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The weak-coupling renormalization group method is an asymptotically exact method to find superconduct-
ing instabilities of a lattice model of correlated electrons. Here we extend it to spin-orbit coupled lattice
systems and study the emerging superconducting phases of the Rashba-Hubbard model. Since Rashba-type
spin-orbit coupling breaks inversion and spin symmetry, the arising superconducting phases may be a mixture
of spin-singlet and spin-triplet states. We study the two-dimensional square lattice as a paradigm and discuss
the symmetry properties of the arising spin-orbit coupled superconducting states including helical spin-triplet

superconductivity. We also discuss how to best deal with split energy bands within a method which restricts

paired electrons to momenta on the Fermi surface.

DOI: 10.1103/PhysRevB.102.174512

I. INTRODUCTION

The discovery of quantum spin Hall and topological in-
sulators [1,2] as well as Weyl and Dirac semimetals [3]
has brought spin-orbit coupling (SOC) into the spotlight of
condensed matter research. SOC constitutes the most cru-
cial ingredient for this rich and diverse family of materials.
Topological superconductivity [4—7] can also be stabilized
in spin-orbit coupled metals via proximity-induced super-
conductivity [8-10]; alternatively, it arises as an intrinsic
many-body instability in correlated electron systems. The lat-
ter requires odd-parity spin-triplet pairing, as realized in the
chiral p-wave state with its Majorana zero modes at defects
or sample boundaries [11,12]. SOC is not a requirement for
such exotic instabilities, but today it is apparent that SOC is
beneficial for triplet pairing [13,14]. Most of the few can-
didate materials for triplet superconductivity contain heavy
elements and thus significant SOC, e.g., Sr,RuO4 [15,16],
CePt3Si [13,17], Cu,BiSe; [18,19], and most recently UTe,
[20]. Nonetheless, the role of spin-orbit coupled superconduc-
tivity is surprisingly under-represented in the literature.

Quite generally, we distinguish between different types of
SOC in solids. L - § corresponds to centrosymmetric SOC;
it preserves not only inversion symmetry but also the spin
degeneracy of the SOC-free systems (while spin symmetry is
broken). Rashba and Dresselhaus terms are stemming from
the breaking of inversion symmetry and correspond thus to
noncentrosymmetric SOC. They break the spin degeneracy.
Material examples of the latter type include the doped Weyl
semimetals WTe,, MoTe, [21,22], and YPtBi [23-25], as well
as the heavy-fermion compound CePt;Si [7,17]; these mate-
rials are unconventional superconductors at sufficiently low
temperatures, and CePt;Si has even been claimed to realize
triplet pairing [7,13,17].

There are several notable works in the literature using
various methods to study the effect of Rashba SOC to corre-
lated electrons and the resulting superconducting instabilities.
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In particular, these include a “Shankar RG” approach [26]
for a continuum model [27,28], random phase approximation
(RPA) studies on the square lattice [29-31], as well as work
tailored for the materials CePt3Si and Li,Pd,Pt;_,B [32].
Moreover, there are several works using Bardeen-Cooper-
Schrieffer (BCS) theory for continuum systems [33] and
specifically for CePt3Si [34-37]. The common conclusion
from these works is that the breaking of inversion symmetry
due to Rashba SOC causes mixed singlet-triplet supercon-
ducting states to appear. Furthermore, strong SOC suppresses
chiral states; i.e., the only topologically nontrivial states that
may arise in the superconducting condensate are helical ones
characterized by a Z, invariant. The mixing of singlet and
triplet states can be understood as follows: When spin sym-
metry in a superconductor is broken, parity still remains well
defined. That is, the momentum part of the superconducting
order parameter is either an even, i.e., symmetric function in
momentum (even parity, spin singlet) or an odd, i.e., anti-
symmetric function in momentum (odd parity, spin triplet).
Once inversion symmetry is broken, parity is no longer a
good quantum number and the resulting states can be mixtures
of even- and odd-parity functions, thus allowing for singlet-
triplet mixtures.

In this paper, we study the superconducting states on the
square lattice as a paradigm for two-dimensional (2D) sys-
tems in the presence of noncentrosymmetric, i.e., Rashba,
SOC. Considering infinitesimal repulsive interactions allows
us to calculate the arising superconducting instabilities exactly
using the weak-coupling renormalization group (WCRG)
approach [38—45]. We choose this method since it poses sev-
eral advantages: First, the results are asymptotically exact
in the limit of vanishing interaction. Second, compared to
mean-field methods, we obtain the resulting superconducting
instabilities in an unbiased way, i.e., without assumptions on
their properties. This is particularly advantageous here, since
breaking of inversion symmetry [7] may lead to mixed singlet
and triplet states, which yields a large variety of possible
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pairing states. Third, compared to functional renormaliza-
tion group methods, which are widely accepted to perform
well at stronger interactions [46,47], the WCRG approach is
computationally very efficient. Especially the doubling of the
number of bands due to the Rashba SOC demands a very
efficient method to make the numerical integrations feasible.

The paper is organized as follows: In Sec. II, we give
a description of how Rashba SOC is implemented in the
WCRG framework and what kind of mixed superconducting
instabilities one can generally expect to find on the square
lattice. In Sec. III we study the competing superconducting
pairing channels of the square lattice Rashba-Hubbard model,
followed by a thorough discussion on how to interpret the
results and an outlook in Sec. IV. Section V contains the
paper’s conclusion, followed by four Appendixes with further
details.

II. MODEL AND METHOD

A. Hamiltonian and band structure

We consider the Hubbard Hamiltonian including SOC in
the form of an additive Rashba term, Hg. For simplicity, we
restrict ourselves to systems where there is only one orbital
per unit cell. The Hamiltonian can be written as

H = Hy + Hin + Hg ey

with

ZZtU Cis jU’ (2)
Hipe = ZZUO ”U/CIGCW io'Cio» 3

Hp = ZZlOlRli, CigCio (G X Tij)_ ;0 4)

i,j o,0'

where c;, is the annihilation operator of an electron with spin
o at lattice site i. The hopping amplitude is denoted by #;;;
throughout the paper we only consider #;; =t (t;; =t,) for
i and j being nearest (next-nearest) neighbors. Uy denotes
the on-site interaction strength, oz denotes the dimensionless
strength of Rashba SOC, & is the vector of Pauli matrices, and
7;; measures the distance between sites i and j. The Fourier
transform of the noninteracting part,

Ho+Hg =) (cf;. ] i)ﬁ(k)(i“) ®)
3 ke

yields the Bloch matrix /2,
v e {0,x,y, z}, (6)

where k denotes the momentum vector (k,, ky, k)T.In Eq. (6)
we used the 4-vector notation and yy(k) is the energy spectrum
without SOC.

The full energy spectrum E(k, ) of the noninteracting
system is readily obtained by diagonalizing / via unitary
transformation,

h= yao”,

é(k>=0*(k>ﬁ<k>0<k)=(E("(;‘) Eh +)), ™

E(k,t) = yo(k) + ¢[y (k). ®)

The unitary matrix U (k) has the eigenvectors, v(k, ¢), of fl(k)
as column vectors, which are given by

I R X7S
v(k, ) = ﬁ(;eiqbkg_{(k)) )
with
0,0 = VI Lr Iyl et = L ()

/ yXZ + yyZ

The diagonalization effectively transforms from spin to helic-
ity basis, with helicity quantum numbers ¢ = +1.

Until now the results are general for any 2 x 2 Bloch
matrix, since any Hermitian matrix can be written as Eq. (6).
Considering Rashba SOC, Eqgs. (4) and (6) result in

Pk = vy )T = —ar(@ x V)yp(k) (11)

A 70 aR[m + iayo]
i =(aR[ay0 .E)yo] ok, oky . (12)

Bk, Lok, Yo

and

In particular, it follows that y, = 0 leading to 6; = 1 which
is a consequence of time-reversal symmetry and invariance
under 7 rotations around Z (see Appendix A).

B. Weak-coupling renormalization group

We employ the WCRG method to find the leading super-
conducting instability in the Hubbard model in the presence
of SOC. This method has been discussed in great detail for
fermions without spin mixing before [38—40], so only a brief
summary is given here, but we point out important differences
which arise when one includes spin mixing effects such as
spin-orbit coupling. Note that in the following we limit our-
selves to systems where the spin degeneracy has been lifted,
which is achieved for example by Rashba SOC. Furthermore,
we assume that time-reversal symmetry is conserved. This
offers a major simplification: we do not need to consider
the spin degree of freedom for the electron states, as this is
fixed already by the weak-coupling nature of the method. For
example, if we consider a scattering process of two electrons
that contributes to the Cooper channel in the weak-coupling
regime, their initial momenta have to be opposite and both on
the Fermi surface; i.e., the electrons have to be initially in the
same band. Since each band has only one spin polarization per
momentum, there is no freedom in choosing the spin of the
scattering particles; it is dictated by the helicity of the band:

k,o k,¢
o] - [ e

In the following, we use the short notation for momentum
and helicity,

1=k, ¢, IE—kl,é'l. (14)

The important quantity for calculating the superconducting
instabilities in the WCRG method is the two-particle vertex I'
in the Cooper channel. Since the method explicitly demands
weak coupling, we expand I" in orders of the local electron-
electron interaction, Uy, up to second order,

re, 0 =0, H+Ur?Q,1)+---. (15)
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The first order, 'V, is given by [27]
2, 1) =MQ211) = 5P ), (16)

where the last equality stems from the specific system outlined
above, and the factor M reads

M(4321) = (B(4), 9(1))(v(3), 1(2))
— (9(4), 5(2))(v(3), v(D)). a7

The complex scalar product is herein denoted as (-, -). The
second order, I'®, splits into three topologically distinct parts
[26,27],

I'® = 1Tpes 4+ I'zs + I'zg. (18)

The first contribution is referred to as the BCS diagram and
the other two contributions to zero sound (ZS) diagrams [26];
the vertices are given by

Ipes(2, 1) = — / M(2233)M (3311)X,,(3)
3

; A
=—aadom(Z), a9
€
[zs5(2,1) = [ M(2431)M(2341) X0 (3, 4), (20)
3/
Izs(2,1)=— | MQ431)M2341)X;n(3,4)

3/
=—T7zs(2, 1), 21

for which the respective Feynman diagrams are shown in
Fig. 1. Here, € is an energy cutoff in the integral and A is a
system parameter which merely depends on the band struc-

ture,
In(A) = /Enm 4E p(E) + /Emm 4E pE) (22)
N 2E p 2E p

with the density of states p(E), p = p(0), and Epi, and Enax
the minimum and maximum of the band structure, respec-
tively. Note that we are showing here the diagrams used in the
review by Shankar [26]. We note that these diagrams seem to
be different from those previously introduced in Ref. [38]; the
relationship between the diagrams in Fig. 1 and in Ref. [38] is
explained in Appendix B.

Momentum conservation yields 4 = k; + k» + k3, {4 and
4 = ki — kp + k3, 4. The short notations for the integrals are

[fa [-x] =
sl ey LTl )

2 1 2 1
2 3 1
2 Y 1
2 1 2 1
BCS pAS zs'

FIG. 1. Feynman diagrams representing all topologically distinct
second order contributions to the two-particle vertex function for
spinful fermions [26]. For details see main text and Appendix B.

Xph (Xpp) denotes the integrands of the static particle-hole
susceptibility xp, (static particle-particle susceptibility xpp),

son (s — ) = — /3 Xn3.4) 24)
| FEG) — fE@))
Xph(3, 4) = EG)_E@) , (25)
Xop(€) = ﬁ L K, 26)
_1-2f(EG))
X,p(3) = G 7

Here f(E) is the Fermi distribution. I'gcg is the only diagram
in second order showing a logarithmic divergence. As derived
in previous works [27,28,38,40], for repulsive interactions,
Up > 0, the superconducting instabilities can be obtained
from the nondivergent parts of the full vertex. This is seen
with the help of the 8 function of the RG method,

orQ.1)

BI2, 1)) = m =

—fr(z,é)r(é, D, (28
3

where the hat denotes momenta at the Fermi level, ¢; the
initial energy cutoff, and € the lowered cutoff in the pro-
cess of renormalization. The short notation for the integral is
given by

dki B r

Es S¢.F Vr (1)

(29)

/;EZPCI‘
! &

wherf, vr (1) denotes the Fermi velocity of band ¢; at momen-
tum k;, S, r is the total length of the Fermi surface of band ¢;,
the integral runs over the Fermi surface (FS), and

1 di; 1
_ f (30)
F

g, F s Se.r vp(i)

In second order in Uy, the nondiverging parts of I" are I'zg
and I'zg. Thus, all we need to calculate is

@2, 1) ~Tzs2, 1) + Iz (2, 1) @31)

=Tzs(2,1) —Tzs(2, 1), (32)

where the second line is an explicit antisymmetrization.
When dealing with fermions without spin mixing, as done
in Refs. [38,40], we neglect the spin part of the full vertex.
That is, I' can be symmetric (spin-singlet Cooper pairs) or
antisymmetric (spin-triplet Cooper pairs), since we only work
with the momentum-space part of I" and treat the spin-space
part only implicitly. Here, however, we have to explicitly
include spin because of the spin-orbit coupling, and the full
fermionic vertex function has to be antisymmetric, which is
reflected in Eq. (32).

As first pointed out by Anderson [48] and later by
Sergienko and Curnoe [34], if spin is not a good quantum
number we have to ensure that the two-particle scattering
processes that are considered in I' are between time-reversal
partners. The vertex, where for the incoming and outgoing
electron pairs the two electrons are restricted to be time-
reversal partners, will be called D, which differs from I’
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by a momentum- and helicity-dependent phase which is odd
in momentum [34],

@2, 1)=e>hrd2 1), (33)

gup(i,l) — eigo(z,i) = o@D — _ei(p(i,I)’ (34)
implying that ") must be even in momentum. In general, the
total phase factor can be written as the product of two phase
factors, each depending only on the momentum and helicity

of the incoming and outgoing electrons, respectively, i.e.,
YD =1 (2)1(1). (35)
Computing the time-reversal conjugate of the annihilation
operators explicitly, i.e., Tc'(1) = t(1)cT(1) (cf. Appendix

C), for the system discussed in Sec. Il A we obtain the phase
factor as [34]

t(1) = —gre ¥, (36)
Equations (16), (35), and (36) thus yield
rMo 1) =1. (37)

We thus find that the first-order contribution only suppresses
the isotropic s-wave superconductivity, as it happens for the
single-orbital case without Rashba SOC [38,40].

The effective interaction of the leading superconducting
instability, Uest = pAmin, and the corresponding form factor of
the superconducting order parameter, {n;,, are then obtained
as follows [38]: First, we rescale I" to

g"2. 1) =1 @r0Q, Hrd), (38)
where 7 is obtained from Eq. (29) by

f - Z / dk; 72 (). (39)
i P FS

Substituting an orthonormal eigenbasis of g, i.e.,

> [ kgD @ =G, @0
3 FS
> [k O e h =5, @
3 FS

into the flow equation, Eq. (28), yields that each eigenvalue of
g renormalizes independently, i.e.,
oA,

— =2 (42)

d1n(ep/€)
Note that Eq. (40) can also be understood as the linearized
gap equation. Thus, the most negative eigenvalue, Ay, is the
one that diverges first in the RG flow and, hence, serves as a
measure for the critical temperature via

T. ~ e 1/ Pminl — o=1/pUer] (43)

An analogous relationship to Egs. (33) and (35) holds for
the eigenvectors,

Yo (1) = (D). (44)

Note that each {7 has to transform according to an even
irreducible representation (i.e., the basis functions are even in

momentum) of the symmetry group of the lattice, since I'")
is even in momentum.

The matrix of superconducting order parameters in spin
space is obtained from the result in helicity space, ¥ (k, ¢),
by the transformation

Ao = <w<k, ")

v (k, N))
vk, 1)

vk )
= U(k)(w(kd -) w(k(? +)>UT(—k), (45)

where U7 is the transpose of U. Note that v (k, )
(br¢b_i; ) denotes the superconducting order parameter in the
helicity basis, while ¥ (k, ss) o {crsc_xs) is the correspond-
ing object in the spin basis. The relation of the fermionic
operators is given by

Ckr\ _ 1 bk,
(m) = U(k)(bk+>. (46)

Furthermore, we assumed here that we know (k, ¢) for
any momentum k, while in reality we only have access to
the projection onto the Fermi surface, ¥ (k, ¢). This issue is
addressed later. From Eq. (45), the particular elements of Ak)
are given by

Yk, ss') =Y vk, Ove(=k, Ok, )
¢

=Y vk, Ove(=k, Ok, Y Pk, ) (@)
¢

1
=2 5 o0+ P k) - Glioy)se ¥y Pk, 0),
¢

where = 7 /|¥|. The d vector, which is defined by

o _ v [(—dy+idy,  dy+d;
A(k) = (d,o )zay = <—d0 +d d + idy>’ (48)
is then obtained as [49,50]
do(k) =3[y Dk, +) + v Dk, -1, (49)

dik) =Ly Wk, +) — v Dk, —)1. (50)

Equation (50) reflects the result that d tends to be parallel to 7,
as long as the band splitting due to the Rashba SOC is larger
than the superconducting gap, or, in other words, agt; > kgT;
[14,35,36,50]. Since the WCRG works at infinitesimal cou-
pling, and in turn the superconducting gap is infinitesimally
small as well, every finite value for ag will result in d 9.
With other words, the regime where agt; < kg7, is not ac-
cessible within the WCRG approach. This arises from the
fact that we only consider Cooper pairs formed by electrons
with opposite momentum, which must, hence, be from the
same band in the weak coupling limit, i.e., contributions like
Yk, +, —) x {byyb_i_) are strictly zero.

It is important to note here that because inversion sym-
metry is broken by the Rashba SOC, the superconducting
state can be a mix of singlet and triplet states [33,49,50].
Furthermore, the order parameter matrix in spin space is not
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unitary anymore [50]; i.e.,
AAT = d,d" oy + (dod* + did) - . (51)

For the specific system studied here, the Rashba SOC term
enforces a specific structure on the d vector. In particular, it
yields d, = 0, since y, = 0, and consequently there are no
triplet states with zero total spin. Before we apply this theory
to the model in Eq. (1) and present the results, we discuss
an example to demonstrate the implications from the above
equations. Let us consider the simplest case of a pure triplet
state, which is given by v (k, =) = —y D (k, +) = . It
becomes immediately apparent from Eq. (49) that dy = 0O;
i.e., we have indeed a pure triplet state. Now, if we consider
the square lattice with nearest-neighbor hopping and Rashba
SOC, we have

Yo(k) = — 2t1[cos(ky) + cos(ky)], (52)
ye(k) = + 2t ag sin(ky), (53)
vy(k) = = 2tjag sin(ky), (54)
and thus

PhAD) = + o sin(ky) + i sin(k,) (55)

\/ sin?(ky) + sinz(ky)
Yk 1) =~y ) (s

s (ko) + sin? (k)

This is, up to phase factors, a p + ip wave for Cooper pairs
with spin 1 and a p — ip wave for those with spin —1. That
is, the superconducting quasiparticles with spin up have an
edge mode that propagates in one direction, whereas the ones
with spin down propagate in the opposite direction, and thus
preserve time-reversal symmetry. We can conclude from this
consideration that the Rashba SOC term, or more precisley
the relation d ||7, enforces the appearing triplet states to be
helical, and forbids chiral states to appear.

More generally, we can see which mixed states can be
expected to appear. Equations (33) and (34) state that the
vertex function using time-reversal partners has to be even in
momentum, which means that its eigenfunctions, ¥ 7 (k, ¢),
have to transform according to an even irreducible represen-
tation (irrep) of the symmetry group of the lattice. Hence,
on the square lattice, available irreps are A, A,, By, and B,
which correspond in terms of lowest-order lattice harmonics
to (extended) s, g, d, and d’ waves, respectively. Multiplying 7
to those functions to obtain the d vector, as done above, leads
to the following mixed singlet-triplet states:

Ap:s+p,
Ay g+ f,
By:d+ f,
By :d + p,

(57)

where the first term denotes the symmetry of the sin-
glet component (s, d, and g) and the second one the
helical triplet component (p and f). The latter can be

TABLEI. List of low-order lattice harmonics for each irreducible
representation of the point group Dj.

irrep Label Base function

A] s 1

A, Extended s cos(k,) + cos(k,)

A, g sin(k; ) sin(ky)(cos(k,) — cos(k,))
B d=da_p cos(k,) — cos(k,)

B, d =d, sin(k,) sin(ky )

E p {sin(k,), sin(k,)}

E Extended p {sin(k,), sin(ky)}(cos(k,) + cos(k,))
E 7 {sin(k,)(cos(k,) — cos(ky)),

sin(ky)(cos(k,) — cos(k,)))

explicitly expressed as

p: Yk AN =p+ip. Yk I)=p—ip.  (58)

and similar for the f wave. Note that the p wave might cor-
respond both to standard and extended p wave. A list of base
functions for some low-order harmonics is given in Table 1.
Finally, we are left with a technical problem: We know the
form factor, ¥ (k, ¢ ), only for momenta on the Fermi surface,
i.e., ¥ (k, ). However, to calculate the d vector for any given
momentum k, Egs. (49) and (50) demand the form factor of
both helicities, i.e., bands, at the same momentum k, one of
which cannot be on the Fermi surface. To solve this problem,
we extend the form factor to the whole Brillouin zone by fit-
ting a set of lattice harmonics to the respective Fermi surfaces
(details on the fitting process are given in Appendix D).

III. RESULTS

We study the square lattice with nearest- and next-nearest-
neighbor hopping (#; and f,), repulsive on-site interaction
(Up), and Rashba SOC (agt; and agt;). The band structure
of the noninteracting system is thus given by

EkE) =y +&\/vi+w (59)

Yo = —2t1[cos(ky) + cos(k,)] — 41, cos(k,) cos(ky),
vx = +og[2t; sin(ky) + 41, cos(k, ) sin(k, )],
¥y = —ag[2t; sin(k,) + 41, sin(k, ) cos(k,)].

with

The density of states (DOS), p, of the system for next-
nearest-neighbor hopping #, = 0 and #, = —0.3 is shown in
Fig. 2. In both cases the Van Hove singularity splits into
two, one for each helicity. The singularities appear at different
values for the filling, nyy,, for nonzero SOC, given by

HvH, ¢
- / p(e) de, (60)

o0

pie =820 (1 — /1 + o) +4n,/1 + a3, (6])

for { = £1. Note that Eq. (61) is only valid for |f,| < 0.5]#].
The difference between nyy 4+ and nyy — increases with ag, as
shown in Fig. 2.

We discuss the leading superconducting instabilities ob-
tained within the WCRG method as a function of band
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1t /62-03 ar ]

Lo0.6

DOS

1
Filling n

1
Filling n

FIG. 2. Density of states (DOS) of the square lattice with Rashba
SOC as a function of filling n, for different strengths of the SOC, ag.
The second-neighbor hopping is given by #,/t; = 0 (left) and 1, /t; =
—0.3 (right).

filling, n, and for different strengths of the Rashba SOC,
ag € {0,0.01,0.1,0.2,0.35,0.5}. The main difference be-
tween this analysis with and without Rashba SOC is that
in the former case we find the leading instability in helicity
space and need to transform this result back to spin space. In
the following we first give a simple example to demonstrate
how the resulting form factor obtained in the helicity basis,
v (k, ), relates to the d vector in the spin basis. We assume
that we have a pure d,>_,» as the form factor on both Fermi
surfaces, i.e.,

YDk, +) = ci[cos(ky) — cos(ky)], (62)

¥ D (k, —) = c_[cos(ky) — cos(ky)]. (63)

Note that both ’s are even functions in momentum. However,
we still have the freedom to choose different values for the
prefactors c., and this freedom is exactly what enables us to
obtain triplet states, which are odd in momentum, as given by
Eq. (50). Varying c4 smoothly from the value of c_ to —c_
thus yields a transition between a pure singlet state (d,>_
wave) at ¢y = c_ to a pure triplet state (helical f wave) at
¢y = —c_, which is shown in Fig. 3. For ¢, # £c_, we have
a mixed state with singlet and triplet components.

We evaluate the triplet contribution, 7, to the full state by
calculating the average over the Brillouin zone:

Joz &5 () + |dy (k) ) o
Sz = (do ()2 + 1d ()12 + 1dy(K)?)

Note that the integrals run over the entire Brillouin zone; after
the necessary fitting process (see above and Appendix D), the
d vector is given in the whole Brillouin zone instead of just
on the Fermi surface. By construction, 0 < n < 1. The triplet
contribution to the state described in Egs. (62) and (63) as a
function of ¢ /c_ is shown in Fig. 4.

If superconductivity only occurs on one of the two Fermi

=
I

surfaces, i.e., c; = 0 or c_ = 0, we obtain a state which is
half singlet and half triplet (n = 0.5) as shown in the middle
row of Fig. 3.

It is important to note here that 1 just serves as an esti-
mation for the ratio of singlet and triplet contributions to the
full superconducting order parameter, since the denominator
in Eq. (64) does not correspond to the full contribution of AA
given in Eq. (51); it is, however, a good approximation.

We further note that the results from the WCRG approach
often require some higher harmonics to provide a good fit

helicity spin basis
basis singlet triplet
D (k, ¢) do de d,
T T T T T I T T I T I
o L i L JL |
i (¢ )) - - 1F .
SEA d L JL |
L L | L L L1 | | | |
T T T T T T I T I T |
I 1 I | F | L | e | 1 | e | | | J
T T T I T T I T T T |
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FIG. 3. Transition from pure d,>_» wave to pure helical f wave.
This is done by setting ¥ 7 (k, ¢) = ¢, [cos(k,) — cos(ky)] and vary-
ing from ¢, = c_ (top row) via ¢, = 0 (middle row) to ¢y = —c_
(bottom row).

to the superconducting form factor instead of a single lattice
harmonic. Higher lattice harmonics can play a nontrivial role.
Usually, this does not change the physics qualitatively, but the
technical details become more involved (see Appendix D).
Now we have all the tools at hand to discuss the results
obtained by solving Hamiltonian (1). The resulting effec-
tive interactions, U, for f, = 0 and as a function of filling
n are shown in Fig. 5 for several relevant values in the
range 0 < ag < 0.5. First, we see that the overall effective
interaction does not change much with increasing spin-orbit
coupling [Fig. 5(a)]. Two notable exceptions can be observed:
(1) Above the Van Hove singularity, which moves to lower
fillings as ag increases [cf. Egs. (60) and (61) and Fig. 2], one
observes a decrease of U for increasing SOC. This decrease
stems from the accompanied sharp decrease of the DOS as a
function of ay in this region. (2) For fillings in the range n €

1

0.8

0.6
g

0.4

0.2

0 " 1 " | L |

-1 -0.5 0 0.5 1
c4lc

FIG. 4. Triplet contribution, n, to the state described in Eqgs. (62)
and (63) as a function of ¢ /c_.
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FIG. 5. (a) U as function of band filling, n, for different SOC strengths, ag. (b)—(f) Superconducting phase diagrams for selected values
of ag. In addition to Ues vs n, the symmetry of the leading instability is shown. The shaded region indicates the triplet contribution, n U, to
the full order parameter, whereas the pure ratio 7 is shown below the panels. The Van Hove singularities are indicated by dashed lines.

[0.62, 0.85] one also observes a slight decrease of Uy with
increasing og. In Figs. 5(b)-5(f) we show the phase diagrams
for individual values of ag. In particular, Fig. 5(b) corresponds
to the spin-orbit-free case, ag = 0 (see Refs. [38,40]). The sin-
glet part of the superconducting condensate is shown in white
while the triplet part, nU.s defined in Eq. (64), is shown as
a shaded area. Moreover, we show the mixing ratio of singlet
and triplet states, 1, separately in the small panels below the
main panels, Figs. 5(b)-5(f). We note that mixing is forbidden
for ag = 0 [Fig. 5(b)], and here 1 can only take the values
zero (singlet) or 1 (triplet). The phase diagram for ag =0
contains spin-singlet dy,-wave order for small n. Then there
is a small intermediate spin-triplet phase for 0.54 < n < 0.59
with (p, + ipy)-wave order, followed by another spin-singlet
phase with d,2_,>-wave order up to Van Hove filling n = 1.
Turning on Rashba SOC ay allows for mixing of singlet
and triplet phases. Figure 5(c) shows results for ag = 0.1 (be-
ing representative for the entire range 0 < ag < 0.1) where
only small triplet contributions with p-wave symmetry are
mixed into the dy,-wave order for small n. The chiral p-
wave phase for 0.54 < n < 0.59 present at ag = 0 is absent,
the reason for which we explain below in detail. Thus we
are left with two phases with dominant but different d-wave
symmetries. In Fig. 5(d) we show ag = 0.2: while the original
structure of the g = 0 phase diagram is still visible, now sig-
nificant triplet contributions are mixed into the singlet phases
and small singlet contributions into the triplet phase. We note
that the mixing ratio 1, shown below the main panel, takes
arbitrary values between zero and 1, as expected. The mixed
condensates realized for g = 0.2 correspond to d’ + p, s +
p, and d + f [cf. Eq. (5§7)]. Note that the s 4+ p phase, which
corresponds to the chiral p 4 ip phase for ag = 0, is not only
mixed with a singlet s wave, but also the triplet part changes
to a helical p wave, for the reasons outlined above. Figure 5(e)

shows ag = 0.35 where the mixing of singlet and triplet
phases dominates but also the deformation of the FSs due to
Rashba SOC has altered the structure of the oz = 0 phase
diagram at small n. Finally, ag = 0.5 is shown in Fig. 5(f):
here we find many small phases with different singlet-triplet
mixtures. In contrast to smaller values of «g, here we also
detect g-wave order with small f-wave contributions.

Furthermore, we can see from Fig. 5 that for extended
regions the ratio n tends to stay away from zero or 1 with
increasing og; i.e., the mixing of singlet and triplet states
becomes more pronounced for stronger spin-orbit coupling. In
the region n & [0.65, 0.83], however, n increases at first, until
ag = 0.35, and then decreases again for ag = 0.5. Hence,
there is an optimal value for ag for maximizing the triplet
contribution to the dominant singlet state in this region.

In addition to U and the singlet triplet mixture in Fig. 5,
we show in Fig. 6 representative d vectors as contour plots
corresponding to the three different fillings n = 0.44, 0.55,
and 0.9 and to different values of ag. The contour plots re-
veal the symmetry of the irreps, associated with the leading
instability, in the Brillouin zone.

As mentioned before, for ag = 0 the mixing of singlet
and triplet states is forbidden; i.e., n = 0 (singlet) or n = 1
(triplet). As we can see in Fig. 5(c), nU.s tends to zero every-
where in the limit «g — 0, i.e., to the spin-orbit-free case. An
exception is observed in the region where the pure triplet state
is found in the absence of SOC [n ~ [0.54, 0.59], indicated
by the shaded area in Fig. 5(b)].

Here nU. is not approaching U.g for small values of ag.
Figure 5(c), but also other results in the regime 0 < g < 0.1
(not shown here), shows the suppression of the triplet p-wave
phase. This discrepancy has a simple explanation: in the men-
tioned regime we find a (near) degeneracy of two or even
three superconducting instabilities. Minimal deformations of
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FIG. 6. For nonzero SOC the d vector is shown in the form of
contour plots in the Brillouin zone for three relevant values of n and
selected values of ag.

the FS, as caused by small changes of ag, let these almost
degenerate instabilities change their ordering. In a previous
work, we have shown that even the numerical resolution for
evaluating the integrals affects which of the nearly degenerate
instabilities wins (see Sec. IV in Ref. [40]). In Fig. 7 we plot
the leading and subleading instabilities for different values
of ag in the region n = [0.45, 0.58]. This almost degeneracy
persists even for larger values of ag, and we find that in
the regime 0.01 < ag < 0.15 the triplet state swaps position
with another state which is of pure singlet type. The solid
lines indicating U of the competing pairing channels are
extremely close together (note the logarithmic scale), which
causes the abrupt changes from singlet to triplet states or vice
versa. For instance, for g = 0 [Fig. 7(a)] there is a pure
singlet state with d,,-wave order (shown in black) competing
with a pure triplet state with p-wave order (shown in red),
leading to the phase diagram in Fig. 5(b). For ag = 0.01, there
are even three competing instabilities, two pure singlet states
with d,,-wave and extended s-wave order and the previously
mentioned triplet state with p-wave order. While the p-wave
state wins for ag = 0, it loses by a hair split for «g = 0.01 and
0.1 [cf. Fig. 5(c)]. Similarly, up to quite large SOC ap = 0.35
one can observe this almost perfect degeneracy.

Three comments are in order:

(i) This issue of nearly degenerate states and competing
pairing channels is not specific to the presence of Rashba
SOC, but a rather generic problem.

(i1) In fact, “almost degeneracies” are not a problem but
rather a feature: if such degeneracies are sufficiently robust,
they can lead to two-component order parameters. For in-
stance, when a d,,-wave and another dxz,yz-wave state on
the square lattice become (almost) degenerate, they can form
complex superpositions of the type d + id, resulting in chiral,
topological superconductivity. In the present example, even
a highly exotic three-component order parameter of the type
dyy + ap, + Bpy is possible (with o, B complex constants).

(iii) We emphasize that these results were obtained in the
weak-coupling regime; whether or not such near degeneracies
are stable upon increasing Coulomb interactions is less clear

(a)lo-z_ - flljef'fI fnuleffl -
For=0.00 —dy —p]
103 L I

Fog=0.01 ' dyy o s

> —

10‘13 ! .

= 0\» . ! — I ‘{
(@) g2 : — —
102§ocR=0.10 —dyy —s+p§
%
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103 . .

Fog =0.35 ' —'dxy'+pI — s+p]
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FIG. 7. U as a function of band filling, n, for different SOC
strength, og, in the region n € [0.45, 0.58], where the d- and p-wave
dominant solutions are almost degenerate. Partially, also an extended
s-wave singlet state is competing with the former two. In the presence
of SOC, d (p) becomes a d + p (s + p) mixture. The shaded region
(both in red and black) indicates the triplet contribution, 1 U, to
the full order parameter. It is apparent that the almost degeneracy
between the d and p waves in this region persists even for strong
spin-orbit coupling.

and requires further investigations on a case-by-case basis
using other methods.

In summary, the investigation of the nearest-neighbor
square lattice Hubbard model in the presence of Rashba
SOC—being the most paradigmatic lattice model to study—
reveals already a rich phenomenology. We note that the overall
amplitude U and thus the critical transition temperature 7,
hardly changes with varying ag. Spin-singlet superconducting
phases, which dominate the phase diagram in the absence of
SOC, mix with spin-triplet states as ag increases. We empha-
size that the increase of triplet contribution is nonmonotonic in
ag and an optimal value for maximizing triplet contributions
exists.

IV. DISCUSSION

In this section, we discuss the following five aspects of our
work: (i) we benchmark to results in the literature, (ii) we
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FIG. 8. U as function of band filling, n, for #,/t; = —0.3 and
ag = 0.5, in the region n € [0.4, 1]. The shaded region indicates the
triplet contribution, 1 U, to the full order parameter. In the lower
panel we plot 1 as a function of filling n. The Van Hove singularities,
nyy, are indicated as dashed lines. For n < 0.6 we find a mix of g and
helical f waves, for fillings 0.6 < n < 0.624 almost pure helical f
wave, and for n > 0.624 a mix of d,2_» and helical f waves.

briefly discuss the experimental relevance, (iii) we address the
interesting topic of topological phase transitions, (iv) we give
an outlook on what to expect when considering other lattices,
and (v) we briefly discuss how random disorder might affect
our results.

Let us consider nonzero #, in order to study the effect of
longer-ranged hopping on the mixed singlet-triplet states. For
the sake of benchmarking and comparing with results in the
literature [30], we choose the band-structure parameters to be

b/t =—=03, oap=0.5. (65)
In Ref. [30] the very same model was investigated by virtue
of RPA. Note that in Ref. [30] a factor 4 is missing in the
second-neighbor hopping term, ¢’ = t,; this can be confirmed
by comparing DOS plots. According to Eq. (60), the Van Hove
singularities are located at nyy | &~ 0.642 and nyy, ~ 0.874.
The results for Ug and n are shown in Fig. 8.

In agreement with Greco and Schnyder [30], we find a
strong peak of f wave around the first Van Hove singularity,
nyy,1- For lower fillings, until n = 0.6, we find an almost pure
helical f-wave state, which gets then gradually mixed with
g wave (not considered in Ref. [30]) for decreasing filling,
where the f-wave contribution becomes negligible for n <
0.5. Above the Van Hove singularity, n > nyy 1, the f wave
gets gradually mixed with the d,>_,» wave, starting from equal
contributions from both, f and d wave right above nyy | to al-
most pure d,>_,» wave at n ~ 0.832. Starting from this point of
a pure singlet state, decreasing the filling lets us thus replicate
the theoretical study in Fig. 3; i.e., we can adjust the mixing
ratio n gradually by changing the filling n, which is shown in
Fig. 9. The regime below n = 1 is also in Ref. [30] dominated
by d,>_,.-wave order; however, below nyy > the dominating
pairing channel reported in Ref. [30] is a d,,-wave order.
This disagreement might stem from the different interaction
strengths and the methodological differences in both works.
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FIG. 9. Transition from pure d,»_,» wave to pure helical f wave
as a function of the filling n. These are results for #,/t; = —0.3, g =
0.5, and, from top to bottom, n = {0.832, 0.748, 0.656, 0.624} and
n = {0.003, 0.164, 0.5, 1}.

Most recently, the Rashba-Hubbard model with parameters
(65) was also studied in Ref. [31] using RPA. However, they
considered a slightly different band structure, in particular,
without the factor 4 in the second-neighbor hopping term
t,. Thus, their results correspond to #,/t; = —0.075 in our
notation. Given the proximity to #, = 0, we can at least qual-
itatively compare their results to Fig. 5 (f). We both find a
dominant d,>_,» phase in the same doping regime. For smaller
doping they also find a g-wave phase. More interestingly,
Ref. [31] also calculated a singlet-triplet ratio, similar to 5.
Around n = 0.4, they find a dominant triplet phase, which
matches our results. Around n = 0.6, they find an almost
purely singlet state, which we have at around n = 0.65. Given
the small difference in t, between the two works, the agree-
ment is satisfying.

Often unconventional superconductors contain heavy el-
ements, which is favorable for non-negligible spin-orbit
interactions. For instance, Sr,RuQy4 [15], Cu,Bi,Se; [18,19],
and CePt;Si [7,13,17] are the standard candidate materials
for topological superconductivity. In particular, Sr,RuO, was
believed to realize spin-triplet p-wave pairing. Due to recent
experimental progress [16,51] it became apparent that a two-
component spin-singlet order parameter represents a more
likely scenario [52,53]. One of the recent theory proposals
[53] is based on the presence of significant Rashba SOC.

Superlattices with tunable layer thickness provide an-
other example of unconventional superconductivity where
Rashba SOC is important. The heavy-fermion superlattice
CeColns/YbColns [54,55] is such a candidate where inver-
sion symmetry is broken by the modulation of the layer
thickness of the superlattice. In fact, the parameters discussed
above, Eq. (65) and Ref. [30], are motivated by this com-
pound. We would like to emphasize, however, that the aim
of this work is not to model a specific material but rather
to present a principal, thorough study of how Rashba SOC
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affects the superconducting instabilities; therefore, we have
chosen the simplest and most paradigmatic model one can
think of.

The mixing of singlet and triplet phases leads to an in-
teresting point of study: Suppose that the singlet phase is a
gapped phase with zero Chern number or trivial Z, invariant
and that the triplet phase is a chiral or helical gapped phase
such as p 4 ip. Note that a f 4 if phase on the square lattice
is not gapped, since the diagonal line nodes of both f waves
overlap. Then there must be a topological phase transition,
Ne, as a function of mixing ratio n. Of course, this transition
might not be reached if 1 varies between zero and, say, 0.2 or
0.3; but supposing 1 varies from small to large values then
such a transition will occur. We note that from the list of
possible singlet-triplet mixtures, Eq. (57), only the first case,
s + p, represents a scenario where both phases are gapped:
the s wave corresponds to a topologically trivial phase but
the helical p wave is a fully gapped state with nontrivial
Z, topology. Note that a pure s-wave state is suppressed
by the repulsive interaction, Uy > 0; however, extended s-
wave states can still appear. All other scenarios correspond
to transitions from a gapless to a gapped state or between
two gapless states. The former are possibly even more in-
teresting: when a gapless and “gapful,” i.e., a gap opening,
term compete usually the latter wins easily. That suggests that
indeed some of the mixed singlet-triplet states realize gapped,
topologically nontrivial superconductivity. Determining the
exact values n. where such topological phase transitions occur
and the investigation of phase diagrams as a function of 7
will be reported elsewhere. Other lattices, e.g., with hexag-
onal symmetry, might have a richer phenomenology since
the d-wave representations are degenerate and thus prefer to
form chiral singlet states of the type d + id which are fully
gapped.

In this work, we exclusively discussed the square lattice
with its Dy symmetry group. It contains five irreps, four of
which are even (i.e., the basis functions are even in momentum
k) and one dimensional. As stated above, the form fac-
tor in helicity basis using time-reversal partners, ¥ (k, ¢),
transforms according to an even irrep of the point group.
That raises the interesting question of what would happen
if Y (k, ¢) transforms according to an even irrep which
is two dimensional. Such a scenario is possible for the Dg
point group. The simplest example with Dg symmetry is the
triangular lattice. In analogy to Eq. (57), multiplying the even
irreps with the y vector for the triangular lattice leads to the
following singlet-triplet states:

Al s+ p,

A :extended s + p,
Ay i i+ h,
E,:d+{f+Dp)

(66)

The singlet contributions are s, i, and d. (s corresponds to
isotropic, constant s-wave pairing, and extended s to nearest-
neighbor s-wave pairing.) i is an i-wave order with large
angular momentum ¢ = 6 and d refers to the two-component
(dy>—y2 + idyy)-wave order, which is chiral and topologically

nontrivial (Chern number C = 2). Triplet contributions p, f,
and & correspond to helical p-wave, f-wave, and h-wave or-
der. The latter has £ = 5. As for the square lattice, the p wave
includes the standard case but also the “extended” p wave with
additional line nodes. For E,, {f + p} denotes a superposition
of helical p- and f-wave order.

Instead of changing the lattice symmetry, also additional
orbital or sublattice degrees of freedom might change the
picture drastically, since the band index now incorporates
multiple degrees of freedom and the structure of y might
be more complicated. This potentially leads to new types of
superconducting states as well, which cannot appear for a
one-band model.

Finally, we briefly discuss the qualitative effects of disor-
der. To begin with, to treat random disorder is not a trivial
issue and requires advanced methodology that is beyond the
scope of this paper. Nonetheless, we wish to address a few
points regarding disorder. For a superconducting state with a
hard gap, small random disorder can be neglected (as long
as the disorder strength is much smaller than the gap). Once
the disorder strength becomes larger, it was recently shown
that topological superconductors can undergo phase transi-
tions either from trivial to topological phases or vice versa
[56,57]. Many of these transitions can be understood due
to a renormalization of the bandwidth and thus a rescaling
of single-particle parameters. In addition, there might very
well be many-body rescaling effects. More complicated is
the role of random disorder for “gapless” superconductors,
i.e., superconducting order parameters with nodal points or
nodal lines. We expect that within the WCRG framework,
weak random disorder can be seen as a small perturbation.
That is, if the leading and the second-leading instabilities
are energetically close to each other (or even quasidegen-
erate), weak disorder might easily cause a phase transition
from one superconducting state to the other. In contrast, if
leading and second-leading instabilities are well separated
by a large energy gap, the WCRG results are likely to be
robust.

V. CONCLUSION

In this work, we have thoroughly investigated the square
lattice Hubbard model in the presence of Rashba spin-orbit
coupling. We have developed an implementation of Rashba
spin-orbit coupling into the weak-coupling renormalization
group framework, which allows the study of noncentrosym-
metric superconducting states with broken spin symmetry.
These states feature mixing of singlet and (helical) triplet
states, where smooth transitions between pure singlet and
pure triplet states are possible as a function of any system
parameter. While the mixing ratio can change continuously
upon varying such parameters, we are still able to find the
leading superconducting instability in an unbiased way. This
is a major advantage of the weak-coupling renormalization
group method. We also address the issue of how to properly
deal with split energy bands within a “Fermi surface method,”
i.e., a method which restricts paired electrons to momenta on
the Fermi surface, and the transformation from helicity to spin
basis.
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TABLE II. List of symmetry operators, 0= 0, ® Oo ® OS, for
several symmetries. O, denotes the part of O which acts on real
space, i.e., on 7, 0, the part which acts on orbital (sublattice) space,
and O, the one which acts on spin space. Note that for time reversal,
T =T ®7T, ®T,)K, where K denotes complex conjugation. 1 is
the identity. For the systems studied here, O, = 1.

Symmetry 0, Oy
Time reversal 1 —ioy
Inversion -1 ioy

. . e’ 0
Spin rotation around z 1 0 e-ivl
7 rotation around z diag(—1,—1,1) tio,
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APPENDIX A: CONSTRAINTS ON y DUE TO SYMMETRY

The symmetry properties of the given lattice are reflected
in properties of the Bloch matrix 4. We write the Bloch
matrix as

h=1,®yi(k)’.

The orbital (sublattice) space parts, 7,, are elements of a
complete set of N x N matrices, {71, T2, .. ., Ty2}, Where N is
the number of orbitals per unit cell. Note that if N = 1, which
is the case for the system studied in this paper, 7, = 1. The
spin-space part is given by the k-dependent functions y?(k)
and the Pauli matrices o;.

The symmetries of the system pose several constraints on
y, which are obtained by

0h0" =,

(AD)

(A2)

where O is the operator of the symmetry operation. Explicit
representations of the relevant symmetries are listed in Ta-
ble II. The resulting constraints on y due to these symmetries
are listed in Table IIT under the additional constraint of / being
Hermitian.

Note that for N = 1 inversion and time-reversal symmetry
together set y, = y, = y; = 0, whereas time-reversal symme-

TABLE III. List of constraints on y due to symmetries.

Conditions
Yo(—=k) = yo(k),
Vx.)',z(_k) = _Vx,y.z(k)
y(=k) = y(k)

)/x = y} = 0

VO,z(_k) = VO,z(k)»
yx,y(_k) = _yx,y(k)

Symmetry

Time reversal

Inversion
Spin rotation around z

7t rotation around z
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FIG. 10. Diagram ZS [26], where the interaction nodes are ex-
plicitly expanded in all possible configurations. The same can be
done for the diagram ZS' by just switching 1 and 1. Diagrams 2b,
2¢/, 2d’, 2¢’ are in the convention of Refs. [38—40].

try and the existence of a rotation center in the lattice for a
rotation by the angle 7 yields y, = 0. If inversion symmetry
and 7 -rotation symmetry is given, y, = y, = 0, i.e., spin ro-
tation symmetry is also conserved.

APPENDIX B: FEYNMAN DIAGRAMS

In this section we explain why we use the Feynman dia-
grams given, e.g., in the review by Shankar [26] (see Fig. 1),
instead of the ones typically used in the WCRG papers
[38—40] (see Fig. 10). Both of the two variants are equiv-
alent, as the ones in Fig. 1 follow from the ones shown in
Refs. [38—40] taking into account fermionic anticommutation
relations. This is shown explicitly in Fig. 10, where the dia-
gram ZS is expanded in the four diagrams of the particle-hole
channel of the same order (U?), but different momenta (only
the first one starts with 1 on the top right leg, the other three
with 1). Adding the same expansion of diagram ZS', which is
obtained by simply swapping 1 and 1, we obtain all scattering
processes in the particle-hole channel, including fermionic
anticommutation of the incoming particles. This shows that

Izs 4+ Tpg =0 417020 4 7CD 4L 1C) 41 & 1. (Bl)

The advantage of using the diagrams ZS and ZS' is that their
numerical computation is more efficient, since we need to
calculate only two integrals (or a single one followed by the
correct antisymmetrization), whereas for diagrams 2b—2e we
would need to calculate four integrals, which ultimately yields
the same result. Note that without spin-orbit coupling, the four
diagrams 2b—2e can also be obtained by just a single integral;
diagram 2a is not shown here [38,40].

APPENDIX C: TIME-REVERSAL TRANSFORMATION OF
FERMIONIC OPERATORS

This section is essentially paraphrased from Appendix B in
Ref. [50]. We add this here for the sake of completeness and
to adapt the derivation to our notation.

The creation and annihilation operators in the helic-

ity basis, b,t{ and bk{’ respectively, are given by unitary
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transformation of the corresponding operators in the spin ba-
sis, i.e.,

S A L7
bk( = Ve Cp T Ve gy » (ChH
_ 0 {
by = Vg Cp F 06 - (C2)

Using the time reversal of the operators in spin space, which

is given by
AN
T i = + ’ (C3)
Cry —C 44

yields the time reversal of the creation operator bi ¢ as
frt et Lt bty g e et
Tbk; = T(ngcm + ngcu) =Vl — v, c‘_kT. (C4)
Comparing Eq. (C4) with
P bt Lot
b_k( =V Cly TV 0 (C5)

and using the relations 6;(—k) = 6_. (k) and €'+ = —¢i%
yields

bl =Tb, = —ce7 b7, . (C6)

Thus, the phase factor ¢ (k, ¢) is given by
1k, )= —te™™ (C7)

for single orbital models.

APPENDIX D: TRANSFORMATION FROM
HELICITY BASIS TO SPIN BASIS

Here we discuss how to perform the transformation of the
form factor of the superconducting gap function from helicity
basis to spin basis, which is explicitly given in Eqgs. (49) and
(50). Of course, the transformation from helicity to spin basis
is a simple unitary transformation. However, what is usually
a simple task turns out to be a challenging problem for a
Fermi surface method (such as WCRGQG); i.e., the form factors
¥ D (k) are only given on the respective Fermi surface. For
the transformation, however, we need the form factors at the
same k points for both bands, which we do not have. To solve
this problem, we fit lattice harmonics with the same symmetry
properties to each ¥ ") (k¢) and thus obtain the form factors
within the entire Brillouin zone.

However, since we fit a 2D function to a one-dimensional
(1D) manifold, the fit is underdetermined in the sense that
we can produce arbitrary results far away from the Fermi
surface, by including more and more lattice harmonics. This
also means that, including an arbitrary number of arbitrarily
high orders of lattice harmonics, we can always find a perfect
fit with or without a line node exactly between the two Fermi
surfaces, which enables us, in principle, to find a solution in
spin space anywhere between pure singlet and pure triplet
(note, however, that the irrep cannot change). This becomes
particularly easy when the splitting of the Fermi surfaces is
large, i.e., for large values of ag. An example to visualize
this is shown in Fig. 11. Here we see the lowest-order lat-
tice harmonic of the irreducible representation By, f,(k,, k),
in Fig. 11(a), and a combination with a higher-order lattice

T (0 (©)
0 e - |- 4
B . |
T r 0 T -1 0 T -7 0 BLs

FIG. 11. Form factor plots for different lattice harmonics of the
irreps of B of the D, point group. (a) Lowest-order lattice harmon-
ics, given by Eq. (D1). (b) Combination of two lattice harmonics,
[see Eq. (D2)], which produces an additional circular line node.
(c) Projection of (b) onto an example set of spin-orbit split Fermi
surfaces, such that the circular line node lies between them and is
thus not visible.

harmonic, f,(k,, ky), in Fig. 11(b). The corresponding func-
tions are given by

Jalky, ky) =cos(ky) — cos(ky), (D1)
Jo(ky, ky) = —[cos(ky) — cos(ky)]
+ 1.5[cos(2ky) — cos(2k,)]. (D2)

Let us now imagine that we have a state similar to the one
shown in Fig. 11(c), i.e., where we have two Fermi surfaces
separated such that the circular line node in Fig. 11(b) lies
between them, and where the superconducting order parame-
ter has opposing signs on each Fermi surface. Then we could
either use the function of Fig. 11(a) for fitting, which would
yield a dominant triplet state, or we could use the one of
Fig. 11(b), which would yield a dominant singlet state. This is
the problem of ambiguity resulting from fitting a 2D function
to a 1D manifold.

However, from a physical perspective, we implement a
few criteria for the fitting process to avoid ambiguities as
described above; indeed these criteria heavily limit the amount
of freedom for the resulting ratio of singlet and triplet pairing.
These are given in the following, sorted by decreasing impor-
tance:

(1) The form factor should not be much larger far away
from the Fermi surface than on the Fermi surface itself.

(2) We use lower-order lattice harmonics rather than
higher orders. It is often necessary to find a compromise
between low order and low fitting error.

(3) We limit the number of lattice harmonics used for the
fit to a maximum of three, and using fewer where possible.

In the example presented in Fig. 11 above, we would thus
choose to use the function of Fig. 11(a) to fit and obtain a
mainly triplet state, since it uses lower-order harmonics than
the function of Fig. 11(b).

Figure 12 shows an example from our results, where the
form factor transforms according to the irrep A;. We see
that we can fit different functions equally well to the Fermi
surface, which yield drastically different results.

The main results of this paper are, however, not affected.
First, the irrep always remains the same, regardless of the
fitting process; only the ratio between singlet and triplet can
be affected by fitting ambiguities. Second, only for large SOC,
i.e., significant splitting of the Fermi surfaces, it becomes

174512-12



SPIN-ORBIT COUPLED SUPERCONDUCTIVITY: ...

PHYSICAL REVIEW B 102, 174512 (2020)

(1)

Tc T T T
@ N max i 1
_n min I 1 1 1
T i T T ] Tcé T %’ T % i
(b) r . ) b max 1 é é = _ ™
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FIG. 12. Example of the ambiguity of fitting functions and the resulting mixing ratio between singlet and triplet states. Three different sets
of fitting functions are shown as rows (a), (b), and (c). Column 1: form factor of the superconducting order parameter in helicity basis, as given
by the result of the WCRG calculations. Columns 2 and 3: fitted functions to outer and inner Fermi surfaces. The blue line is the function fitted
to the outer Fermi surface, the red line the one fitted to the inner Fermi surface. Columns 4—-6: resulting functions for dy, d, and d,. What we
obtain are different extended s waves mixed with different extended p waves, i.e., the symmetry of the d-vector components is the same in all
three examples, but the nodal lines are very different. In particular, the mixing ratio, i, changes drastically between (a), (b), and (c).

more challenging to handle such ambiguities. Third, when
sweeping through entire parameter ranges (such as phase dia-
grams) it turns out that a single point might still allow for such
fitting ambiguities, but parameter points close by do not. By

adiabaticity we can thus find further evidence in favor of one
of the fitting options. We stress again that the issue of fitting
ambiguities is relevant to any Fermi surface method and not
specific to the WCRG approach.
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