5T is 4.8 T [10],
much smaller than the actual upper critical field of about 14 T.
Ogata et al. [10] invoke a spatially modulated superconducting
state in order to resolve the problem. In our scenario, the
temperature-dependent Knight shift at B, = 4.5 T is naturally
attributed to the coexistence of multiple superconducting OPs:
there is still a sizable pseudospin-singlet contribution. In ad-
dition, the d vectors describing the pseudospin-triplet OPs do
have a small z component. The singlet contribution dies out
for increasing field, leaving only pseudospin-triplet pairing,
which explains the high upper critical field.

VI. LANDAU FREE-ENERGY EXPANSION

In this section, we construct a phenomenological Landau
expansion of the free energy. Based on this theory, we are able
to generate phase diagrams that agree with state-of-the art ex-
perimental observations [6-8,10,12,13,16,37] and to analyze
the complex interplay between magnetism, superconductivity,
and an applied magnetic field in CeRh;As,.

‘We have seen that four superconducting OPs of By, By,
By, and By,; symmetry are nonzero in the presence of
AFM order and an out-of-plane magnetic field. A Landau free
energy involving all these OPs is a cumbersome expression.
We therefore describe the superconductivity by two OPs, an
even-parity one, which is large in the low-field phase, and an
odd-parity one, which is large in the high-field phase. This can
be achieved by starting from a Landau free energy in terms of
all four superconducting OPs and integrating out two that are
induced by the magnetic field in the presence of the other two,
due to the trilinear invariants in Eqgs. (41) and (43). Specifi-
cally, the free energy is minimized first with respect to the two
extra OPs and these OPs are then replaced everywhere by the
solution in terms of the remaining OPs and the magnetic field.
This procedure renormalizes the coefficients in the remaining
free energy.

We choose Bj,4 and By, as the remaining explicit OPs.
B,y is obvious since it is the preferred pairing state at zero
field. The Bj, OP is then enforced by the AFM order (see
Sec. IVB). A trilinear term of the form of Eq. (38) is thus
allowed [61]. Similar arguments can be made for the super-
conducting OPs induced by in-plane field components.

The expansion up to fourth order in symmetry-allowed
products of Ay (irrep Bigy), Az (Bius), M (A1), B (Azg-),
and (By, By) (E,_) can be written as

F = Fpure + Fiixed + Fhield, (44)
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with
Foure = A1 ATA] + 0 A5 Ay + ayyM?
+ B (ATAD + B2 (A5 AL + BuM®, (45)
Frixed = Y12 ATAI1ATA,
+ i AT A M? + szA§A2M2
+ S1omMi (ATA, — ASAY), (46)
Fiea = (B} + B) (A ATA L + 15" AJ A, + A M?)
+ B2 (M ATA + A5A5A, + A5,M?). (47)
Here, Fpu. contains standard terms of single OPs and the

second-order coefficients are expanded to linear order in
temperature,

o] = Oli (T — Tl), (48)
o) = Oté (T — Tz), (49)
oy = al/lfl (T — TM), (50)

with o}, o}, apy > 05 i.e., the second-order terms stabilize the
corresponding OPs below their (bare) critical temperatures.
Note that the actual critical temperature 7, of superconductiv-
ity need not coincide with one of the temperatures 7; and 7,
and that the actual Néel temperature 7y need not coincide with
Ty Generally, we find 7. < T; at B = 0 since in the case of
Ty > T, magnetism slightly suppresses the superconducting
order and shifts 7. below T;. For the same reason, we have
Ty < Ty, due to the suppression of magnetism by preexisting
superconductivity for Ty < T.. In order for the free energy to
be bounded, positive fourth-order terms are included.

In Fixeds We introduce terms containing different OPs,
i.e., couplings between ordered phases. The standard bi-
quadratic terms carry coefficients y. We want to highlight
the distinctiveness of the trilinear coupling with coefficients
812m, which guarantees that the third OP is automatically
stabilized once the other two are present [see Eq. (38)
and the accompanying discussion above]. This trilinear cou-
pling will turn out to be of crucial importance since it
enables, for example, the symmetry-preserving first-order
superconductor-to-superconductor transition.

Furthermore, the coupling to an applied magnetic field
is included in Fjeq, Which involves only biquadratic terms.
Recall that the effect of the field of inducing additional super-
conducting OPs has been integrated out.

To be specific, we assume that B || [110] for in-plane field
orientation in accordance with Refs. [13,15], i.e., an in-plane
angle of ¢ = 7 /4, and parametrize the magnetic field as

B, sin 6 cos ¢ Si;;
— — 3 : _ sin O
B=|B,| =B|sinfsing | =B Sﬁ . (G2))]
B, cos cos

Since the relevant physical processes are expected to hap-
pen mostly deep inside the vortex phase, an extra term for
field expulsion is disregarded. The coefficients A in Felg
are understood as effective quantities describing the leading-
order limiting effects for the corresponding OPs by the
magnetic field.

20
(a’)BZ’ TN> Tc

18 |

0.16 0.17 0.18 0.19 0.20 0.21 0.22 0.23 0.24 0.25 0.26
T(K)

FIG. 7. Phase diagram for out-of-plane magnetic field and
Ty > T, for (a) the full temperature and magnetic-field range and
(b) the region close to the end point of the first-order transition. The
colors of distinct phases are generated by mixing contributions from
the even-parity OP |A,]| (blue), the odd-parity OP |A,| (red), and the
magnetic OP |M| (green) into an RGB triplet. The transparency is
determined from the overall OP magnitude. Solid and dotted lines
represent first-order and second-order phase transitions, respectively.

Regarding the general procedure, we obtain the coefficients
of our model from a detailed analysis of the potential land-
scape and by fitting our model to experimental observations,
while keeping in mind the insights gained in previous sections.
The constraints on the coefficients will mostly be discussed
in Sec. VI A, which is concerned with the case Ty > T.. The
transition to the case Ty < T, in Sec. VI B will merely involve
a change of Tj,.

A. Onset of superconductivity inside the magnetic phase:
TN > Tc

As a first scenario, we investigate the case of Ty > T;
i.e., we consider phase I introduced in Sec. I to coincide
with magnetic dipolar order, while superconductivity sets in
at lower temperatures [16]. That is, we consider Ty = Ty.
Experiments suggest a slightly lower transition temperature
for A, compared to A [6-8,10]; hence, we set 7} = 0.34K
and 7> = 0.24 K. Moreover, we choose Ty = 0.54K = Ty.
Note that due to the weak suppression of superconductivity
by the magnetic order, we obtain 7, ~ 0.33K < 7j at B = 0.

The calculated phase diagram for out-of-plane field orien-
tation is shown in Fig. 7 and displays multiple phases, both
superconducting and magnetic. There is a magnetic phase
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setting in via a second-order transition at Ty, which penetrates
both into the high-field and into the low-field phase below
the corresponding second-order superconducting transitions.
Most intriguingly, our analysis not only shows a first-order
transition at B* ~ 4T between two coexistence phases in-
volving nonzero Aj, A,, and M but also predicts that the
first-order transition line has a critical end point. Hence,
there is a small crossover region between the end point and
the second-order superconducting transition line. Figure 7(b)
shows a magnification of the corresponding region. In the
low-field coexistence phase, A; and M dominate, with only
a small contribution from A,. In the high-field coexistence
phase, the relative weights of A; and A, are reversed. At
a stronger field of about 7T, the magnetic OP M and the
even-parity superconducting OP A vanish at a second-order
transition and only the odd-parity superconducting OP A,
survives. The superconductivity breaks down only at much
higher fields.

The trilinear coupling between superconducting and mag-
netic order parameters with strength &2, in Eq. (46) is crucial
here. In its absence, the phase diagram in Fig. 7 would be
qualitatively different: Below the first-order transition, we
would get even-parity A; superconducting order coexisting
with magnetic order, whereas above, we would get odd-parity
A, superconducting and magnetic order. Hence, below and
above the first-order line, different symmetries would be bro-
ken. The line then could not have a critical end point and there
would not be a crossover region. Instead, it would reach the
superconducting 7, line in a bicritical point.

In Fig. 8, we show the angle-dependent evolution of
the phase diagram from out-of-plane (B || [001]) to in-plane
field (B || [110]) orientation. While for a small angle of 6 =
10° between the magnetic field and the z direction mostly
the critical-field values change, already for 6 = 20°, the
pure, nonmagnetic A, phase is completely suppressed. For
6 = 45°, also the high-field coexistence phase [62] is almost
entirely gone, eventually leaving only the low-field coexis-
tence phase and a much enhanced magnetic phase for & = 90°
(in plane). A strong enhancement of the critical temperature
of phase I in an in-plane magnetic field is indeed observed ex-
perimentally [12]. Note that we do not describe the transition
between the phases I and II [12-14,63] (see Sec. I).

We now take a closer look at the choice of coefficients for
our Landau analysis. Without loss of generality, we set the
positive fourth-order coefficients to 81 = B, = By = 1. This
amounts to a choice of units for the OPs. The second-order
coefficients are expanded in temperature to linear order [see
Egs. (48)—(50)]. For a magnetic field to be able to induce a
transition between the superconducting states, i.e., between
the even-parity OP A and the odd-parity OP A,, these states
have to be close in energy. Therefore, we set ) 2 o, with a
slight imbalance to account for the weak tilting of the almost
horizontal first-order transition line. Moreover, since the mag-
netic phase is expected to have a comparatively weak effect
we assume that @ , > ay,.

Next, we investigate the role of coupling terms be-
tween OPs. First, it is natural to assume a competition
between distinct superconducting orders since they compete
for the same electrons and thus y;, should be positive (re-
pulsive). This helps to stabilize the first-order transition.

(a) 0°

(d) 25°

(b) 10° (e) 45°

(c) 20°

(f) 90°

-

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
T (K) T (K)

0

FIG. 8. Phase diagrams in the temperature-magnetic-field plane
for Ty > T, and angles (a) 6 = 0°, i.e., B || [001], (b) 6 = 10°,
(c) 8 =20° (d) 6 =25° (e) @ =45° and (f) 6 =90°, i.e, B |
[110], between the magnetic field and the surface normal (z axis).
The color reflects the admixture of distinct OPs as in Fig. 7. Solid and
dotted lines represent first-order and second-order phase transitions,
respectively.

Experimentally, the magnetic phase is slightly suppressed
when entering the superconducting phases. For the low-field
phase, this can be deduced from the suppression of internal
fields Bj, below T, seen in uSR measurements [16]. For
the high-field phase, the transition line of the magnetic tran-
sition deviates from a smooth extrapolation by being tilted
toward lower fields. It becomes almost field independent
inside the superconducting region [37]. This also indicates
a weak suppression. It turns out that y;2 > voyr 2 Yin > 0
gives best results. The trilinear coupling term is expected
to be weak and we set 0 < |82y < 1. However, for the
general phenomenology of a symmetry-preserving first-order
superconductor-to-superconductor transition it only needs to
be nonzero. Note that the sign of &1y is irrelevant, as the
phase difference of /2 between the superconducting OPs
will adjust such that Eq. (38) reduces the free energy.

Finally, we discuss the biquadratic coupling terms involv-
ing the applied magnetic field. As discussed in Sec. VC,
the even-parity OP A; experimentally shows reduced Pauli
limiting for a magnetic field along the z direction, while the
odd-parity OP A, seems to avoid Pauli limiting completely.
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FIG. 9. Order-parameter amplitudes and free energies at stationary points along various cuts through the phase diagram for 7y > 7, and
magnetic field along the z direction. The cuts in the upper row are at a constant temperature of (a) 7 = 0.13K, (b) 7 = 0.19K, and (c)
T = 0.22K. The cuts in the lower row are at a constant magnetic field of (d) B=0.5T, (e) B=4T, and (f) B=4.5T. The cuts are also
indicated in the insets. Minima, saddle points, and maxima of the free energy are denoted by the symbols e, o, and ¢, respectively. The color
of the symbols reflects the admixture of distinct OPs, whose amplitudes are given in the corresponding upper part of the panels.

This scenario can be qualitatively modeled by choosing 1 >
A > A, 2 A5 > 0.

Angle-resolved measurements of superconductivity in
CeRh;As; have shown a strong variation of the upper critical
field when tilting the field direction into the xy plane [8].
Recall that we assume the in-plane field to be along the [110]
direction. In fact, the high-field phases completely vanish for
in-plane fields, which we incorporate by choosing A5 < A5’.
This is not surprising since the odd-parity By, and By,
OPs that dominate at large B, are pseudospin-triplet states
with d vector predominantly in the xy plane. This pairing
is now suppressed by the in-plane field by Pauli limiting.
Moreover, our analysis suggests a similar suppression of A
and A, for in-plane fields, hence A7 &~ 13". That is, also the
pseudospin-singlet By, and By, low-field pairing states face
stronger suppression for in-plane fields. In Secs. VA and V B,
we concluded that induced superconducting OPs can help to
stabilize superconductivity for fields along the z direction but
not for fields within the xy plane [64].

Apart from the positive coefficients mentioned above, we
introduce a small but negative coefficient A3, < 0 for the cou-
pling of the magnetic OP to an in-plane field since such a field

was experimentally observed to stabilize phase I—recall that
we identify this phase with magnetic order. In this context, the
field-induced mixing of the s excited doublet with the I'{"
ground-state doublet has been discussed (see Fig. 1), leading
to the stabilization of in-plane AFM order by field-induced
dipole-quadrupole coupling [63]. This results in a transition
between multipolar phases I and II. This transition is not
captured by our Landau functional, which does not contain
higher multipolar OPs since our main focus lies on the super-
conducting states. Therefore, we effectively approximate the
stabilization by an attractive coupling Ay; < 0.

The complete set of coefficients is the following:
oy =12, a5 =13, ay, =28, Bi=PFo=PBu =1, yn =12,
Yim = 038, Yom = 0.44, |612M| = 055, )\i = 008, )»é =
0.01, A5, = 0.018, A7 = 0.5, 15 = 0.4, and A}; = —0.001.

In Fig. 9, we show plots of the OP amplitudes and free
energy for various cuts through the phase diagram, tuning
either the magnetic field or the temperature. In panels (a) and
(b), we observe a clear jump of |A;| and |A,| when crossing
the first-order transition at B* ~ 4 T, which is accompanied
by a discontinuous change of slope of the lowest minimum
of the free energy. However, all three OPs remain nonzero up
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FIG. 10. Phase diagram in the temperature-magnetic-field plane
for out-of-plane magnetic field and 7Ty < T.. The colors of distinct
phases are generated by mixing contributions from the even-parity
OP |A,]| (blue), the odd-parity OP |A;| (red), and the magnetic OP
|M| (green) into an RGB triplet. The transparency is determined from
the overall OP magnitude. Solid and dotted lines represent first-order
and second-order phase transitions, respectively.

to the second-order transition to a pure A, phase at higher
fields. At a slightly higher temperature of 7 = 0.22 K [panel
(c)], we observe that the first-order transition line is replaced
by a smooth crossover. An experimental observation of such a
crossover region would be a direct verification of our proposal
of a symmetry-preserving first-order transition between two
multicomponent superconducting phases. In panels (d)—(f),
the aforementioned suppression of the magnetic OP when en-
tering the superconducting region can be observed. Panel (e)
once again shows a jump in OP amplitudes when crossing the
first-order transition line, which is not completely horizontal.

B. Onset of magnetism below the superconducting transition:
TN < Tc

In this subsection, we discuss the scenario of Ty < T.
based on NMR and NQR measurements [7,10]. The main
idea here is to assume that the coefficient oy, controlling
the dynamical magnetic order depends on the experimental
timescale [16], as discussed in Sec. IV, whereas the super-
conducting properties do not. We effectively achieve this by
changing a single parameter, namely, the magnetic critical
temperature Ty, from 7Ty = 0.54K to T)y = 0.32 K, which is
slightly below T, = T} = 0.34 K but above 7, = 0.24 K.

The overall phase diagram now changes dramatically. In
particular, for out-of-plane fields, no stable purely magnetic
phase is realized, as is shown in Fig. 10. The first tran-
sition that occurs for decreasing temperature at B =0 is
a second-order superconducting transition at 7, into a A,
phase, followed by another second-order transition at Ty,

(a) 0°

(d) 25°

(b) 10° (e) 45°

(c) 20°

5 [
NN

00 01 02 03 0400 01 02 03 04
T(K) T(K)

FIG. 11. Phase diagrams in the temperature-magnetic-field plane
for Ty < T, and angles (a) 6 =0°, i.e.,, B || [001], (b) 6 = 10°,
(c) 8 =20° (d) 6 =25° (e) 8 =45° and (f) 6 =90°, ie., B
[110], between the magnetic field and the surface normal (z axis).
The color reflects the admixture of distinct OPs as in Fig. 10. Solid
and dotted lines represent first-order and second-order phase transi-
tions, respectively.

where TR symmetry breaks. Below Ty, the OPs Aj, A,
and M coexist. Note that at B = 0 the actual Néel temper-
ature Ty resulting from our calculations lies closer to T
than to Ty, ie., Ty # Ty 2 0.24 K = T>. This can be un-
derstood in terms of the suppression of magnetism by the
superconducting phase Aj, as well as the trilinear coupling
between the three OPs, which in turn facilitates a stabilization
close to the onset of A,. Furthermore, the almost horizontal
first-order transition now happens between either the pure
A phase or the low-field coexistence phase and a pure A,
phase at higher field. A high-field coexistence phase is not
found for B along the z direction. Note that the occurrence
of an end point and crossover region is not possible in
this case, since the first-order transition involves symmetry
breaking.

If the applied field is tilted away from the z direction,
the high-field phase vanishes between angles 6 = 10° and
6 = 20°. Moreover, a narrow region of purely magnetic OP
sets in at & = 10° and is clearly visible at 6 = 20°. This
region is marked by arrows in Figs. 11(b) and 11(c), respec-
tively. Therefore, the absence of symmetry breaking again
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FIG. 12. Order-parameter amplitudes for in-plane field (B ||
[110]) and Ty < T, at constant field B = 0.8 T. Here, A and M, and
therefore also A,, order at closely proximate temperatures.

enables the appearance of a small crossover region between
two coexistence phases and an end point of the first-order tran-
sition line. Analogous to the case Ty > T, setting §jo07 = 0
suppresses the induction of the third-order parameter by the
other two and thus enforces a symmetry-breaking transition.
Furthermore, as in the case Ty > T, the pure A, state is

(@) T=0.13K

absent at an angle of 20°. This evolution continues for larger
angles 6, until for & = 90° the magnetic OP is stable over
a broad region of the phase diagram. However, in contrast
to Ty > T, we still find a finite region of pure A; super-
conducting order since at B =0, Ty < T, remains true for
all angles. We note an interesting observation for 6 = 90°:
The magnetic and superconducting transitions almost exactly
coincide at B = 0.8 T, the field strength at which recent NMR
measurements with B || [110] were performed [15]. This can
be seen in Fig. 12 and could be an alternative explanation for
the nearly simultaneous onset of both line-width broadening
and superconductivity, as opposed to the case of magnetic
field along the z direction [7,10].

It is quite remarkable that both topologies of the phase
diagram for out-of-plane magnetic field, i.e., Ty > T, and
Ty < T, can be obtained by tuning a single parameter. We
find that respecting a broad range of known experimental
features for both scenarios and for variable field angle imposes
strong constraints on the choice of parameters. For example, a
weaker repulsion y;, between the even-parity and odd-parity
superconducting OPs would lead to the penetration of mag-
netic order into the high-field phase also for Ty < T, and thus
a high-field coexistence phase for magnetic field along the z
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FIG. 13. Order-parameter amplitudes and free energies at stationary points along various cuts through the phase diagram for Ty < T,
and magnetic field along the z direction. The cuts in the upper row are at a constant temperature of (a) 7 = 0.13K, (b) T = 0.19K, and
(c) T = 0.22 K. The cuts in the lower row are at a constant magnetic field of (d) B=0.5T, (¢) B=4T, and (f) B = 4.5T. The cuts are also
indicated in the insets. Minima, saddle points, and maxima of the free energy are denoted by the symbols e, o, and ¢, respectively. The color
of the symbols reflects the admixture of distinct OPs, whose amplitudes are given in the corresponding upper part of the panels.
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direction, which is not suggested experimentally [10]. Given
the present parameter set, the constraint on y); is less relevant
for Ty > T., where also smaller y;, would suffice. However,
a scenario of a very narrow high-field coexistence region for
Ty < T, would also be in agreement with available NMR
data [10].

Figure 13 shows the evolution of the OP amplitudes and
free energy for various cuts through the phase diagram. In
panel (a) for constant 7 = 0.13 K, a large jump of all three
OPs at the first-order transition can be seen. The high-field
phase here only contains a nonzero OP A,. Panels (b) and
(c) for higher temperatures instead show a disappearance of
the magnetic OP and therefore also of A, before reaching
the first-order line. Hence, this first-order transition separates
pure A; and A, phases, i.e., phases of different symmetry.
Therefore, the first-order transition line cannot end in a critical
point, unlike for Ty > T..

Due to the stabilization of magnetic order at lower tem-
peratures and the competition with the preexisting OP A, the
magnetic order realizes much smaller amplitudes compared to
Ty > T.. Therefore, A, is extremely small in the coexistence
phase since it also competes with A; and the stabilization
due to the trilinear coupling (38) is weak. At the first-order
transition (B* &~ 4T), the first derivative of the free energy
again jumps when one minimum becomes disfavored with
respect to another already existing minimum. For Ty < T,
most of the minima are accompanied by almost degenerate
saddle points, denoted by open circles in Fig. 13. Panel (d)
shows the second-order transition into the A; phase and sub-
sequently into the low-field coexistence phase. Like in the
case of Ty > T, adiscontinuity of |A;| and |A,| occurs when
the cut intersects the slightly tilted first-order line in panel (e).
Panel (f) only shows the mean-field onset of the high-field
order A,.

VII. THERMODYNAMICS

With the Landau free energy at hand, we can esti-
mate experimentally relevant derivatives, e.g., thermodynamic
quantities such as the specific heat or the susceptibility. In this
section, we will focus on the case of Ty > T, and a magnetic
field oriented along the z direction. Note that Landau theory,
which involves an expansion in small order parameters, is not
expected to give quantitatively accurate results for tempera-
tures far below T, and Ty.

0.10] [
‘(®T=OJ3K
0.08
S 0.06
S L
£ 0.04;*
0.02°

B(T)

Furthermore, our Landau functional does not contain the
energy cost of the flux expulsion and thus does not account
for the transition from the Meifiner to the Shubnikov phase.
Note that the corresponding lower critical field is much
smaller than the characteristic field scale of the first-order
superconductor-to-superconductor  transition.  Therefore,
when calculating derivatives with respect to the magnetic
field, we miss the contribution from flux expulsion.
Nevertheless, we find qualitative agreement with recent
experimental data for the uniform, isothermal susceptibility

()
xr=—(52) -
B2 ),

In Fig. 14, xr is plotted as a function of magnetic field
for three temperatures. For T = 0.13K and 7 = 0.19K, the
path in the phase diagram intersects the first-order transi-
tion at B* ~ 4T, indicated by a clear jump, followed by a
smaller jump when the pure high-field superconducting state
is reached at around By &~ 7 T. Moreover, we observe a steeper
slope of xr vs B below B* than above. These observations are
compatible with, for instance, the data shown in Fig. S5 of
Ref. [37]. At T = 0.22 K, we see that near B* the susceptibil-
ity smoothly changes with the field and no phase transition is
observable, which is a hallmark of the underlying crossover
region. Such behavior might be difficult to distinguish from
an experimentally broadened phase transition and could be
hidden in previously reported data. The smooth behavior of
Xxr continues until the upper critical field is reached, indicated
by a small kink near B, & 4.5T.
The specific heat at constant magnetic field is given by

oo _p(PF
5 aT? ),

In Fig. 15, we plot Cp as a function of temperature for three
values of the magnetic field. In all cases, a small jump is
visible at the magnetic transition at 7y and a larger jump at
T.. Both transitions are of second order. Panel (b) for B =4T
additionally shows a small kink at 7* =~ 0.14 K, the inter-
section with the first-order superconductor-to-superconductor
transition, similar to Fig. 3(a) of Ref. [37]. Note that the cut
in panel (b) but also the one in panel (c) passes quite close
to the predicted critical end point at about 0.21 K (see also
Fig. 7). We interpret the pronounced maximum in Cp as a
fingerprint of the critical end point. In addition, we observe
a small upturn in Cp immediately below 7. in panel (b).

(52)

(53)

0.15¢
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0.05¢

B(T) B(T)

FIG. 14. Isothermal susceptibility xr for Ty > T. and B || [001] as a function of magnetic field at (a) T = 0.13K, (b) T = 0.19K, and
(c) T = 0.22 K. The corresponding cuts through the phase diagram are indicated in the insets. In panels (a) and (b), xr shows a jump at the
first-order transition near B* &~ 4 T, as well as at the second-order transition near By ~ 7 T. Panel (c) shows a smooth transition in the crossover

region near B* and a kink at B, ~ 4.5 T.
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FIG. 15. Specific heat Cp as a function of temperature for 7y > 7, and magnetic field (a) B=0.5T, (b) B=4T, and (c) B = 4.5T along
the z direction. The cuts are indicated in the insets. In all panels, a small jump is visible at Ty, which at lower temperature is followed by
a large jump at 7. Both transitions are of second order. Panel (b) additionally shows a small kink at 7* when intersecting the first-order

superconductor-to-superconductor transition.

Its extent is primarily determined by and increases with the
trilinear coupling coefficient §;5y. Intriguingly, this kinklike
anomaly has actually been observed experimentally (see Figs.
1 and 2 of Ref. [65]). The authors interpret it as an additional
first-order phase transition within the superconducting state.
However, the anomaly was not observed in the specific heat
below B =~ 3T and above B =~ 5T [65]. This behavior agrees
with our prediction that the anomaly should only appear in the
vicinity of the critical end point.

Our calculations further indicate that the experimental sig-
natures when crossing the superconductor-to-superconductor
transition are indeed consistent with a first-order transition.
This helps to resolve the recently raised concern regarding the
order of this transition [37].

VIII. SUMMARY AND CONCLUSIONS

Materials lacking inversion symmetry, i.e., noncentrosym-
metric materials, often display unique magnetic and mag-
netoelectric behavior and potentially support topological su-
perconductivity [66]. Lately, significant interest has emerged
in crystal structures that break inversion symmetry locally
but not globally. Superconductivity in such locally noncen-
trosymmetric materials can exhibit phenomena that would not
usually be expected in centrosymmetric systems [1-3,5].

One important class of locally noncentrosymmetric crys-
tal structures consists of layered materials characterized by
inversion centers between the layers but not within them.
The tetragonal heavy-fermion superconductor CeRh,As; is
a nonsymmorphic representative of this class, in which two
layers per unit cell form two Ce sublattices. Another example
is the family of superconductors based on the also non-
symmorphic structure BiS,_,Se,, including LaOy sFe( sBiSe,
[5,67]. Both CeRhyAs, and LaOgsFesBiSe, have point
group Dy, and space group P4/mmm. The quasitetragonal
cuprate Bi,Sr,CaCu,0g45 [5,68—71] is a symmorphic exam-
ple with point group Dy;, and space group Bbmb.

In this work, we have addressed the open question of prob-
able symmetries of the ordered phases in the rich temperature-
magnetic-field phase diagram of CeRh,As,, taking into
account experimental data from NQR [46], NMR [10,15],
1SR [16], and thermodynamic measurements [6,8,12,13,37].
Within a theoretical framework based on symmetry analysis
applied to a Bogoliubov—de Gennes Hamiltonian and Landau
methods, we have made concrete predictions regarding the

symmetry of superconducting and magnetic ordering phe-
nomena, as well as their interaction.

As proposed earlier [6,8—11], the superconducting pair-
ing is predominantly of even parity at low fields but of odd
parity for strong magnetic field applied along the z direc-
tion. In agreement with Refs. [11,26,40,41], we argue that
superconducting OPs belonging to B irreps are preferred over
OPs belonging to A irreps because A, and A, orders are
suppressed by the expected strongly repulsive Hubbard re-
pulsion U in the spin-singlet channel for this heavy-fermion
compound.

An important perspective resulting from our calculations
is that of not only multiphase but also multicomponent su-
perconductivity in CeRh;As,. Here, we observe the generic
coexistence of the even-parity OPs of By, and By, symme-
try, which dominate at low fields, and the odd-parity By,
and Bj,; OPs, which dominate at high fields, in multiple
regions of the phase diagram. This coexistence is enabled
by trilinear invariants coupling the superconducting OPs
and the AFM OP of A, symmetry as well as between
superconducting OPs and the out-of-plane magnetic field.
We argue within a low-energy pseudospin picture that the
invariant involving the z component of the applied mag-
netic field favors the odd-parity Bj,+ and B,,, OPs over
the even-parity ones, eventually leading to the character-
istic first-order superconductor-to-superconductor transition.
Moreover, our scenario predicts this first-order transition to
preserve symmetry—in the low-field and high-field coexis-
tence phases, the same superconducting and magnetic OPs are
realized, albeit with different amplitudes. One manifestation
of this phenomenology is the observed critical end point of the
first-order line when approaching the second-order supercon-
ducting transition, followed by a crossover region. Another
important part of the mechanism is that an applied magnetic
field suppresses even-parity, pseudospin-singlet pairing states
due to Pauli limiting.

Our approach consistently reproduces experimental results
for both Ty > T, and Ty < T, i.e., for both orderings of the
zero-field critical temperatures of magnetic order and super-
conductivity. Phase diagrams of both types have been reported
based on different experimental probes [7,15,16], perhaps due
to the interplay of dynamical magnetic order and experimental
timescales [16]. Notably, it is sufficient to assume a single
parameter, namely, the critical temperature 7j, to depend on
the experimental probe. Our approach also correctly describes
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the phase diagrams for general angles 6 between the magnetic
field and the surface normal.

One might question whether we are “fitting an elephant”
since the Landau functional contains a large number of pa-
rameters. This is not so. One parameter per OP can be chosen
arbitrarily up to the sign by simply rescaling the OP; we
choose to set the 8 parameters of fourth-order terms to unity.
Reproducing the three-dimensional phase diagrams in the
space of temperature, out-of-plane field, and in-plane field for
both Ty > T, and Ty < T, strongly constrains the remaining
parameters. The fact that this is possible at all thus suggests
that it is based on a valid physical picture.

Our work answers open questions regarding the order
of the superconductor-to-superconductor phase transition, as
well as questions regarding the symmetry of competing
orders, including a refined picture of their interplay. In partic-
ular, our proposal of multicomponent superconductivity and
its implications redirect research on CeRh,As, away from
the paradigm of single-OP phases. Moreover, a symmetry-
preserving first-order superconductor-to-superconductor tran-
sition is of considerable interest in unconventional super-
conductivity, and CeRh;As, is a promising candidate in
which to realize it. Our calculations of thermodynamic
observables suggest that signatures of such a transition—
involving a critical end point and a crossover regime—may
in fact be identified in available experimental data. At a
more general level, our findings show the importance of
symmetry-allowed but nontrivial couplings between super-
conducting and magnetic OPs, represented by trilinear terms
in the Landau functional. In the present case, they lead to a
strong connection between local inversion-symmetry break-
ing, even-parity and odd-parity superconductivity, as well as
magnetic order.
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APPENDIX A: PSEUDOSPIN FORMALISM

In this Appendix, the transformation of the BdAG Hamilto-
nian in Eq. (18) into the pseudospin basis is reviewed. This
representation is useful for the analysis of low-energy prop-
erties. In the absence of perturbations by a magnetic field or

magnetic order, the transformed BdG Hamiltonian reads as

ey (K Hy (k)

H(k)_(Hl(k) ”H(k)>’ (A
with the blocks

(s Ari(k)
Hﬁ(k)‘(AL(k) —éi(k)s())’ (A2)

0 A+<k>>
Ho_ (k) = - , A3
+-(k) (A1+(k) 0 (A3)

where 5o is the identity matrix on pseudospin space. The
normal-state dispersion &.(k) = co(k) & |¢(k)|, where ¢ =
(cy, 2, €3, C4, C5), 18 even in k. The bands in the normal state
are still twofold degenerate and can therefore be labeled by
a pseudospin of length 1/2 [9,32-34]. For a natural choice
of the pseudospin basis, the manifestly covariant Bloch basis
[9,32], the pseudospin transforms under symmetry operations
like the real electron spin. For our model, the unitary matrix
U implementing the transformation # = UHU' can be ex-
pressed in terms of the coefficients ¢, (k) but the result is not
particularly illuminating.

Without loss of generality, we consider the case that the
band with dispersion £_(k) crosses the Fermi energy. At or-
der zero in H,_; i.e., in the interband pairing, the system
is just described by the 4 x 4 BdG Hamiltonian H__. Its
superconducting block, which describes intraband pairing,
can be written as A__(k) = (k) is, for pseudospin-singlet
pairing and as A__(k) = d(k) - sis, for pseudospin-triplet
pairing [35], where s = (sy, $y, 5;) are the Pauli matrices on
pseudospin space. The matrix A__(K), or equivalently the
functions ¥ (k) and d(k), can be obtained in closed form using
U(K), the expressions are rather lengthy. It is more illuminat-
ing to consider limiting cases, which is done in Sec. I1I B.

It is important to realize that for the pseudospin-1/2 model,
like for a real spin 1/2, even-parity (odd-parity) pairing
strictly corresponds to pseudospin-singlet (pseudospin-triplet)
pairing. Hence, all superconducting OPs transforming accord-
ing to “g” (“u”) irreps are mapped onto pseudospin-singlet
(pseudospin-triplet) states.

The splitting of the quasiparticle bands is controlled by
the TR-odd part i(d x d*) - s of the gap product, which for
pseudospin-triplet pairing reads as [35]

A__(K) AT (k) = [d(K)|2so + i [d(k) x d*(K)] - 5. (Ad)

The next order in /. _ consists of a correction [33,34]

SHy—— (k) = Ay (k) AL, (k)

= (A5)

2 ekl
to the normal-state Hamiltonian £_(Kk) so. In the pseudospin
representation, it can be written as

SHy——(k) = y (k) so + h(k) - s, (A6)

where y (k) is a pseudospin-independent correction to the
dispersion £_(k) and h(k) is a pseudomagnetic field cou-
pling to the pseudospin s [33,34]. Note that these terms result
from interband pairing and are proportional to the interband
gap product divided by the band splitting &, (k) — £é_(k) =
2|¢é(k)|. A nonzero pseudomagnetic field is only possible
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if the superconducting pairing breaks TR symmetry. Equa-
tion (17) shows that this perturbative description is justified
as long as the band splitting is large compared to the pertur-
bations due to magnetic field and magnetic order and to the
pairing amplitude.

APPENDIX B: BCS THEORY WITH RENORMALIZED GAP

In this Appendix, we sketch, using BCS theory for a
parabolic band, how a renormalization of the gap at the Fermi
energy affects the self-consistent solution of the gap equation.
The internal energy U as a function of the gap amplitude |A|
at zero temperature is

~ AP |A| )
U=N7+Na1n X |A]” + const, BD

where N is the number of lattice sites, V > 0 is the pairing
interaction, « is a constant proportional to the density of
states [73], and A is an ultraviolet cutoff. The first term on
the right-hand side stems from mean-field decoupling of the
pairing interaction. The second term is the change of energy of
the electron system upon opening the gap. Now, let us assume

that the low-energy gap is rescaled by a factor of n:

~ |A|2 nlA| 2 B
U:NT + NaIn e n~|A|” + const. (B2)

The first term is unchanged since the decoupling is done for
the original sublattice-spin Hamiltonian. The self-consistent
value of |A] is found by minimizing U. Solving

AU oy B L Na?ial+ 2va? i (T2 1a) = 0
d|A| v A
(B3)
in terms of U yields
A 1
Al = —e exp | — . (B4)
n an?V

In our case, n < 1. If 5 is close to unity, we obtain a reduction
of |A|, which is linear in 1 — 5 (note that &V is small for
weak-coupling superconductivity). The more relevant case for
our discussion is 1 not close to unity. Then, we obtain an expo-
nential reduction of |A|. Similarly, an exponential reduction
of the critical temperature is obtained.
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