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Superconductivity in Luttinger semimetals near the SU(4) limit
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We consider the spin-3/2 Luttinger fermions with contact attraction near the SU(4)-symmetric limit of van-
ishing Luttinger spin-orbit-coupling parameter responsible for band inversion, and at finite chemical potential.
In the case of exact SU(4) symmetry the previously considered s-wave and five d-wave superconducting order

parameters together form a six-dimensional irreducible representation which transforms as an antisymmetric
tensor under SU(4). In this limit, we find the SU(4) [~SO(6)] symmetry to be spontaneously broken down to
the SO(5) at the superconducting transition. When the SU(4) is reduced to the SO(3) by the weak band-inverting
kinetic energy term, we show that at low temperatures the superconducting state is is + d, with a dominant s

and a small d component, and spontaneously broken time-reversal symmetry. Relevance to superconductivity in
doped semiconductors with diamond structure is discussed.
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I. INTRODUCTION

Superconductivity in spin-orbit coupled materials such as
three-dimensional Luttinger semimetals [1] of electrons with
effective spin-3/2 has received plenty of attention lately [2—4].
When the spin-orbit coupling is strong so that the system
exhibits band inversion, an attractive interaction can lead to
various superconducting states with Cooper pairs with to-
tal angular momentum j =0, 1,2,3 [5-14]. The opposite
limit of weak spin-orbit coupling without the band inversion,
relevant to semiconductors with diamond and zinc blende
structure, for example [15,16], has in contrast not been dis-
cussed as much, in spite of reports of superconductivity at
low temperatures [17]. In this limit the usual SO(3) rota-
tional symmetry of the Luttinger Hamiltonian is close to
being enlarged to the maximal SU(4) symmetry that four-
component fermions may have, and some of the previously
studied superconducting states may belong to the same irre-
ducible representation of the larger symmetry group [18,19].
In this paper, we consider the simplest such situation, when
an attractive density-density interaction, being itself SU(4)
symmetric, does not discriminate between the (single, j = 0)
s-wave and the (five, j = 2) d-wave pairings of Luttinger
fermions. The six complex order parameters are shown to
form the irreducible representation (irrep) which transforms
as the antisymmetric tensor under SU(4). Since SU4) =
Spin(6), i.e., SU(4) is the spin version of SO(6) [20], the six
order parameters, appropriately defined, may equivalently be
considered to form the vector representation of SO(6).

We first derive the Ginzburg-Landau free energy for the
antisymmetric tensor order parameter in the SU(4)-symmetric
limit of vanishing spin-orbit coupling, and find that the quar-
tic term(s) dictate that the symmetry at the superconducting
transition is spontaneously broken to the SO(5). Interestingly,
at the same time the breaking of the time-reversal symmetry
remains undecided. When we allow a weak band-inverting
term in the Luttinger Hamiltonian that reduces the SU(4) to
the usual rotational SO(3), however, we find that the s-wave
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component generically ends up with a higher critical tempera-
ture and therefore inevitably condenses first, with the d-wave
components to follow at a lower temperature. Interestingly,
the ratio of the subdominant d-wave and the dominant s-wave
transition temperatures is found to be given by a number
which is universal to the leading order in weak band-inverting
Luttinger parameter. Most importantly, the d-wave compo-
nents have their common overall phase differ from the s-wave
component by 7 /2, and the time reversal is consequently
broken at low temperatures.

The paper is organized as follows. In Sec. II, we introduce
the noninteracting Luttinger fermions and establish notation.
In Sec. III, we add attractive interaction between Luttinger
fermions and define the six relevant superconducting order
parameters. In Sec. IV A we first derive the Ginzburg-Landau
free energy in the strict SU(4) limit. Sec. IVB discusses
how the time-reversal symmetry acts on the order parameters.
In Sec. IV C the Ginzburg-Landau free energy is derived at
weak spin-order-coupling Luttinger parameter, and the ad-
ditional superconducting transition within the s-wave phase
is discussed. Finally, we summarize our results and discuss
relevance to doped semiconductors in the last section. Calcu-
lational details are relegated to five Appendixes.

II. LUTTINGER HAMILTONIAN

The low-energy action for interacting Luttinger fermions
can be written as S = Sy + Sin. The noninteracting action Sy
is

d3p B 4
S():/ Wfo ey, (D0 + Ho@)p(0), (1)

and  Yp(7) = (¢p1. Cp1s €y 1, cp‘_%)T is the four-
component Grassmann field, § = 1/kgT is the inverse of
temperature 7', kp is the Boltzmann constant, and t represents

imaginary time. The single-particle normal state Luttinger
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Hamiltonian reads

5
Ho(p) = (P — W lasa + 1Y dua(p)Var )

a=1

where p = (p1, p2, p3) is the momentum, A measures the
strength of spin-orbit coupling and is a real “band-inversion
parameter,” and w is the chemical potential. The five Hermi-
tian matrices y, obey the Clifford algebra {y,, 5} = 28,5 and
will here be chosen tobe y; = 01 ® laxa, Y2 = 03 Q 03, 3 =
03®01, ¥4 =030, Y5 =02 ® laxz, where 0; i =1,2,3
are the usual Pauli matrices. The five real (I = 2) spherical
harmonics d;(p) are defined as

3 1
di(p) = %(pi —p)s ) =530 1),

ds(p) = V3pip.,  di(p) =3pyp.,  ds(p) = V3p.py.

We assumed full rotational symmetry, since often the ad-

ditional terms that reduce the rotational symmetry to cubic

symmetry are weak [16], as well as for reasons of simplicity.

In addition, it is known that one effect of long-range Coulomb

interaction is to make the single-particle dispersion progres-

sively more isotropic with lowering of the energy [21-25].
The eigenvalues of the Luttinger Hamiltonian read as

Ei(p)=p*(1£1) — p, 3

and exhibit a quadratic touching point of all four dispersion
bands at p = 0, that is the zone center. Away from the zone
center the fourfold degeneracy is reduced to twofold when
A # 0. The remaining degeneracy is due to the presence of
both inversion and time reversal. The time-reversal operator in
our representation is given by T = y4s/C, where y4s = iyays,
and K denotes the complex conjugation [5]. When the Lut-
tinger parameter |A| > 1, two of the bands are dispersing
upwards and the other two downwards, and the bands become
“inverted”. Here we will be interested in the opposite limit
of || < 1 when both pairs of bands are dispersing the same
way [for simplicity chosen to be upward in Fig. 1(a)], and
all four bands intersect the assumed finite chemical potential
[Fig. 1(b)]. When A = 0, the degeneracy is fourfold at all mo-
menta and the Hamiltonian becomes fully SU(4) symmetric.

III. PAIRING INTERACTION

We assume next the interacting part of the action Si; to be
given by a simple model

B
O / &x / de [y (O (0P, 4
0
|
s 0
B | As+ia
¢_ZA0~’40V45_ —A4—iA3
a=0 —Ao+iAy

Under the SU(4) transformation i — Ui the matrix
¢ transforms as ¢ — UT@U, and therefore remains
antisymmetric. Six complex components, the s-wave

(@) E(p) (b)

Py
Px
P \\\‘.'//

FIG. 1. (a) Schematic band structure of the Luttinger Hamilto-
nian for 0 < A < 1 where the two upward doubly degenerate bands
cross at the p = 0 point. (b) The two-dimensional projection of the
two three-dimensional Fermi surfaces, with the quasiparticles with
the third component of the spin either +1/2 (black line) or +3/2
(red line).

with g > 0 and x = (x1, x2, x3) as a coordinate, which cor-
responds to the density-density attractive contact interaction.
The interaction term is clearly invariant under ¢ — U1, with
U € SU(4). We omitted the second independent contact term
that would reduce the symmetry of Si, to SO(3) [23]. This
way the only reduction of SU(4) in the action comes from the
kinetic energy term when the spin-orbit parameter A is finite.

One may use the Fierz identity [5,26] and decompose
the above interaction into s- and d-wave pairing channels:
AW (O (D) = L + La, where

Ly = [ (@rass (O[¥y (Dyas ¥ (D], ®)

5
La =Y W @avas¥i OI[¥] ©rasvae(m)]. (6)

a=1

L, is the s-wave pairing term, with the s-wave as a singlet
under the rotational SO(3) symmetry. £, is the d-wave pairing
term [5] with five d-wave components, which under rotational
SO(3) transform as a symmetric irreducible tensor [9]. In
our simple model both terms evidently come with the same
pairing interaction —g/4.

One may define all six complex order parameters together
as

Aa = 20y @ysAp(—0), %

with the matrices A, = {ilsxs, Y1, V2, ...,¥5} for a=
0, 1,...,5. Note the imaginary unit included in the definition
of the first (s-wave) component. The six components may be
understood as specifying the antisymmetric four-dimensional

matrix order parameter, which in our notation can be written
as
—As — i Ay +iAs Ay — i,
0 —Ayg—iAy Ay —iA; ®)
Ao+ iA, 0 As —iA |°
—A4+iA3  —As+iA; 0

(

and the five d-waves together, transform therefore as
the irrep “6” of the SU(4), ie., as the antisymmetric
tensor.
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The Lie group SU(4) represents, on the other hand, the
spin version of the SO(6) [20]. Indeed, one can think of the
Lie algebra of SO(6) as being closed by the five matrices
Y1, Y2, - - - » V5, and the remaining ten y,, = iy,¥», a < b, with
the former set being a vector under the latter set, which
alone closes the Lie algebra SO(5). The antisymmetric tensor
irrep must therefore correspond to some irrep of SO(6). It
is straightforward to check that with the s-wave component
defined as above, that is with the imaginary unit included,
the SU(4) transformations generated by y, fora =1, 2, ...,5
rotate in the “Oa” plane, whereas those generated by y,;, rotate
in the “ab” plane (see Appendix A). In other words, the order
parameter as defined above is a simple vector under SO(6).

IV. GINZBURG-LANDAU THEORY
A. SU(4) limit when A = 0

We now proceed to integrate out the Luttinger fermions and
derive the Ginzburg-Landau free energy for the superconduct-
ing order parameters. We do this first for A = 0, up to quartic
terms, and assuming the order parameter to be uniform. The
SU(4) and the standard particle-number U(1) symmetries dic-
tate the form of the Ginzburg-Landau free energy in general
to be

F(¢) =atr(¢pp’) + biltr(pp")I* + by tr(pp g ")
= 4aATA + (16b; + 8b2)(ATA)? — 4by| ATA?, (9)

where A = (Ag, Ay, ..., As). The coefficients a, by, and b, to
the leading order at low temperatures are found to be

1 N, 0) Q

b, =0, (11)
_ N, 0)

b= (2

where MV (u, 0) = ﬁ/nz is the density of states at the Fermi
level for A =0, ¢ =0.2131 is a constant, 2 is the usual
ultraviolet cutoff, and the constant C = log(2e” /) (see Ap-
pendixes B and C). In the weak coupling limit g < 1, the
coefficient a changes sign at the critical temperature

T. = Qe Wi (13)

Since the coefficient b, is positive the resulting supercon-
ducting order maximizes the last term in Eq. (9), which means
that, modulo an overall phase A = |Al#i1, with 71 as a real
six-component unit vector A'a = 1, and |A| = /—a/(2b,)
for a < 0. The ground state is invariant under SO(5) transfor-
mations that leave the unit vector 7 invariant. It is also easy to
check that the quasiparticle spectrum has a full isotropic gap
[A].

B. Time-reversal symmetry
Under time reversal the fermion field transform as ¢ —

vasy*, and Yy T — ¢y L. Since y,5 = —yus, one readily finds
that under time reversal

A, = sA* (14)

a’

with the sign s = + fora =0,and s = — fora =1, 2, ..., 5.
The difference in the transformation property between the
s- and d-wave components stems from the imaginary unit
that was included in the definition of Ay, and which was
necessary for the six-component A to be a vector under
SO(6). This means that if the six-component superconducting
order parameter has both the s-wave and some of the d-
wave components finite the time-reversal symmetry is broken;
otherwise, it is not. The free energy of the superconducting
configuration, however, in either case is the same.

C.A#0

Let us now allow a finite but small spin-orbit parameter A
and rederive the Ginzburg-Landau free energy by integrating
out the fermions. The symmetry is now only the standard
rotational SO(3), so the six-dimensional irrep of SU(4) is
broken into s-wave singlet A; = A and d-wave quintuplet
Ay = (Ay, ..., As), which are two distinct irreps of SO(3).
The Ginzburg-Landau free energy up to the quartic terms now
reads

F(Ag, Ag) =ai| AP + aa A Ay + qi| A + q2(A] Ag)
+ 3| AT AL + gl AP AL A,
+q5(AP A A+ ATA)AY)

+ ge ATtr(MPM™) + gi Astr(M*>M)
+ grtr(MM*MM™), (15)

where we found it convenient to group the five-component A,
into a three-dimensional symmetric traceless matrix M, as

5
M = Z AM;, (16)
i=1
and M; (i =1,2,...,5) are five real symmetric traceless 3 x

3 Gell-Mann matrices that provide a basis (see Appendix D).
The matrix M transforms then as a symmetric irreducible
tensor under SO(3), M — OTMO, with O in the fundamen-
tal representation. Equation (15) represents the most general
fourth-order expression that is invariant under SO(3) and com-
mon global gauge transformation of the s- and d-wave order
parameters.

The quadratic coefficient for the s-wave remains essentially
unchanged (see Appendix D):

a =i—2N(u,A)<logg+C), 17
g T

where only the density of states at the Fermi level is modified
into

NG !
- =M= . (8
N, 2) ;Zi/\/n(“’ M=o nzzi (14 na)¥2 (18)

For the d-wave components, on the other hand, we find the
quadratic coefficient to be

8¢ a\’ 4
a, =a; + ?N(M, 0)<7) + 0w, (19

to the leading order in small parameter A, the relevant crite-
rion being defined as Ap/T < 1 (Appendix D). When A = 0,
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we thus recover a; = a;. Remarkably, at finite A, one finds
a, > a for all temperatures, and therefore at the critical tem-
perature

TS = Qe Num (20)

c

only the s-wave component condenses.

Furthermore, the Ginzburg-Landau coefficient g7 = 0 ex-
actly at all values of A. To the zeroth order in A (i.e., when
A = 0) by matching Egs. (9) and (15) we also find that g5 = 0,
and that (Appendix D)

y=g=F=—g=T=— @
Right below T, Ay = \/—ai/(2q), and may be chosen real,
and A; = 0. We find that the cubic coefficient g5 ~ A> and
thus negligible [27]. Since to the leading order in small A
the coefficient g3 is still negative, the resulting d-wave order
parameter Ay is also real: A; = (A, ..., As) with A; real,
and 6 as an overall phase relative to the phase of the s-wave.
The d-wave order parameter then becomes finite when its
effective quadratic coefficient

ag = ay + (g4 + 2gs cos 20) AL, (22)

multiplying AZAd for nonzero Ay in Eq. (15) changes sign.
To the leading (second) order in A we therefore find that a, is
lowest for & = 0, when it becomes

8 2 %
w=§PNWﬂH-?q(%>, (23)

where « = 0.0155 is a constant (see Appendix E). The
quadratic coefficient a, therefore becomes negative at T =
T4, with the d-wave transition temperature at small parameter
A given by (see Appendix E)

T4 2

= = % =0.4807. (24)

T‘Cs
At this d-wave transition within the s-wave state the remaining
SO(5) symmetry of the Ginzburg-Landau free energy for d-
wave components is thus reduced to further to the SO(4).

V. SUMMARY AND DISCUSSION

To summarize, we considered the Luttinger fermions in
the limit of weak spin-orbit, band-inverting Luttinger pa-
rameter, interacting via featureless contact attraction. In this
limit the theory becomes almost SU(4) symmetric, and the
s-wave and the d-wave components of the superconducting
order parameter together form the six-dimensional irreducible
representation. We derived the Ginzburg-Landau free energy
both in the limit of vanishing and of weak band-inverting
Luttinger parameter, and found that in the latter case the su-
perconducting state at low temperatures has a dominant is and
a subdominant d component, thus breaking the time reversal.
In the strict SU(4) limit the superconducting state breaks the
symmetry to the SO(5).

Complex order parameter that transforms as an antisym-
metric tensor under the group SU(N) has, to the best of our
knowledge, so far received only minimal attention in literature
[28-31]. One-loop renormalization group study [31] finds, for

example, only a runaway flow, and suggests that the Ginzburg-
Landau free energy in Eq. (9) leads to the weak first order
transition once the order parameter fluctuations are included
[32]. It would be interesting to see if this conclusion would
survive higher-order calculations.

We may examine the validity of the criterion for weak-
ness of the Luttinger parameter A in our calculation, namely
An/T < 1, in real semiconductors. Assuming A & 0.1, and
|m| = 0.01eV as crude order-of-magnitude estimates, would
imply 7. > 10K for our criterion to be satisfied near the crit-
ical temperature, for example. In diamond, for instance, the
effective value of A would be somewhat higher [16], T. ~ 4K
and thus lower [17], and the value of |u| for doped holes
less certain [17], but likely to be also higher. Altogether, in
diamond at least it seems likely that assuming A /T, > 1 to
be more appropriate, and although the Luttinger parameter A
itself may be reasonably small, taking into account the energy
scales relevant to superconductivity the actual perturbation
parameter is not. The coefficients of the Ginzburg-Landau
free energy can, on the other hand, in principle be evaluated
for all values of A, and the interplay of s- and d-wave order
parameters studied that way outside of the perturbative regime
considered here. If one assumes the opposite limit A /T > 1,
we expect the d-wave critical temperature to likely vanish,
and the superconducting state to end up being purely s-wave.
This is because the s-wave, once it develops below its critical
temperature, suppresses the d-wave components via the quar-
tic term proportional to, presumably positive, coefficient g4 in
Eq. (15). What is needed to be in the relevant parameter range
for the time-reversal broken state we found is therefore a sys-
tem with higher 7, and low carrier concentration at the same
time, which is difficult to achieve [33]. We hope the present
work will further stimulate the search for superconductivity in
lightly doped semiconductors.
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APPENDIX A: SO(6) ROTATIONS

We showed that in the SU(4) >~ SO(6) limit, we can define
¢ as an antisymmetric matrix ¢ = —¢7, which transform as
¢ — UoUT [see Eq. (8) in the main text]. Also,

U =& Zomiin, (AD)
where h, represent 15 Hermitian traceless generators of
SU(4). They can be chosen to be yi, y»,..., 5 and iy;y; for
i # j. In this Appendix, we show that the y; is the generator
of the rotations in “0i” plane while iy;y; is a generator of the
rotations in the “ij” plane. Let us show the former explicitly
only for h; = y1, since the other choices are analogous. In this
case, we define

5
X =UpUT = (iA0y45 +y Aayms) [T
a=1

(A2)
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Note that y|, y», and y3 are real and Hermitian and hence
symmetric while y4 and ys are pure imaginary and Hermitian
and hence antisymmetric. Therefore,

5
X = (iAo)/45 + Z AaVaV45)ei01y

a=1
5

="M (iNoyss + Ayivas) + Z AaYaVss
a=2

5
D AaYayas + i(Dgcos 20; + Ay sin 261 )yas

a=2
+ (A1 cos 26y — Agsin201)y1y4s, (A3)
where we used that y12 = 1444. This can be viewed as
Ao Apcos20; + Aj sin 26,
Ay —Agsin 26, + A cos 26,
Az AZ
As — As , (Ad)
Ay Ay
As As

and interpreted as a rotation in the “01” plane. One can simi-
larly show that all other y; generate rotations in the “0i”” plane.
Let us now take iy, y» as a generator. In this case, we define

Y =UpUT

5
=e 7 <iA0V45 + Z AaVaV45) [e- 0T

a=1

5
=e " <iA0V45 + Z AaVaV4s)€0V' r

a=1

5
= ifoyas + Y Aavalss + € "7 (Aryr + Aaya)yas
a=3

5
= iAoyas + ) AaValss + (c0s 20 — 1y, sin20)

a=3

x (Aryr + Axy2)yas, (AS5)
where we used the anticommutation y;y, = —y»y; in the
second line. This can be written as

Ao Ao

Ay Ajcos20 — A, sin 20

As Aqsin26 + A, cos 20

As — As , (A6)
Ay Ay

As As

which clearly is a rotation in the “12” plane. In exactly the
same way one can show that y;; = iy;y; generates a rotation
in the “ij” plane.

APPENDIX B: ONE-LOOP INTEGRALS AND THE
DERIVATION OF THE GINZBURG-LANDAU
FREE ENERGY

After performing the standard Hubbard-Stratonovich de-
composition on the interaction part of the Lagrangian, we get
the free energy of the superconducting state per volume as

A I
fo= S5 pin [ DU wle S @)
8
where ¥,(w) is the Grassmann fermionic field, and w, =
(2n + 1)m /B is the fermionic Matsubara frequency forn € Z.
The noninteracting Sy and interacting Si,; actions are given by

d3
=3 / (2;;3 (@), + Ho(p)Yp(@),

A Y (@)yasAa—p(—w) + h.c.],

Ay = g, (@)yas A p(—o)),

is the uniform order parameter, y45 = iy4Ys is the unitary part
of the time-reversal operator, and 4, are 4 x 4 matrices. By
integrating out the fermionic field, we get

(B2)

ATA 1 = e
fsc = T - Eln "“ Ocon D I/f w]e 0
ATA 1 <Siznt)0 <Sﬁn)0
— — 1 1 ,con con L ,
g B ( L TR TR Rl

where fy = —é In [ D[y, ¥]e* is the normal-state free en-
ergy per volume and (... )o.con 1S the expectation value with
respect to Sp over the connected diagrams. Therefore,

ATA

T_ﬁZ/(znﬁ oo
4!‘32/(27[)3 1m0c0n+""

where we used log(1 + x) & x since the superconducting or-
der parameter A, is small close to the critical temperature,
so Sin can be treated as a perturbation. After performing the
one-loop integral and keeping the fourth-order terms in A, we
obtain

F(A) zfsc _fO

ATA

F)=——-% Z / tr[Go(—Q)ALGo(Q)Ap] Ay A}

4 + 4
> [ H6H-004]Gr( @46~ )4

x Go(Q)AINANLAAY, (B3)

where we introduced Q = (p, w,) for brevity and em-
ployed y45GT(Q)yss = G(Q). Therefore, we get F(A) =

224514-5



MAIJID KHEIRKHAH AND IGOR F. HERBUT

PHYSICAL REVIEW B 108, 224514 (2023)

F,(A) + F4(A) where
TA
F(A) = + Y KapAaA}, (B4)
a,b
Fi(A) = ) KaveaDaBAjAA, (BS)
a,b,c,d
and

K—200/d3pt[G AiGo(Q)A4,], (B6
ah——En;w Gy MO (- DAGDA]. (BY)

4 & d’p
P / @y

[Go(—Q)AGo(Q)

Kipea = —

x ApGo(—Q)AIGo(Q) Ayl (B7)
The free propagator is defined as
Go(Q) = liw, lyxa — Ho(p)l ™', (B8)

J

where 1444 1s 4 x 4 unit matrix. It therefore reads

(iwl’l - p2 + M)14X4 + )\-du(p)ya

G =
O(Q) (ia)n - P2 + /‘L)z - )\42[74

(B9)

APPENDIX C: CALCULATION OF THE
GINZBURG-LANDAU COEFFICIENTS IN THE
SU(4) LIMIT WHEN A = 0

In the SU(4) limit, the mean-field Ginzburg-Landau free
energy given by Eq. (9) in the main text can be rewritten as
F(A) = F(A) + F4(A) where

B (A) = 4aATA, (Cl)
Fi(A) = (16b; + 8b2)(ATA)Y? —4b,|ATAZ.  (C2)

To determine the three unknown coefficients a, by, and
by, we use two distinct normalized configurations Ai'd =

(1,0,0,0,0,0) and A3* = 7=(1,i,0,0,0,0), and insert
them in Egs. (C1) and (C2) as well as Egs. (B4) and (BS).
This results in three linearly independent equations

Z/ Qny (P — u)z T = PA1) =4

d’p 4
4TZ/ )

[ — 2 + 2]’

= Fy(A}Y) = 16b; + 4b,,

d’p 8
4TZ/ 2y

> = Fy(Ay?) = 16b; + 8b;.

[(P> — ) + 2]

Solving these equations then yields

1
g Z /(2n)3(p AR

n=—0o0

by =0, (C4)

1
4TZ /(271)3 u)2+w,%]2' (C5)

n=—0o0

To simplify Egs. (C3) and (C5) further, we first introduce £ =
p* — 1 and then use

/ Qry

Performing the finite temperature Matsubara summation and
then introducing x = £ /T gives

/ N (i, 0)de. (C6)

Q/T
L J\/(u,O) dx h_ «n
8

sinhx — x

A [ s e
o %3(1 + cosh x) coshx) (

2T

At low temperatures, the upper limit of both integrals is large
so we approximate it as /7 — oo. The first integral diverges
logarithmically at low temperatures and after integration by

(
parts one finds

1 N, 0) Q

a= g— > (logF —i—C), (&)
_¢N(w, 0)

b, = —2TL,2 , (C10)

where
sinhx — x

= -  dx=
¢ /0 (1 +coshn) "

1 [ 2eY
C = ——/ log(x)sech2 dx = log - (C12)
2 Jo 2

0.2131, (C11)

and y = 0.5772 is known as Euler’s constant. Equations (C9)
and (C10) correspond to Egs. (10) and (12) in the main text,
respectively.

APPENDIX D: CALCULATION OF THE
GINZBURG-LANDAU COEFFICIENTS WHEN A # 0

In this case, we have to treat s- and d-wave order parame-
ters as two distinct objects. The Ginzburg-Landau free energy
up to quartic order given by Eq. (15) in the main text can be
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rewritten as
F(Ag, Ag) = Fa(Ay, Ag) + Fu(Ag, Ay), (DD
where

B(As, M) = ai| AP + ax A Ay, (D2)

Fy(Ay, Ag) = qiI A + 2(A) Ag Y
+a3| AT A + @l AP A A
+qs (A ATAL + ATATAG)

1 0 0 | -1 0 0
M1= O _l O N Mz:ﬁ O _l O
0 0 0 0 0 2

+qs ATtr(M>M*) + g A tr(M** M)

gt (MM*MM*). (D3)

Here,
(D4

where the five Gell-Mann matrices

0 0 1 0 0 0 01 0
. Ms=|0 o o], mi=]o o 1], Ms=|1 0o of,
1 0 0 0 1 0 0 0 0

(D5)

provide a basis of three-dimensional real traceless symmetric matrices.
In order to calculate a; and a,, we define A; = (1,0, 0,0, 0) and employ Eqgs. (B4) and (D2). This yields two linearly
independent equations F>(1, 0) = a; and F>(0, A;) = a,. Solving these equations gives

Apt+ (PP — ) + ol

= "ST > /(2n>3 (PO + 0=

n=—00

) D6
WP+ [P0 =) 17 + 7] b0

3
—A2p (PP -+ o

Z /(277)3 [(P(1+2)

If we define £+ = p?(1 & 1) — u, the integrand of Eq. (D6)
can be written as

£2 +£2 + 202

A Vel D A

E+)E+ed) 2 +0)(E+)
2 [si T2 Ty }
By using
(27”3 = [ Noy(, A)dé,, (D9)

where NV, (i, ) is defined by Eq. (18) in the main text, we get

o &+ oy

4 Q
a=- —2TN(,LL,A)Z[

After performing the Matsubara summation, we get

QT 4
— tanh —
2’

= g —2N(u, ,\)/ (D10)

> (D7)

— w? + 2| [(PP(1 =) — u) + 2]

(

where we introduced x = & /T after performing the Matsubara
summation. Calculating the integral by parts yields

4 Q
ay = — —2N(u, 2) log?+C . (D11)
8
Furthermore, to simplify Eq. (D7), we write it as
64T 22pt
a =a; + — , D12
=t 8 [ e O

S0 ap > a at finite A for all temperatures. For small X, the
integrand can be expanded around A = 0 as

64T (m)2
a =a +— Z/ Q) (.§2

where we approximate p? &~ . After performing the Matsub-
ara summation we get

5 4+ O,

8¢ ) 4
a=a + ?N(IL, 0) T + O((Ap)), (D13)

which is Eq. (19) in the main text.

In order to calculate the seven quartic coefficients g;,
we introduce three more distinct normalized d-wave con-
figurations A, = %(1, i,0,0,0), Ay = %(1, 0,i,0,0), and
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Ay = %(1, 0, 1, 0, 0). Substitute them in Eqgs. (B5) and (D3)
results in
Fi(1,0) = qi,
Fi(0, Ay) = g2 + g3 + 297,

4
F(0, Ar) = gqo + 397>

F4(0, A3) = q2 + 2¢7,
F,(1,A) =q1 + g2+ g3 + g4 + 295 + 247,
|

4
F(L,A)=q+q+qs+ 3

Fi(1, Ay) = q1 + @2 + g3 + g4 — 2g5
3i

+ —=(g6 — g5) + 247

2ﬁ(qe 9s) + 2q7

After solving these equations for the seven unknown g¢;, one
finds

| | | | | 2
qi = 16T i [ d*p APt 4 SR p(p — W)+ 7P (PP — ) + cfwr] + (PP — ) + o]
= [0+ 1) — 2 + 2 P[0 — 0 — w2 + 2]

27)3

where the values of cf"' are given in Table I fori = 1,2, ..., 5.
Note that the coefficient g¢ ~ A3, from the last row in the
table.

APPENDIX E: SECOND PHASE TRANSITION FROM
s-WAVE TO TIME-REVERSAL BREAKING is + d-WAVE
SUPERCONDUCTING PHASE

For T < T/, the d-wave order parameter becomes finite
when its effective quadratic coefficient

aq = ay + (g4 + 2g5 c0s 20)A?
= @ — 5 (g4 + 2q5 05 26), (ED)
2q,
changes sign. In order to simplify a,, we find that to the lead-

ing order in A the denominator of Eq. (D14) can be expanded
as

1
(53 + 0?)(E2 + ?)?
~ 1 4(%-2 - a)Z) 2.2 24
~ (g’:Z +w2)4 |:1 + (EZ +a)2)2 ()"p ) + 0(()\19 ) ):|7
(E2)

TABLE I The values of ¢, ¢, ..., ¢ corresponding to each g;
inEq. (D14)fori=1,2,...,6atA #0.

i ¢ cff ¢} cd
q 1 0 6 2 1
9> 6/7 0 —12/5 -36/5 2
qs -27/35 0 2 14/5 -1
qs —12/5 0 24/5 8/5 4
gs -1 0 2/5 -2 -1
e 0 -16i\/3/35 0 0 0

, (D14)

(

where £, = p?(1 £1) — u and &€ = p? — . Therefore, we
can approximate gj, g4, and gs as

' d3p CQ'(pZ _ M)Z + CinZ
; ~ qi 16T 3 4 *n
q ¢s'qi0 + Xn:/ Qr)3 |: (82 + w5)4

+

(g2 2
14 “’)}wﬁ (E3)

(&% + 0¥
where we used p2 ~ |, and define g;9 = g1(A = 0). Note that
performing the integral close to the Fermi surfaces for the term
whose coefficient is ¢§ inside the integrand of Eq. (D14) gives
zero as the corresponding integrand is odd with respect to &.
Also, the integral over the second line of Eq. (E3) becomes
zero at T = 0, so it is parametrically smaller at small temper-
atures, so we neglect it. Therefore, we obtain

q4 +2qs
2q
where we set 6 = 0 to make a; minimal, and defined the ratio

i @ g @ a4\
(e Lt e t)

Simplifying this further gives

16r
~ - ?(wy, (E4)

2 16 ()’
M%1_£ Y (5. (ES)
2q, S5\T ¢

at low temperatures where

Q d%-
€=217) /_Q E+ w2y

% 3(sinhx — x) — x* tanh 5
Z/ dx = 0.0155,  (E6)
0 4x5(1 + coshx)

and

3 ¢ ds
¢ =2T Z[Q o =0.2131, (E7)

as already defined by Eq. (C11). Substituting Eq. (ES) in the
second line of Eq. (E1) at & = 0 yields

. 16a; (A 2k 8
ad_az—al+T(7) <E> (E8)
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By employing Eq. (D13), we finally get

8 2 %
as = g[ww, 0) + K;"}(T") : (E9)

which is Eq. (23) in the main text. Substituting Eq. (D11) for
a; and then using the fact that below T

1 2N (e, A)(log 2, C), (E10)
g ¢

we get

8 4k T A 2
ag = gN(u,O)[g + ?log (7)}(7) ,  (B1D)

to the leading order in A. After even further simplification, we
find that a,; changes sign at Tcd where
T4

52
2 = e =0.4807,

E12
- (E12)

which is Eq. (24) in the main text.
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