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We study superconductivity driven by screened Coulomb repulsion in three-dimensional Luttinger semimetals
with a quadratic band touching and strong spin-orbit coupling. In these semimetals, the Cooper pairs are formed
by spin-% fermions with nontrivial wave functions. We numerically solve the linear Eliashberg equation to obtain
the critical temperature of a singlet s-wave gap function as a function of doping, with account of spin-orbit and
self-energy corrections. In order to understand the underlying mechanism of superconductivity, we compute the
sensitivity of the critical temperature to changes in the dielectric function €(i€2,, ¢). We relate our results to
the plasmon and Kohn-Luttinger mechanisms. Finally, we discuss the validity of our approach and compare our
results to the literature. We find good agreement with some bismuth-based half-Heuslers, such as YPtBi, and

speculate on superconductivity in the iridate Pr,Ir,O7.
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I. INTRODUCTION

The superconductivity of semiconducting materials has
been experimentally studied since the 1960’s [1]. For most
of these materials, such as diamond and silicon, experi-
mental data and ab initio calculations [2—4] point toward a
conventional pairing mechanism mediated by phonons [5,6].
However, this picture does not seem to hold for some di-
lute semiconductors such as SrTiOz [7-9], PbTe [10], and
bismuth-based half-Heusler materials like YPtBi [11] where
other pairing mechanisms have been suggested [12—-15]. In
various works it is proposed that YPtBi is a three-dimensional
(3D) quadratic band touching Luttinger semimetal [15-17],
where the quasiparticles are characterized by a pseudospin
j= % due to the strong spin-orbit coupling [15,18-20]. It
is predicted that these semimetals exhibit topological surface
states [21]. Also, it was argued that Luttinger semimetals
show non-Fermi-liquid behavior at small doping [22-24],
which makes them prime candidates to study novel phases
arising from the interplay of spin-orbit coupling and electron
interactions [25]. It was recently suggested that Luttinger
semimetals, like YPtBI, constitute a platform for Cooper pairs
of spin-% fermions, including topological superconductivity
[11,15,18,19,26-29].

In this work we study singlet s-wave superconductivity in
doped 3D Luttinger semimetals arising from the dynamically
screened Coulomb repulsion between electrons. An analogous
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pairing mechanism was first proposed by Kohn and Luttinger
in metals [30,31] who found that the screened Coulomb po-
tential has attractive contributions that condense Cooper pairs
with nonzero angular momentum (¢ # 0). This mechanism is
of similar origin to the Friedel oscillations at 2kr, and usually
leads to a small critical temperature. However, if one also con-
siders the frequency dependence of the dielectric permittivity
€(i2,, q), within the random phase approximation (RPA), one
finds a larger critical temperature [12,13] that may account
for the observed 7, in SrTiOs [32]. In that case, contrary to
the Kohn-Luttinger mechanism where the interaction is static,
the critical temperature is obtained for a singlet s-wave order
parameter and the gap function changes sign with frequency
[13,14,33]. The origin of the superconducting instability is
then attributed to the electron-plasmon coupling because the
screened Coulomb potential is negative for frequencies below
the plasma frequency and above the region of electron-hole
excitations [34]. In this approach, most of the studies are
based on a spin-degenerate quadratic band model without
spin-orbit coupling, which is well suited for SrTiO3; [13,32]
but not for Luttinger semimetals like YPtBi [11]. Indeed, it
was recently shown that, compared to a single quadratic band,
the interband coupling increases the long-range screening of
the electric field and reduces the effective plasma frequency
[35-38]. This would weaken superconductivity within the
aforementioned mechanism. This is without taking into ac-
count spin-orbit effects and the smaller self-energy correc-
tions [37] that usually compete against superconductivity.

In Sec. II we discuss and solve the Eliashberg equation
of a Luttinger semimetal with electron-electron repulsion and
compare our results to the case of a single quadratic band. In
Sec. III, we discuss the influence of the frequency and wave-
vector dependence of the dielectric permittivity €(i€2,, g) on
the critical temperature. For this we compute the functional
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FIG. 1. (a) Band structure of the quadratic band touching Luttinger model; the gray plane is at the chemical potential. The upper (red) and
lower (blue) bands are doubly degenerate, and we consider a singlet pairing within each band. (b), (c) Behavior of (b) &, (iw,, k) + xo (iw,, k)
and (¢) Z, (iw,, k) for ry, = 4 with 0 = + in red and — in blue. The Coulomb repulsion mostly affects the single-particle Hamiltonian at the

Fermi energy [here, 0 = — and (iw,, k) = (0, kr)].

derivative 8T, /8€(i€2,, q¢) within a procedure similar to that
used by Bergmann and Rainer in the 1970’s to discuss the
effect of phonon softening in amorphous superconductors
[39,40]. Finally, in Sec. IV, we compare our results to
the experimental observations on superconducting Luttinger
semimetals such as YPtBi, and we discuss the applicability of
our theoretical description.

II. SUPERCONDUCTING PAIRING
A. Model

The behavior of noninteracting electrons at a quadratic
band touching is described by the Luttinger Hamiltonian [17]

N "2 N
Ho = —[(et1 — Sar /DK +ark - —p. (D)

We denote the band mass m and the j = % total angular

momentum operators j= (JAX,JAy,JAZ). This model has in-
version, rotation, and time-reversal symmetry T [15,18,41].
The Luttinger Hamiltonian describes four bands that meet
quadratically at k = 0 [see Fig. 1(a). The upper and lower
bands are degenerate with energy ¢, = o li*k%/(2m,) where
o = =£. The upper and lower band masses, my = m/(xy +
ay), are not necessarily the same. The eigenstates can
be further decomposed in terms of Kramer partners A =
+, |o, A, k) with A = %, such that |o, 4+, k) = 7o, —, k)
[42]. It is convenient to introduce the projection operator
P, (k) on subband o with P,(k) = 1[I + Hy(k)/&, (k)] =
> _ilo, A K)o, A, K|, where & = &, — . This expression
allows us to describe the eigenspinor overlap [15,35-38,43]

Tr[ B, (k + @)Py, (K)] = 5{2 + 0102[3 cos” (B q.k) — 11},
@)

which is central in the description of interband coupling. In the
following, we consider a particle-hole-symmetric spectrum,
where o = 0 and o, = 1, with hole doping such that Er < 0.
We discuss the effect of particle-hole asymmetry in Sec. III.
The bare interaction between electrons is described by
the Coulomb potential Vy(q) = 4me?/(e*q?) where €* is the
background dielectric permittivity. In second quantization, the

full Hamiltonian is

A =Yy Hok)x
k

1
+WZ

s152k1ka,q#0

VO ((])‘/;EI +qs, I//}liz—qsz l//}kzsz I//}klsl s (3)

where we introduce the fermionic annihilation operators
Vs = {Yi32: Y12, Yi—1720 Y —3)2} of the j =3 repre-
sentation.

In the following, we set i = kz = 1. We write energies
in units of the Fermi energy Er and wave vectors in units
of the Fermi wave vector kr. This choice of units allows
us to write all expressions as a function of the Wigner-Seitz
radius r, = me?/(ae*ky) with the constant o = (4/97)'/3 ~
0.52, kr = (37%n)'/3 and where Er = —k,%/Zm < 0 is in the
bottom band. The band structure is particle-hole symmetric
and because we consider s-wave pairing, our observations are
independent on the sign of the Fermi energy [15].

B. Eliashberg equation

The Eliashberg equation [44] of the j = % electrons has
recently been discussed in Refs. [15,18]. They describe the
various pairing channels of Luttinger semimetals and the
corresponding coupling strength due to polar optical phonons
[15]. However, the electronic polarization is only accounted
for approximatively and in the present section we consider
how it can be responsible for pseudo-spin-singlet supercon-
ductivity. Here, the pseudospin refers to the two Kramer part-
ners within a band. We consider that pairing occurs through

the screened Coulomb potential

V (i, q) = Vo(q)/erpa(i%2, q), 4)

where erpa (i€2, q) is the dielectric permittivity in the random
phase approximation. This expression has been computed at
zero temperature in Refs. [35-38] but it should not strongly
differ from that at the critical temperature 7. since T, < EF,
as we shall see. In a Luttinger semimetal, screening at small
wave vectors is stronger than for a single quadratic band [37]
which leads to a smaller plasma frequency and a reduced
renormalization of the quasiparticle properties.
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We rewrite the Hamiltonian (3) in terms of fermionic
operators associated with the eigenstates of Hy, Ckyx =
Zs(k, o, M| Yks) Yks, Where |k) are the states in the original
basis. We consider the normal and anomalous Green’s func-
tions

T '
Go(iwn, K) = —/ dt(Trkor (D)EL,, (0)eT,  (5)
0

A

T
Fy (iwy, K) = —/O dt(TrCko+(T)e-ko—(0))e ", (6)
Here, we denote the fermionic Matsubara frequencies w, =
(2n+ 1)nT with T the temperature and n an integer,
the ordering operator in imaginary time T., the ther-
mal average (...) = Tr(e~ BE _)/Tr(e PH) with fxes(t) =
e ers5e” ™. In Appendix A we derive the equations of
motion of the normal and anomalous Green’s function.

The self-energy X, (iw,, k) of a quadratic band touching
Luttinger semimetal in the normal state was numerically
obtained in Ref. [37]. These expressions are independent
of A and we can thus omit the index XA for the normal
Green’s function (see Appendix A 1). The Green’s functions
are G, (iw,, k) = [Gﬁ,o)(iwn, k)™! — X, (iw,, k)]' where the
bare Green’s functions are Gf,o)(ia)n, k) = [—iw, + & (K)]!
The time-reversal symmetry allows the decomposition of the
self-energy over two functions x, and Z, that are real and
even in w,:

Yo (iwy, K) = Xo’(ia)na K) + iwy[1 — Z; (iwy, K)]. )
Also, because of rotational symmetry, the dependence of
the self-energy on wave vectors is only through k£ = |k|. In
Figs. 1(b) and 1(c) we illustrate the typical behavior of xi
and Z.. This behavior of the self-energy is qualitatively the
same for all values of r;. The value of Z;!(iw,, k) is the
quasiparticle weight and is peaked at the Fermi surface, at
(0, iwy, k) = (—, T, kp). It decreases to unity away from the
Fermi surface, as seen in Fig. 1(c).

The two anomalous Green’s functions F; (iw,, K) describe
two singlet Cooper pairs, one for each subband. The critical
temperature of a superconductor is often determined with the
linearized Eliashberg equation in terms of the gap functions
[13,14,30,33]

¢+ (iwy, k) =

that in the present situation can be decomposed over spherical
harmonics ¢, (iw,, k) = sz Geo (iwy, k)Y, (0, @) as in Refs.
[13,30]. In this work, we instead consider this self-consistent
equation in terms of the barred gap function @,

b iy, k) = kFps iy, k), ©))

such that the linearized Eliashberg equation becomes a sym-
metric eigenvalue equation of the form p¢, = S¢¢¢ (see Ap-
pendix A):

:0(51101 (iwn] > kl)

--%

Wny 02

+ 8(k1 —k2)8m 8010, T~ Koy (10, , k2) } bty (i, ),
(10)

Gy (i, K)GL (—iwy, K)Fi (i, k), (8)

de Iloloz la)nl s kl s la)nz s k2)

where the largest eigenvalue pn,(7') vanishes at the critical
temperature T, i.e., pmax(Tz) = 0

In this work we only study the s-wave (£ = 0) pairing
channel, even in Matsubara frequencies. The electron pairing
interaction in Eq. (10) then becomes

T, = /“kz dg—— @My
o |k —k2| E(i(('()”l - wnz)’ 6])

1 2 +i2 -\
-{2 3(L—=2 T ) —1|}, (11
x 4{ +“1°2[ < 2k, > (In

where Ny = 1/(47?) is the dimensionless density of states per
band at the Fermi surface. The term in curly braces arises from
the eigenspinor overlap in Eq. (2). In Eq. (10), the pairing
potential competes with the kinetic contribution

Ky = (0,2, (iwn, k) + [E5 (k) + xo (i, K>, (12)

This expression contains the renormalized single-particle
Green’s function, which we illustrate in Figs. 1(b) and 1(c).
This depairing contribution is diagonal in Eq. (10), it is also
positive, and has a minimum at the Fermi surface.

The linear Eliashberg equation in Eq. (10) is symmetric
for the canonical scalar product on o = =+, iw,, and k, which
is useful to reduce the number of numerical operations to
solve it. It also allows the use of variational properties of
symmetric equations. For example, for any test function ¢’,
one has ppa (T) > p'(T) = ¢' - §¢' /(¢' - ¢"). The numerical
determination of the critical temperature 7 is thus bounded
from above by its exact value 7. > T.. A similar bound is dis-
cussed in the context of phonon-mediated superconductivity
in Ref. [40]. Another use of Eq. (10) is in the determination
of the sensitivity of the critical temperature to changes in the
dielectric permittivity €(i€2,, q), that is the functional deriva-
tive 8T, /8¢ (iR2,, q), through the Hellmann-Feynman theorem.
A similar calculation is performed in Ref. [39] to obtain the
sensitivity of the critical temperature to the density of states
of phonons. We discuss this last point in Sec. III.

C. Numerical solution

We solve the symmetric linear Eliashberg equation (10)
numerically by decomposing ¢ on its components A ;; on
a grid {vs}sen1,n,) of imaginary frequencies and {kg}qe(1.n,) Of
wave vectors

Pulion. k)= Y AwuwIP(@)0P k).  (13)
se[1,Ny]
de[l,N;]

In this decomposition, we use the normalized rectangular
functions 1'[(Y <)N (w,) and H(z) N (k) that are, respectively,
constant in the intervals w, € [vy, ver1] and k € [ky, kgy1],
and zero otherwise. The asymptotic behavior of the linear
Eliashberg equation enforces that for w, > 1, ¢;(iw,, k) ~
1/w3 and that for k > 1, ¢¢(iwp, k) ~ l/k5 [45]. We thus
complete the grid for w, > wy, and for k > ky, with the

(wn) =
and H((12:)N2(k) = ,/9/(,?,2 /k3. The grid in frequency and in

wave vectors is refined to converge to a stable solution (see
Appendix A 2 c).

normalized asymptotic functions I'I( 6 Ta)?\,I Jw?
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FIG. 2. Critical temperature T, in units of K* = m/(m.e*?)K, as
a function of the Fermi temperature and the Wigner-Seitz radius, for
the Luttinger semimetal (plain) and for the single quadratic band
[13] (gray, dashed). As a reference, we show the Bose-Einstein
condensation temperature 7, for free bosons with effective mass 2m
and density n/2.

With this decomposition, Eq. (10) becomes the matrix
eigenvalue equation
NN

IOAlTlsld] = Z Z Z So'lsldl,az.deon'zSzdzv (14)

=% 5,=1dy=1
where the matrix components are

SUISIdl ,0282d>

Kay+1 dk,

VNG DONG(D S = Bk,
51X Wy s+

Vs, < Wpy < Vsytl

kay+1 dk
x f D oo = SttaBmboen T K)o (15)
ke Akg,

2

where the function Ny(T') counts the number of Matsubara
frequencies in the interval [vy, vy11]. The discrete summations
over Matsubara frequencies, for w,,, w,, < wy,, are obtained
with a linear interpolation of Iy and K over the grid of fre-
quencies {vs}ser1,n,1- We convert this summation to an integral
for w, 2 wy,, an ~ ﬁ f;;l dw. Note that a decomposition

similar to (15) is performed in Ref. [13], but the normalization
factors do not appear explicitly. There, a sum and an integral
are approximated with a Riemann summation that absorbs the
normalization factors without affecting the eigenvalues.

We compute the critical temperature 7. by solving the
equation p(T = T.) = 0 for different values of the Wigner-
Seitz radius. We report our results in Fig. 2 with temper-
atures given in units of K* = (m/m,)/e*?K. We also show
the results for a single quadratic band [13], which we have
reproduced with the aforementioned methodology. In contrast
to a single quadratic band, the superconductivity of a Lut-
tinger semimetal persists in the regime of small Wigner-Seitz
radii. We find a solution down to r;, = 0.01 and the critical
temperature drops below this limit. We observe that the crit-
ical temperature scales linearly, with T./Tr &~ 4.4(4) x 107%.
This can be compared to the ratio found for a single quadratic
band at large ry; where T./TF =~ 0.02 [13].

5 : k‘//{:F

FIG. 3. Gap functions ¢ (iw,, k) (9) on the (a) lower and (b) up-
per band for £ = 0 (s wave) and r;, = 5, they are normalized such that
¢_(inT,, kp) = 1/(wT,)*. The peak at k = k; indicates that pairing
mostly occurs at the Fermi surface.

D. Structure of the gap function

In Figs. 3(a) and 3(b) we show the components ¢ of the
gap function (9). The gap function has a larger weight close
to the Fermi surface, for 0 = —, k = kr, and small w,. At
k = kr the gap function ¢_ changes sign as a consequence
of the repulsive nature of the Coulomb potential and this
change of sign is also present for ¢_ in Eq. (8). We note
that, at fixed k, the gap function ¢_ does not change sign
as a function of the imaginary frequency in contrast with the
gap function in a single quadratic band [13,33]. Interestingly,
the contribution of the gap function on the upper band ¢, is
non-negligible away from (w,, k) = (0, kr) and the sign of
@, is opposite to ¢_ for k > kr. The opposite sign of the gap
function on the two bands reminds observations of opposite
s-wave order parameters on electron and hole bands in FeSe
[46,47]. In Fig. 5 in Appendix A 2c we plot the ratio of ¢,
and ¢_ to further show the importance of ¢, . In absence of the
contribution on the upper band, i.e., when setting ¢, = 0, we
do not find a critical temperature above the lowest temperature
T/Tr ~ 1073, achievable with our numerical accuracy (see
Appendix A 2c). This indicates the importance of interband
coupling due to the spin-orbit interaction in the present mech-
anism of superconductivity.
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E. Superconductivity from polar phonon screening

The superconductivity of Luttinger semimetals mediated
by the Coulomb repulsion was first discussed in Ref. [15]
in the context of the superconductivity of YPtBi. There,
corrections to the electronic self-energy are neglected and the
Coulomb repulsion is mediated by the dynamic polarization
of optical phonon modes:

€0 — €00 q%‘F (16)

€(i, q) = €0 + ———— .
(2. 9) I+ ¢

This dielectric function accounts for the screening by polar
phonon modes of frequency wr [48], and the electronic
screening is described by the Thomas-Fermi wave vector
q%F = 2exrs/m [6]. The authors in Ref. [15] compute the
critical temperature with a pseudopotential approach [45,49]
where the characteristic frequency w. equals the phonon
frequency wr. In this kind of approximation, emphasis is
put on the retardation of the pairing potential, that is, on
its frequency dependence below and above a characteristic
frequency w,. Using their approximate expression for 7, and
sensible values for YPtBi [50] we evaluate 7. < 0.01 K for
s-wave pairing in YPtBi, which corresponds to 7. /T < 4 x
1075, This is consistent with our full numerical solution of the
Eliashberg equation with the dielectric function (16), with and
without the self-energy corrections. Indeed, we do not find
any solution above the lowest temperature achievable with
our numerical accuracy, which corresponds to T /Ty ~ 1073
(see Appendix A 2c).

The previous calculations show that the superconductivity
from the Coulomb repulsion in Luttinger semimetals strongly
relies on the interband coupling and on the screening mecha-
nism. At large 7y, the critical temperature is much smaller than
for a single quadratic band but extends to small values of the
Wigner-Seitz radius, down to r; & 0.01, due to the interband
coupling. Even so, we compute a critical temperature about
two orders of magnitude larger than with optical phonon
modes [15]. In the following, we make use of the symmetry
in Eq. (10) and explore how each component (i2,, q) of
€rpa (€2, q) in Eq. (4) affects the critical temperature.

III. SENSITIVITY OF THE CRITICAL TEMPERATURE
TO SCREENING

The observed differences between the critical tempera-
ture of a single quadratic band and of the quadratic band
touching Luttinger semimetal come from the wave-function
overlap and the effect of interband coupling on the screening

J

_ Vo@No
T, €2(ip, q)

dp
3e(i2), q)

@y Wy >0
0102

1 B+ — g
2 gLt ™2 7
x {4( +Gm[ ( 2k

function egpa (€2, q) (4). They both reduce the pairing poten-
tial, leading to a smaller critical temperature compared to a
single quadratic band in the regime of large r;. However, the
larger screening of the Coulomb potential also reduces the
importance of the self-energy and allows for the observation
of superconductivity at smaller values of the Wigner-Seitz
radius. In order to further discuss the underlying mechanisms
of superconductivity, one can explore the sensitivity of the
critical temperature to changes in the dielectric permittivity.

As illustrated in the previous section, the critical tem-
perature of a superconductor relies on an integral equation
(10) over all the components of the dielectric permittivity
€(i2,, g¢). If one changes €(i2,, g) by 8€(i€2,, g), then the
change in the critical temperature AT, is

5T,
AT, =2nT dg ———68€(iQ2,,, q). 17
g ;/ Vseliy, ) Cm®- (UD

The functional derivative §7;/8¢€(i€2,, g) measures the sensi-
tivity of the critical temperature to screening, and it is large
for components (i€2,, g) responsible for the superconducting
condensation. A similar quantity is defined in the context of
the electron-phonon mechanism of superconductivity [39] to
discuss the optimal phonon spectrum for the largest critical
temperature [40,51]. Note that in Eq. (17) we consider the sen-
sitivity of the critical temperature to the dielectric permittivity
for imaginary frequencies. As such, its physical interpretation
is not straightforward but it is related to the behavior at
real frequencies by the continuation i€2 — @ + i0™ and thus
shows similar characteristic behavior. We account for this
aspect in our discussion.

Since p(T.) = 0, the functional derivative §7./5¢(i2,, q)

satisfies the relation
ap
T=T. oT

which simplifies its numerical evaluation. Here, p is the
maximal eigenvalue of the Eliashberg equation (14) from
which 0p/0T |r—r. can be numerically approximated. Also,
because Eq. (10) is symmetric, we use the Hellmann-Feynman
theorem to write

sp _ & - (8S/8€(i, )¢
8€ (i, q) )

where ¢ is the eigenvector corresponding to ppay (T = T,.) = 0.
For a normalized eigenvector the expression is

oT. . 3p
8e(iQ,q)  8€(iQu, q)

, (18)

T=T.

, 19)

o0
X:/ dkidkyo, (iwn, , k1) b, (iwny , ko)
0

2
) - 1:|>Q®(kl + k2 - 61)@(61 - Ikl - k2|)5p,n17n2

— 8(ki — k2)8ymy,00m 20" (0 Zer, (i0ny, k2) G (i (ny, — 2p). k2, q)

—[&n@Q%+XQ(MMykﬁ]GgKKwM——Qp%kaﬂﬁ)}4—UQP—>—JQPL (20)
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FIG. 4. Functional derivative 67, /8€(i2,, q) of the critical temperature over the dielectric permittivity at r, = 20 in percentage of 7. /€*
(a) for a single quadratic band and (b) for the quadratic band touching Luttinger model. The black line is the dispersion relation of plasmons
and the white dashed lines are the branches of the particle-hole excitation diagram. These lines are a guide to the eye since they are computed
for real frequencies. These figures indicate that the critical temperature is mostly sensitive to the long-range screening from plasma oscillations,

and from the static scattering at 2kg.

where G\ and G are coupling factors computed in Ap-
pendix C and ©(x) is the Heaviside step function. The last
term in Eq. (20) appears because we consider a gap func-
tion even in frequency (¢ =0) and because €(—i2,,q) =
€(i2p, g) [52]. This functional derivative includes the effect of
the dielectric permittivity on both the pairing potential and the
single-particle self-energy of a Luttinger semimetal. A similar
expression is obtained for a single quadratic band by removing
the wave-function overlap. We compute the derivative (20)
numerically with a procedure similar to that presented in
Sec. IIC.

In Fig. 4 we show the functional derivative 87, /8¢ (i€2,, q)
in percentage of T./€* for (a) the single quadratic band and
for (b) the quadratic band touching Luttinger model. The
screening mechanisms that act positively (negatively) on the
critical temperature are in red (blue). For example, the change
of sign of 67./8€(i2,, q) from positive below g = 2kr to
negative above it indicates that increasing the discontinuity in
the static dielectric function at 2kr increases the critical tem-
perature. This is a signature of the Kohn-Luttinger mechanism
of superconductivity [30] which relies on the discontinuity of
screening at 2kp. This mechanism happens for the two band
structures under study but it becomes negligible for larger
values of r, for a single quadratic band, where the plasmon
mechanism of superconductivity dominates [13]. The signa-
ture of the plasmon mechanism appears in Figs. 4(a) and 4(b)
for small values of ¢ and at finite Matsubara frequencies. For a
single quadratic band, in Fig. 4(a), the sign of §7;./8¢(i2,,, q)
is consistent with an increase in the critical temperature
from an increase in the plasma frequency w, in the optical
permittivity €y(i€2,, g =0) =1+ wlz,/ Qﬁ [6]. On the other
side, in a Luttinger semimetal, in Fig. 4(b), the sign of
0T./8€(i2,, q) is opposite, with a strong negative contribution
above the plasma frequency. We associate this behavior to
the interband coupling that strongly increases the dielectric
permittivity at the onset of interband transitions, at w = 2EF,
and is responsible for a decrease in the plasma frequency of
Luttinger semimetals [37,38]. Thus, an attenuation of inter-
band transitions would increase the plasma frequency, while

it would also increase the critical temperature. This increase
in the plasma frequency can, for example, be obtained for a
lighter upper band when «, > 0 in Eq. (1) [37,38]. Finally,
we observe in Fig. 4(a) that the critical temperature of a single
quadratic band strongly decreases for an increase in the short-
range (large-g) static screening. This effect is suppressed in a
Luttinger semimetal, in Fig. 4(b), because of the weakening
in the static repulsion due to the spin-orbit form factor in the
averaged Coulomb potential in Eq. (11).

The superconductivity mediated by the screened Coulomb
repulsion is thus mostly sensitive to plasmons and to the
discontinuity of the dielectric function at 2kr. The plasmon
mechanism occurs for larger values of r; and because the
plasma frequency of a single quadratic band is larger than a
Luttinger semimetal [37], it also has a larger critical tempera-
ture for larger Wigner-Seitz radii. In Luttinger semimetals, the
spin-orbit correction (2) plays a non-negligible role because
it is responsible for the interband coupling that competes
with the plasmon mechanism while it also weakens the short-
range repulsion. Our observations for the superconductivity of
Luttinger semimetals could translate to Dirac band structures
because of the strong interband coupling [53] but which is
neglected in Ref. [14].

IV. DISCUSSION

We can analyze the applicability of our description to
the superconductivity of some candidate Luttinger semimet-
als such as the bismuth-based half-Heuslers YPtBi, YPdBi,
LuPtBi, and LuPdBi [16,19,54-56]. The critical temperature
of these materials is in the range T, = 0.7-1.5 K for a car-
rier density n ~ 10" cm~3, a band mass m/m, =~ 0.1-0.3,
and a background permittivity that can be roughly estimated
to €* &~ 20 [57-60]. This corresponds to r; & 0.5-1 and
T./Tr ~ 2-8 x 10~* which is within the order of magni-
tude of our calculations, where T,./Tr =~ 4.4(4) x 10~*. Thus,
within the present mechanism of superconductivity, we ex-
pect that the gap function of these materials is a singlet
s-wave order parameter. This stands in contrast with the recent

013230-6



SUPERCONDUCTIVITY FROM COULOMB REPULSION IN ...

PHYSICAL REVIEW RESEARCH 2, 013230 (2020)

proposition that YPtBi is a line-node superconductor from
indirect evidences like the behavior of its magnetic suscepti-
bility with temperature [28,61]. However, this interpretation
of the measurements is arguable due to the small value of
the lower critical field B.; [62]. Moreover, YPtBi shows
deviations of its upper critical field B.,(T) with tempera-
ture [58,63,64] which are not explained with the assumption
of nodal superconductivity [58]. These discrepancies may
come from the approximation of a contact pairing poten-
tial used to compute B, (T) [63-65] which is questionable
for the Coulomb potential and call for further theoretical
investigation.

There is also evidence that the pyrochlore iridate PryIr,O;
[66,67] is a Luttinger semimetal with a carrier density n ~
108 cm—3, a band mass m/m, = 6.3, and a background di-
electric constant €* ~ 10, such that r, ~ 10-15 and Tr ~
8 meV. This material was studied down to 30 mK [68] without
any report of a superconducting behavior. Our model suggests
that this is due to the very small Fermi temperature of this
material. Using our result 7./Tr &~ 4.4 x 107, we propose
that it would be superconducting below T, &~ 40 mK. The
critical temperature can be lower because superconductivity
would presumably compete against magnetic interactions in
Pr21r207 [68]

These comparisons to experiments should, however, be
treated with caution. First, one can question the validity of the
Luttinger model for small and for large doping. Indeed, for
a smaller carrier density (large ry) the Coulomb interaction
may lead to a non-Fermi-liquid behavior [22-24] and to an
interaction-driven topological insulator [69]. However, this
regime with small carrier density appears difficult to ob-
serve experimentally, even in Luttinger semimetals with small
Fermi temperatures such as the pyrochlore iridate Pr;Ir,O;
[67]. At large doping (small ry), the validity of the k- P
Hamiltonian (1) is questionable because other bands might be
involved. And thus, even if we find T, /TF ~ 4.4 x 10~* down
to ry &~ 0.01, we expect strong deviations from this relation for
large values of Tr.

A second reason for caution is that in this work we
only partially consider the coupling of electrons to phonons
[5,70,71]. The competition of the electron-phonon coupling
and the electron-electron repulsion is a long-standing issue
where the Coulomb potential is usually evaluated as a per-
turbation [72,73]. In YPtBi, superconductivity due to the
electron-phonon coupling [11] and the polar-phonon mech-
anism [15] would happen for a critical temperature T, <
10~3 K which is much smaller than in the present theory and
in the experiments, where 7, =~ 0.7-0.9 K [57-60]. This sug-
gests that the electron-phonon coupling only affects the crit-
ical temperature perturbatively in YPtBi and we thus expect
no isotopic effect for this material. However, this observation
cannot be generalized to all Luttinger semimetals and further
work is needed to understand the situation where the electron-
phonon coupling and the Coulomb repulsion compete [74,75].

Another limitation of the present description is that we
neglect local-field corrections to the Coulomb potential, as
described by vertex corrections [76—79]. Here, the amplitude
of such terms cannot be simply related to the ratio of some

characteristic frequency to the Fermi energy, as in Migdal’s
theorem [80]. This was discussed in the context of super-
conductivity from Coulomb repulsion in a single quadratic
band in Refs. [34,81-84], where vertex corrections renormal-
ize the critical temperatures for intermediate values of the
Wigner-Seitz radius [84]. Similar behavior may also happen
for Luttinger semimetals, but an explicit expression of the
vertex corrections is currently missing.

V. CONCLUSION

We have investigated the superconductivity of the three-
dimensional quadratic band touching Luttinger semimetal
from the screened Coulomb repulsion. We have derived a
symmetric form of the gap equation at the critical temperature
and solved it numerically. The critical temperature is linear
with the Fermi temperature T,/Tr & 4.4(4) x 1074, and ex-
tends to small values of the Wigner-Seitz radius, which is not
the case for a single quadratic band. We used a variational
principle of the gap equation to compute the sensitivity of
the critical temperature to changes in the dielectric function
€(i€2, q). It shows the importance of plasmons and the discon-
tinuity of the dielectric function at 2k in this mechanism of
superconductivity, for both the single quadratic band and the
quadratic band touching. The critical temperature we find is
in the order of magnitude of some superconducting Luttinger
semimetals, like YPtBi. Finally, we use our results to propose
that the pyrochlore iridate Pr,Ir,O; may be superconducting
below T, ~ 40 mK.

There are multiple extensions to this work, such as describ-
ing the influence of the electron-phonon pairing on the critical
temperature, determining the effect of asymmetric electron
and hole masses [38] or introducing vertex corrections in
the dielectric function. One could also study how the s-wave
gap function competes with the other, anisotropic, supercon-
ducting order parameters proposed for Luttinger semimetals
[15,18,19]. In the context of the mechanism considered in
this work, the structure of the Eliashberg equation for su-
perconducting order parameters beyond s wave was recently
discussed [85]. It was found that spin-orbit coupling could
lead to an enhancement in the £ = 1 channel for instance. A
numerical calculation will be needed to identify the preferred
channel. Finally, because the magnetic response of supercon-
ductors is usually computed by assuming a contact pairing
potential [63-65], it is worth considering how accurately it
applies to pairing from the Coulomb repulsion.
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APPENDIX A: ELIASHBERG EQUATION FOR SINGLET
SUPERCONDUCTIVITY

In this Appendix we derive the Eliashberg equation due
to the electron-electron repulsion with account of screening,
self-energy corrections, and for a pseudospin-singlet pairing,
i.e., with opposite Kramer partners within a band. Because
of rotation symmetry, the Eliashberg equation can be de-
composed on the spherical harmonics Y, ,,(6, ¢) and in the

J

1

main text we only discuss the situation where £ = 0 (s-wave
channel).

The eigenstates |0, A, k) of the Hamiltonian H, (1) define
the fermionic operators Cxor = Y (0, A, K| Vi) Vs, where
o = % indicates the upper or lower subband, A = £ the
Kramer partners within a subband, and s = {%, %, —%, —%}
indicates the eigenvalues of J, for the j = % fermions. In this
basis, the normal-ordered Hamiltonian is

A=Y &0, 0m+5=Y. Y. Y Vol@)osraki + qloirik) (oshaka = ql0222k2)eL oo Ch gorn, ChaoataChionia -

2V
koA 47#0 ky01 71 koo 12

0’3)\3 J4A.4

(A1)

We consider the equations of motion of the Green’s functions G, (t, p) = (T, Cpor(T )é;m 0)), Fy (7, p) = (T, Cpo+(T)C_po—(0)),

and F(t,p) = (T,éipa

d
(a + ‘i:a(p))GaA(T» P)
T

_(r)é;a +(0)) for singlet superconductivity

=8(1)= Y _Volg) Y (orplo’X'p+ q){o1hikloakok — qTLé],  (1)k—qorir (Teprqon (TIED; (0).,  (A2)

=— Vol@) Y (04 plo’Ap+ @) (o1hiKlo2dok — Q)Tr&l,, , (T)ek—qoyn (T)epraon (T)Epo—(0)).  (A3)

q#0 Kkojor0’
Aphal
d
— + &) (T, p)
at
q#0 koioy0"
A

The retardation effects are included by deriving the time evolution of (Tf 61271 " (T)Ck—qo, Az(r)@) in the random phase
approximation (RPA). This is similar to the retardation effects from the electron-phonon coupling [70]. The detailed calculation

can be found in Appendix B and leads to

Vo(@) D (o1hikloahok — @)(T2 (1) qou, (1)O)

kO']O'z
)L])»l
_ l l AT INA NA
= / dr'V(r =1, q) Y _ (o1hikloadok — q)(Tre), ; (7)ek_goy, (t)O), (A4)
koon
AlAp

where V (7, q) is the screened Coulomb potential. After including this retardation effect in the four-operators Green’s functions,
we decompose them over the normal and anomalous Green’s functions with Wick’s decomposition. For example,

> (oaplo’X'p + q){o1hik|oadok — @)(Teé),  (T)ek—gori (T)epigora (1)), (0))

ko020’
A
= (Z [(@Aplo2'p + @) Eémaw(r)é;ﬂw(r/») (Trepo (t)E},, (0)) (AS)
o'\
=D (ompla' NP + @) (0%, —plo’ X —p — Q) (Tré_p g0 (TNeprgorn (DN T8, (0 (2), (A6)
o'\
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where A = —A. The index A =+ describes Kramer partners so, because the system is time-reversal symmetric, one has
(oAplo’A'P + @) {0k, —plo’A'—p — q) = |{oAplo’A'P + q)|* and

3" (0aplo’x'p + @) (010 Kloadok — @)(Tell, (7)o qosia (T)epraon (DD, (0))

Kkoj0y0"
Ada )

= (Z (o 2plo’2'p + @)*Gorr(r — 7/, p+ q)) Gor(t/,p)— Y _ [{oAplo’A'p + Q) Fp (' (x — T'), X (p + @)F; (AT, Ap).
o'\ Y

(A7)
The equations being time-reversal and inversion symmetric, one can consider different anomalous Green’s functions with even
or odd parity in either time and wave vector

Fo(7,p) = (=) F,(=t,p) = (=)™ F, (-1, —p), (A8)
with 77, ; € {0, 1}. Then, the anomalous Green’s functions in the last line of Eq. (A7) are
Fpr(W(t =), M(p+q)=2"""F:(t —7',p+q) (A9)

and the summation identically vanishes if 77 4 7; is odd. A nonzero gap function must be either even or odd for both time and
space, and in the following we only consider the situation of an even gap function (i.e., 77 = m; = 0).

We replace these Wick decompositions in the original equation which we also Fourier transform over Matsubara frequencies
w, = Q2n+ )nT:

Goi(t1 =12, P) =T Y _ G iy, ple ™7™, (A10)

Wy

Fo(ty =12, p) =T Y F,(iw,, ple "7, (Al1)

Wy

This leads to the following set of equations:

(—iw, + &, (P))Gor(iw,, P) = 1 — X5y (iwy, P)Gorliw,, p) — Ag (i, p)Fg*(iwn’ p), (A12)
(=i, + & (P)F5 (iw,, P) = —Xo 4 (iwy, P)o (iw,, P) + Ay (iwn, P)Go—(—iw,, —P), (A13)
(—iw, — E(r(_p))F:(iwm p) = Zo_(—iw,, _p)F:(ith p) — AU (iwy, P)Goy(iwy, P), (A14)

where we have introduced the normal and anomalous self-energies

Sonlion, p)=—=T > V(i@ — on), Qo Aplo’A'P + @)1’ Gory (iwm, p + @),

qAO0w,o' )

A(r (lwn» P) =-T Z V(l(a)n - wm)s Q)|<U)»P|U,)\/P + q>|2Fa’(ia)ma P + q),
q#O0w, o'

A (i, p)=—T Y V(ilwy— on). Qlorplo’x'p + Q) *F} (i, p+ q). (A15)
q#Ow, o'\

with V(i€2,, qQ) = Vo(q)/€(i2,, q) the screened Coulomb potential.

In the following, we write the expression for the normal and anomalous self-energy that we consider throughout our work.
There, we study the phase transition from the normal to the superconducting phase, that is the temperature 7 = T, beyond which
the anomalous Green’s function F, vanishes (F, = 0).

1. Self-energy in the normal phase
In the normal state (F,, = 0) the normal Green’s functions are
Gy (ion, P) = =i, + & (D) + Zos(iwn, P, (A16)
where the self-energies in the normal phase are
Vo(q)

s Gwn, p) = =B Y —=—|(orplo'Np + Q)P GL) (i(wy — Q). P + @) (A17)
0 Q)
N —1 Vo(q) 5 b (NO)
~—2B) Y o =Tr(B (p)Pr(p + @G (i(wn — ), P+ Q) (A18)
g €S0 @)
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with the bosomc Matsubara frequencies 2,, = 2mn T with T the temperature and m an integer. In the last line we have
approximated G (zwn, p)~ G(N‘))(za),, p) = (— iw, + £,(p))~' which is independent of the index A. We have discussed
this expression of the self-energy for real frequencies in Ref. [37] and with the same approach we compute its behavior for
imaginary frequencies in Figs. 1(b) and 1(c). There, we decompose the self-energy over two real-valued functions Z; (iw,, p)
and x (i, P):

X (iwn, P) = Xo (iwn, P) + iwp(1 = Z; (iwn, P)). (A19)

2. Anomalous self-energy

The anomalous Green’s functions satisfy

Fa (iwns P) = [_lwn + ‘i'-n (P) + Za+(iwns p)]_lGo—(_ia)m _p)Aa (iwn’ P), (AZO)
where the anomalous self-energy is
Aglion, p)=—T Y V(iw, — on), Qo Aplo’ XD + @) *Fy (iwm, P+ Q). (A21)
o' N @y, q#0

Close to the critical temperature, one can neglect the amplitude of the anomalous Green’s functions F, ~ 0. The normal
Green’s functions can also be approximated with their normal-state behavior that we have discussed in Ref. [37]: G,; (iw,, p) ~
G™N)(iwy, p). This leads to the linearized Eliashberg equations that we discuss in the next subsections and that we transform to
have it symmetric.

a. Linear Eliashberg equations
Near the phase transition 7 = T, we expand Eq. (A20) to the lowest order in F,:
F(l] (ia)n, ) kl) = _G(r] (ia)nl ’ kl)Gal (_iwn] ) _kl)T Z Z 1(7](72 (ia)nl ’ k1 5 iwnz s kZ)FUz (ia)nz s k2)a (A22)
Wn, 02Ky
where the coupling between electrons in a pair is described by
Vo(lki —kol) 1
e(i(a),,l — (,()nz), k1 — kz) 2
This equation is similar to that developed in previous studies on the superconductivity mediated by plasmons [13] up to the
spin-orbit form factor %Tr(P(,l (k)P (ka)).
We introduce the gap functions ¢, (iw,, k) = G, ! (iw,, K)G, ! (—iw,, —K)F, (iw,, k) for which the linearized Eliashberg
equation writes

Lo\, (i, K13 iy, ko) = Tr (P, (k1) (K2)). (A23)

Ia o (lwn s kl 5 iwno» kZ)
bo, (ion, K1) = =T L 2 Go, (i, K2). (A24)
‘ wz Xk: (0n Zos (100, K2))” + [0 (k) + Ko (i0my k)|

Due to the rotational symmetry of the noninteracting Hamiltonian and of the Coulomb interaction, the electron-electron coupling
Iy, 0, (iwy,, K1, iwy,, ky) depends on k; and k; through their norms k; = |k, |, k; = |k;| and their relative angle 6y, x,. This allows
to decompose the gap functions over the spherical harmonics Y;,,(0, ¢):

o (10, K) =Y Gtmo (i0n, k)Y (0, ), (A25)
tm

where 0 is the angle between k and the z axis and ¢ is the angle between the projection of k in the xy plane and the x axis. The
Eliashberg equation is degenerate on the index m and the equations for the components ¢, are

IZ(r](rz (ia)n, 5 kl 5 ia)l‘lg’ k2) .
¢£cf (la)n ) kl =-T ¢ZU (la)n ) k2) (A26)
S @2&);2 kl (O Zo (i0ny> @)’ + [E0r(@) + Yo (i0mo )]

with

ki+ky k2+k2_q2 1 k2+k2—q2 2 qVo(q)Ny
Ligyo, (i, K1y ion,, k2) = dqP, ¥)— 24 3(¥>—1 . (A27
1010, (in, , k13 10, K2) /kl_k2 q z( T 1 010, T ((wn —on). 0) (A27)

and where Ny = 1/(47?) is the density of states per band at the Fermi surface. This equation is similar to that derived by Takada
in Ref. [13] and accounts for the spin-orbit corrections of a Luttinger semimetal, as in Ref. [15]. In practice, we consider a gap
function even in frequency, following our comment after Eq. (A7), and we can symmetrize the equation to have the summation
over positive Matsubara frequencies. This choice necessitates that the gap functions are even in momentum, which excludes odd
spherical harmonics. We observe that in Ref. [13] the author finds solutions for a singlet gap function, even in frequency and with
£ =1 (p wave) but it seems that the parity considerations in Eq. (A8) were omitted in his derivation of the Eliashberg equation.
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FIG. 5. Proportion of |¢, (iw,, k)| in percentage of |¢_(iw,, k)| + |@ (iw,, k)| for £ = 0 (s wave) and (a) r;, = 1, (b) r, = 5,and (c) r, = 15.
The components of ¢, that dominate over ¢_ are above the gray plane, at 50%, and this happens away from the Fermi surface where k = kr
and w, ~ 0.

The numerical treatment of this equation was discussed in Ref. [13] where the gap function is made discrete over iw, and
k, such that for w; < w, < wgy and kg < k < kgi1, Poe(iwy, k) = Age(s, d). The equation then resembles to an eigenvalue
equation

MT)A, =M, - Ay, (A28)
for which we determine 7, by searching for the temperature where A(7') = 1.
b. Symmetrized linear Eliashberg equations

In the main text we used a different formulation of Eq. (A26). We have performed the transformation

k

buo (iwy, k) = , - beo (i, k) (A29)
‘ (@nZs (i, k) + (£ (K) + xo (i, )P
so that we instead have the following eigenvalue equation, with o(T = T.) = 0:
[0 ]
,Ofi;la, (iwnl s kl) = - Z/ de{Ilalaz (ia),,] s kl; ia)np k2)
0
Wny
- . 2 . 2V r o .
+ anlnzaklkz(smazT 1(((0”22,72 (ka lwnz)) + [Eaz (kZ) + Xaz (k27 lwnz)] )}¢Eaz (lwl’lz’ k2) (A30)

The asymptotic behavior shows that the parameter p satisfies p(T) ~ —1/T asT — O and p(T) ~ —T as T — oo. Thus, the
largest possible eigenvalue p(T') at a fixed temperature vanishes at the highest critical temperature [39,40]

pmax(T =T¢) = 0. (A31)

Equation (A30) is symmetric when permuting the indices (o7, iw,,, ki) <> (02, iw,,, k2). Thus, for any trial gap function @', one
has the following variational principle:

Pmax = @' - 8¢/ (8- ") = 1, (A32)

where pd, = S, represents Eq. (A30). The scalar product refers to the canonical scalar product on indices (o, iw,, k). This
inequality implies that any critical temperature 7' one computes numerically with Eq. (A30) is bounded from above by the
analytic solution 7. > T'. This formulation is helpful when computing the variational derivative of the critical temperature over
€(i2,, q) due to the Hellmann-Feynman theorem (see Sec. III).

c. Grid and asymptotic behaviour

The numerical solution of the symmetrized linear Eliashberg equation is obtained by decomposing the gap function over a
grid in frequencies and wave vectors (see Sec. II C). We have refined the grid points in order to obtain a stable solution for the
critical temperature. The eigenvalues p(7") are computed using a C implementation of the LAPACK library (Intel MKL). It is
worth mentioning that we are limited by the precision of the numerical variables, which are double precision, and we observe
numerical errors for temperatures below T /Tr ~ 1075,

The two components ¢ of the gap functions are accounted for. We observe that ¢, is non-negligible away from k ~ kr and
small w, as depicted in Fig. 5. This is because both the s-wave pairing potential (11) and the kinetic energy (12) are almost
independent on the band index o for k far away from kr and large frequency. In the case of non-s-wave pairing channels, which
we do not consider in this work, the contributions of the two bands may be asymmetric due to their respective helicity [15].
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FIG. 6. Asymptotic behavior of the gap function for (a) large frequencies for different k/kr and for (b) large wave vectors for different
w,/EF, for £ = 0 and ry = 5. The black line is a guide to the eye for the expected asymptotic behavior.

The critical temperature is small compared to the characteristic energy scale of the dielectric function (7, /Ty ~ 4.4 x 10™%)
and we have to use a grid in frequency that can account for both scales. The numerical results reported in this work are obtained
with a grid of 80 logarithmically spaced frequencies on the range [107®, 10]. We start with such a small frequency to be able
to compute p(7T) for smaller temperatures and compute its derivative dp/dT in Eq. (18). To this we add 20 linearly spaced
frequencies up to 10° in order to reach the expected asymptotic behavior (see below). We do not have to introduce negative
frequencies because we consider gap functions even in frequency.

The diagonal elements in the gap equation (10) are dominated by the matrix elements of K, defined in Eq. (12). The smallest
value of K,, is obtained for o = —, the n = 0 Matsubara frequency, and k = kr, where its valueis K_(n = 0,k = kr) = Z%nzT.
Here, because we average the equation on extended intervals [ky, k; 4+ 1], on the grid of wave vectors {ks}4e(1,n,], this minimal
value is only obtained for a very dense grid near k = kr. Indeed, the average of K_ (12) on the interval centered around k = kg,
[1 - Ak/2,14 Ak/2]is

1 1+Ak/2

— dkK_(n=0,k) = [7°T* 4+ (1/3 + AK*/80)AK*]/T, (A33)
Ak 1-Ak/2

where we neglect self-energy corrections to make the expression simple. We thus properly describe the excitations at the Fermi
surface for T, /TF ~ 1074 if Ak/kp K 10~* near k = kp. The necessity for such a narrow grid near the Fermi surface is also
present in other related works [13,14,33] and is seen as a dip in the resulting gap function (see Fig. 3). We used a dense grid with
60 points in the interval k/kg € [0.99, 1.01] with the smallest interval of Ak/kp = 10~°, which constitutes the smallest spacing
we can reach here with double numerical precision. This tight spacing close to the Fermi surface limits the exploration of the
critical temperature down to T /Ty &~ 107>, To this we add 12 points in the interval [0,0.98] and 14 points in the interval [1.02,5].
This gives a smooth behavior away from k & kr and allows to describe the asymptotic behavior.
The asymptotic behavior of ¢, (iw,, k) is independent on £ and can be determined from that of ¢y, (iw,, k) in Ref. [45]:

l/w?  for w, > EF,

B (i, ) ~ A34
Pra i 0 {l/kS for k> k. (A3

We use this asymptotic behavior to describe the large frequency and large wave-vector behavior beyond a frequency wy, and a
wave vector ky, (see Sec. II C). We check that the gap function indeed converges to these asymptotic behaviors by plotting it on a
logarithmic scale (see Fig. 6). We typically use wy,/Er = 10° and ky, /kr = 5 to converge to the expected asymptotic behavior.

APPENDIX B: RANDOM PHASE APPROXIMATION

The effect of retardation is discussed as for the electron-phonon coupling [70]. We have the equation of motion, for arbitrary
07

a a A
[; — [&, (k) — &, (k — q)]}(Tfé,L,m (T)Ck—qos22 (7)O)

1 N N N A A
= +§ Z Z VO(q)(Tr(<03)\3k - qlo'l)\-]k>clt_qra3)hgck_q(72)‘2 — (O’z)\.zk — q|03)\.3k —q + q,>cltm)\lck_Q+q/‘73)~3)
pq'#0
Totats

X <U4)\.4p + q’IOS)\sp)é;Jﬁq/mMépgS)ts 0), (Bl)
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which we simplify in the random phase approximation (RPA) by discarding contributions with q # q’ and applying a Wick
decomposition on the right-hand side. Then,

a A A
|:8_‘[ - [gm (k) — éaz (k — q)]:|<Trélth(‘L' )6k7q02)»2(7:)0)

1 N N
= 35Y0(@) 024K — @lo1MK) (£ (oo (k — @) = fo (6, (K))) D (o33plourap = @){Telys, (Do, (1)O),  (B2)

P304

A.})\.4
where fp(£) is the Fermi-Dirac distribution. We perform the decomposition in a contribution independent on the potential and its
correction, up to thg contribution inl 0, (Tféltm)\l(r)é.k,qu,xz(r.)O) = (Y}éltam (t)ék,qu,\z(r)O)O + (Tféltw\] (t)ék,qazk'z(r)O)l.
Then, after a Fourier transformation of the equation, multiplying it by a factor (oA k|oxAk —q) and summing over
o1, M, 02, Ay, and K one finds

D (ohkloahak — @)(Trél, ; (i0n)ekqorn, (i0a)O),

k0102
XAy
= Vo(@)T(iwn, @) Y _ (011 iKlo2hok — QT2 (04)ek goy, (i0)O), (B3)
koo
)»1])\.]2

2(fu(én2 (P—)—/p(és; ()

e i ) is the RPA polarizability. The resulting expression is
o, o

with H(lwn’ q) = )l) Zpalaz |<O'l)"1p|02)\2p - Q>|
Aha

then
Z (o1r1K|o2A2k — (D( olkl (iwp)Cx— qorhy (la)n)0>

koo,
)»[)\.]
1 N N
- Ak|oarok — @)(Tre] . (i0,)ek—qog, (i@2)O B4
Voo ) ggjz(m 1kloahok — @)(T2é,  (i0)ek—qoyn, (i0n)O), (B4)
AMA

and the inverse Fourier transform gives

Vo(q) Y (o1nakloahsk — @)(Teél, ; (T)ek—qor1, (T)O)

koo,
)\1)»]
= / dr'V(r — 1, q) Y _ (orhikloadok — q)(Teé),  (T)ek_goy, (t)0),. (B5)
koo
,\1,\,2

where V (7, q) = an e Vo(q)/[1 — Vo(g)T(iw,, q)] is the retarded Coulomb potential.

APPENDIX C: GREEN FUNCTION INTEGRATED OVER ANGLES

The calculation of the self-energy in Eq. (A17) involves the following integral:

1 Vi N «
Ty (iwn, p) = —(28) " Z Nerss / dq qzé(ig—% / d6 de sin(0)Tr(P, (p)Po (p — @)Go* (i(@, — ), p — @XC1)
» Vo(@ONo - .
=B Z/ 7 g, O i(@n = ). p.0) (C2)

where we have introduced the averaged coupling function over angles

i L | 3(p + qu)? 1
G, (i(wy — 2um), P, = du— 2+O’O’l —1 - .
. » P ; /—1 4{ [pz +q* + 2pqu “ i(wg — Q) — [0/ (P? + ¢* + 2pqu) — sgn(Ep)]

(C3)
We decompose this function over the real and imaginary parts GV and G®:
Go (i(@n = ), ) = GV (@5 = Q) P, ) +iGP (((w — Qun), P, ), (€4
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where

30 1

1 3o sgn(Er)(p* — ¢*)°

_ 1
G (i(on = ) p ) = 5 ) {—

’

@ + 16pq o’ p?

g

1
16pq o' p?
sgn(Ep) — o' (p — q)?

1 + (Qm - w”)Z

30 (2, — am)(l TR O —aR o)

. ((p+q)2>
(»—q)*

>< [sgn(EF) —o/(p+q)2]
arctan

wn_Qm

(P* — ¢*)*

— arctan |:
wy — Qm

1 1 2 2 2 /
+ (8p” + [3sgn(Er) + 2(p* — 3¢°)o'lo
32pgo’'p?

3(p* — qz)zsgn(Eﬂa) o ([sgn(Ep) —0'(p— @1+ (2 — wn>2)}
[sen(Er) — o' (p+ @) 1> + (R — @2 ) |

1+ (Qn — wp)?

GO (i(wn — Q)r prq@) = =

30(P? — ¢ (U — wy)

(C5)

I
22

1
16pq o’'p

11
16pg o' p?

2

( [Sgn(Ep) —o'(p+ q)z]
X | arctan — arc

Wy —
1 1

1 + (Qm - wn)z

<8p2 + [3sgn(Er) + 2(p* — 3¢*)o’lo +

P* — %)’

log ((p + 4)2)
(»—q)*
3(p* - q2)2Sgn(EF)o>
1 + (Qm - a)n)z

[Sgn(EF) —o'(p—q)* D
tan

Wy — iy

30 (Q —wy)| 1
32pqo'p? i “ )<

L (Q — on)?

) o ([Sgn(EF) —d'(p=q)’P + (Qun — wn)2>}
[Sgn(EF) - U/(P + 4)2]2 + (Qm - w”)Z '
(C6)

where we have kept track of the sign of the Fermi energy sgn(Er) in the calculation. All results reported in the main text are

obtained for sgn(Ep) = —1.
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