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A Ginzburg-Landau free energy for a superconducting chiral p-wave order parameter is derived from a two-
dimensional tight-binding lattice model with weak spin-orbit coupling included as a general symmetry-breaking

field. Superconductivity is accounted for by a BCS-type nearest-neighbor opposite-spin interaction where we
project the potential onto the p-wave irreducible representation of the square lattice symmetry group and assume
this to be the dominating order. The resulting free energy contains kinetic terms that mix components of the
order parameter as well as directional gradients—so-called mixed gradient terms—as a virtue of the symmetry

of the order parameter. Spin-orbit coupling and electron-hole anisotropy lead to additional contributions to the
coefficients of these terms, increasing the number of necessary phenomenological parameters by one compared
to previous work and leading to an increase in the coefficient measuring Fermi-surface anisotropy for Rashba

spin-orbit coupling in the continuum limit.

DOLI: 10.1103/PhysRevB.98.014510

I. INTRODUCTION

Spin-orbit coupling (SOC) couples the spin of the electron
to its momentum which splits spin-degenerate electronic bands
and is a recurring theme in many novel superconducting
systems. If SrTiOs is slightly doped with Ca, there is a region
in the temperature-versus-carrier concentration phase diagram
where superconductivity and ferroelectricity coexist and where
the material has broken spatial inversion symmetry—a key
cause of SOC [1,2]. When SOC is a significant factor, the
associated symmetry of the superconductivity is often of
an unconventional character. In this context, unconventional
means superconductivity where the order parameter does not
have the usual spin-singlet s-wave pairing symmetry [3]. One
example is the one-atom layer of the T1-Pb compound on a
Si(111) surface studied in Ref. [4]. This system exhibits two-
dimensional (2D) superconductivity at a critical temperature
of T, ~ 2.25 K followed by a Berezinskii-Kosterlitz-Thouless
transition and has Rashba SOC leading to a maximum splitting
of spin bands by ~250 meV. In this case the superconductivity
is argued to be nonconventional because the average distance
between Cooper pairs is longer than the Ginzburg-Landau (GL)
coherence length.

Another example is the 2D electron liquid in the celebrated
LaAlO;/SrTiOs interface (for a review see Ref. [5]). By
using a back gate to apply an electric potential across the
interface, which tunes the carrier density, 7, can be increased
to ~300 mK [6]. In a certain region, tuning this gate voltage
affects the Rashba spin-orbit coupling dramatically—reaching
values of 10 meV. This region also seems to be correlated
to where superconductivity develops [7]. The unconventional
symmetry resulting from large Rashba SOC is evident from
the critical field parallel to the interface being much larger
than what would be expected from the Pauli limit [8].

Finally, it should be mentioned that it was initially the
discovery of superconductivity in the heavy fermion system
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CePt3Si [9,10] that helped intensify research efforts into
noncentrosymmetric superconductors. This system exhibits an
increase in critical magnetic field compared to the Pauli limit
as well as suppression of superconductivity by nonmagnetic
impurities. Other lines of evidence for the unconventional
character of the order parameter include indications of line
nodes in the superconducting gap from penetration depth [11],
thermal conductivity measurements [12], among others. For a
more thorough overview of noncentrosymmetric systems, see
Ref. [13].

In this paper, the Ginzburg-Landau free energy density is
derived for a 2D square lattice with spin-orbit coupling where a
chiral p, + ip, symmetry is assumed to describe the dominat-
ing pairing channel. This particular pairing state has attracted
much attention because of its topological properties, which
include the existence of topologically protected Majorana edge
states as well as Majorana bound states in the core regions
of half-integer vortices [14]. In the context of superfluidity,
p-wave pairing is realized as the A phase in *He [15] and has
long been hypothesized to be the dominant superconducting
pairing symmetry in SroRuQOy4 [16-18].

The vortex structure of a phenomenological Ginzburg-
Landau theory for a 2D chiral p-wave pairing symmetry
[3,19] was studied using numerical simulations in Ref. [20].
A magnetic field breaks the degeneracy between the two com-
ponents of the order parameter so that one becomes dominant
whereas the other only exists close to topological defects, such
as vortices. The simulations found that the superconducting
vortices tend to arrange themselves in a square lattice of
single-quantized vortices when the magnetic field is very close
to the upper critical field, however for slightly lower field
strengths the phase diagram is dominated by a triangular lattice
consisting of double-quanta vortices, which are coreless. The
relative angular momentum between the dominant and the
subdominant components of the order parameter determines
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the kinds of vortices possible in the system and originates
in the structure of the mixed gradient terms in the GL free
energy. These terms also drive the subdominant component
[21]. An interesting question is therefore what physical pa-
rameters influence the phenomenological coefficients of these
types of terms. Mixed gradient terms have also been found
in a multicomponent GL theory for a s + is pairing state
derived through the Eilenberger equations for quasiclassical
propagators [22]. This state breaks time-reversal symmetry,
similar to the chiral p-wave state, and is found to exist in
a doped four-band model for iron pnictides [23]. In this GL
theory however, the terms could be eliminated by a simple
spin rotation in contrast to the p-wave case.

Expressions for Ginzburg-Landau theory coefficients for
general order parameters have previously been derived assum-
ing either pairing in the normal BCS spin basis and ignoring
spin-orbit coupling or by pairing in a single spin-orbit split
nondegenerate band [24]. Additionally, GL theory has been
derived for a superconductor with p-wave symmetry and a
coexistent ferromagnetic state [25]. The derivations in this
paper will largely follow the methods used in these two
references.

The difference between the current paper and Ref. [24] is
that spin-orbit coupling is considered a symmetry-breaking
field on the ordered state when deriving the GL theory. The
spin-orbit coupling strength is assumed to be small compared to
the Debye cutoff frequency. A similar system was considered in
Ref. [26] where the spin-orbit coupling strength was assumed
to be small relative to a Zeeman field. A pairing state with
p-wave symmetry in the diagonalized bands was discovered
as a result of a Kohn-Luttinger-type interaction coming from
the transformation of a repulsive U Hubbard model to the new
bands. In the present case, the interaction is assumed to give
rise to a chiral p 4 ip pairing symmetry in the nondiagonal
spin bands. This leads to a number of additional terms in the
generalized effective mass compared to the limit of zero spin-
orbit coupling.

The paper is organized as follows: In Sec. II the model
is introduced, first in terms of the single-particle properties
in Sec. IIA, and then in Sec. IIB the pairing interaction
is presented with a brief justification. A sketch of how the
Ginzburg-Landau free energy was derived is given in Sec. III
and its form reduced to the same as in Ref. [20]. The con-
tributions from spin-orbit coupling to the phenomenological
coefficients are finally discussed in Sec. IV. Details of the
calculations are relegated to the Appendices. Units are chosen
throughout the papers such that kg = & = a =1 for lattice
spacing a.

II. TIGHT-BINDING MODEL

A. Single-particle problem

The system is modeled as a two-dimensional square lattice,
which has symmetry group Ca, where fermions can exist at
each lattice site. In the clean limit there is no disorder in the
system implying that the Fourier-transformed single-particle
Hamiltonian is diagonal in wave-vectors k. Including anti-
symmetric spin-orbit coupling [13] by spin-dependent hopping
between lattice sites, the single-particle Hamiltonian can be

written

Y [e) + y(K) - 0l 04 ks (1)
5152k=T¢

where o consists of Pauli matrices, cs is the annihilation
operator for a fermion with wave-vector k and spin s, and
the sum over k runs over the first Brillouin zone. Hermiticity
of the Hamiltonian implies that €(k) and y(k) are real.
Time-reversal symmetry implies the restrictions €(k) = e(—k)
and y(k) = —y(—Kk). If parity symmetry is enforced, y (k)
vanishes, and this vector is hence identified with the parity
breaking antisymmetric spin-orbit coupling. The Hamiltonian
in Eq. (1) becomes diagonal by a unitary transformation to the
helicity basis given by

1 i 9" ids f
ag = — V1-p¢ . (2)
—_J1= J’)zel¢+ /T+ Ve Zpl¢-

where ¢ are arbitrary phases and ' = y/(k)/|y(k)|, assum-
ing y has some nonzero component on the xy plane in spin
space, or a similar transformationif y ||, (cf. Appendix B). The
dispersion relations of the eigenvalues of the single-particle
Hamiltonian are given by

e = e(k) + hly &), 3)

where h € {4} enumerates the two different helicity bands
when written in exponentials and is used as =1 when written
as a factor.

ip?=p* oit-
V1497

B. Pairing interaction

To include p-wave superconductivity in the model, an
attractive BCS-type weak-coupling interaction is introduced
between electrons given by

. 1
V= _5 Z Z ka',slszx{sé
KK'q 51525755
X CT cJf C 1/ C ro @)
(q/2)+ks; “(q/2)—ks, ©(q/2)—Kk's; ©(q/2)+K's
for
dy
(D) (bm) *
Vi sisasjsy = Vo dem ()" )

where dl(:.';,)xz are coefficients for basis vectors for the dj-
dimensional irreducible representation b. These basis vectors
are odd and linear in Kk, i.e., a p-wave-like momentum de-
pendence in the continuum limit. Since superconductivity is
introduced in the spin basis, it is assumed that the spin-orbit
coupling is sufficiently weak compared to the superconducting
energy scale for this pairing between opposite momentum
fermions to be valid, i.e., spin-orbit coupling is treated as a
symmetry-breaking field on the superconducting state [13].
The exact forms of the basis vectors are found in the process
of proving that such an interaction exists for the square lattice.
This is performed by finding the possible eigenvectors for a
general two-particle Hermitian operator V that has eigenvec-
tors consisting of pairs of particles with opposite momentum.
The eigenspace of a Hermitian operator can be separated into
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irreducible spaces that are representations of the symmetry
group of the lattice. By expanding in the spin-momentum basis
of the two-particle Hilbert space, any such eigenvector |d) can
be written

= Y dy,®Ik,s1)|—k,5). 6)

k,S[Sz

The eigenvectors will also include a cutoff function f,(ex)
since the attractive interaction is assumed to only exist on the
Fermi surface. This cutoff function is implicit in the notation
for d;, 5, (k). If the coefficient d;,, (K) is odd in k, then because
of the fermionic particle exchange symmetry and because it
is periodic in reciprocal lattice vectors it can be expanded in
terms of lattice vectors R as

dslsz(k) = \/LN Z[BR sin(R - k) - O’iO’y]S]SZ, (7)
R

These general vectors are then projected down on the space
consisting of basis vectors of a particular irreducible represen-
tation (irrep.) b of interest by the projection operators [27,28],

By = Y DY (g) s, ®)

|Cv|gec

where Dflb) are matrices of the irrep., g: denotes transformation
of a vector by the group element g, and the index / runs
over the dimension d, of the irrep. The group Cg, contains
one two-dimensional irrep. E. Projecting down on this irrep.
and assuming the eigenspace of V only is constructed from
nearest-neighbor sites yields a vector space constructed from
the orthonormal basis vectors given by the spin-momentum
coefficients,

(E)) z . .
dflS'") (k) = _ﬁ s ky ' (o'lay)sﬂz (9a)
= d(E“‘)(k) : (a’iG’V)_yle, (ob)
s(lb;z)( )= «/_ﬁ sin ky - (0i0”)g,5, (9c)
= d"*)(k) - (0107 )55, ©d

These are p-wave basis vectors since they are linear in
k in the continuum limit. Note that the assumptions of a
single 2D square lattice implies that basis vectors that have
k dependencies with components in the é, direction are
neglected. When V is expanded in its eigenvector basis, it
is therefore possible that it has a channel consisting of the
eigenvectors in Eq. (9) and it has been proved that Eq. (4) is a
possible interaction.

This p-wave channel interaction could originate as the
dominant channel of a simpler interaction. As an example,
consider the attractive nearest-neighbor interaction,

V:——Z > el i, (10

(i,j) s=tl

which could be considered an effective one-band model from
a reduction of a multiband system [29]. Finding basis vectors
in the eigenspace of nearest-neighbor interactions analogous

to the irrep. E,V becomes diagonal in this basis and can be
written in the form of Eq. (4) but with coefficient,

Y vy )]

a=A1,B|

+ Y dEadr )] } (11

m=x,y

ka/,slszs;sé = V|:

where a runs over the one-dimensional irreps. A and B; which
has basis vectors given by

1 .
PRI = —(c0s ke +c0s k)(i0 )y (12)

Y P(k) = (cos ky —cos ky)(io?V)ss,s  (13)

and give the extended s-wave channel and d-wave channel,
respectively. Note that these basis vectors are normalized on
the first Brillouin zone and even though they have the same
coupling constant V, the critical temperature 7, of the different
channels is affected by physical parameters in the single-
particle part of the Hamiltonian, such as doping level and
spin-orbit coupling strength and is thus in general different.
The channel with the highest critical temperature will then
completely dominate as the relevant order for temperatures
immediately below 7. This temperature can be calculated by
solving the linearized gap equation by, e.g., the method used
in Ref. [26] but is considered outside the scope of this paper.

III. DERIVATION OF GINZBURG-LANDAU FREE ENERGY

The Ginzburg-Landau coefficients are calculated by de-
riving the free energy F of the system described in Sec. II.
This free energy is defined as F = —% In Z, where Z is the
partition function and B is inverse temperature. The partition
function is defined as Z = Tr e #H~#N) where H = Hy + V
is the Hamiltonian of the system, u is the chemical potential,
and N is the number operator. Calculating the trace in the
path-integral formalism where the annihilation and creation
operators get replaced by GraBmann fields £ and &*, the
Hubbard-Stratonovich transformation is preformed on the p-
wave subspace of the potential V, whereas the other subspaces
are neglected. It is assumed that there exists some region in
the doping level and SOC strength parameter space where
the p-wave coupling is associated with the highest critical
temperature such that neglecting the other subspaces of the
interaction is justified. Given the potential in Eq. (11), the
p-wave subspace is two dimensional, and its contribution to
the partition function can thus be written in terms of a path
integral over the two complex fields n* and n as

s 2pm)2
eSm — /D[n,n*] exp{ _/ dt Z I:MT|
0

qm

+ (Jm*n(m) + Jm (m)*):“, (14)
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where J (;" is defined as

I = [dE 0] &2 ks b/ s (15)

kS[ 52

and

Sint = — / dr I (16)

qm

In these equations both the GraBmann fields £ and the complex
fields n are dependent on imaginary time. The time dependence
in the complex fields n, which are the order parameters of
the system, is neglected since the goal is a time-independent
Ginzburg-Landau theory, whereas the time dependence in
the Gramann fields are converted to sums over Matsubara
frequencies. The system is assumed to be close to the transition
temperature 7, so that the free energy can be expanded to
second order in the order parameters after integrating out the
fermionic degrees of freedom. The integration itself is pre-
formed by expressing the part of the exponent with quadratic
dependence on fermionic fields as an Hermitian form & TG’IE
using four-component Matsubara vectors & such that the result
depends on the determinant of G~' by

1 3
Zferm = /D[Evé*] €Xp <_§ Z&TG1£>
m—exp< Trln G~ ) (17)

The expansion to second order in the order parameter is
preformed by splitting G~ into a diagonal matrix Ga !
independent of n and a matrix ¢ for which each element
is proportional to the order parameter components 5“. The
logarithm in Eq. (17) is then expanded by

Trin G™'=Trln Gy' 4+ Tr Gog — 1 Tr GodGod. (18)

The first term is absorbed into the normalization of the path
integral over n, whereas the second term vanishes trivially
which leaves the contribution of the third term. The single-
particle problem in Eq. (1) and thus the spin-orbit coupling
are included in this integration over fermionic degrees of
freedom. The order parameter is assumed to be slowly varying
in real space, which justifies a gradient expansion. Given these
assumptions and approximations, the free energy density in
momentum space takes the form

fa =A@ 0P + KapijnPq'q?. (19)

where the Einstein summation convention has been used to
drop the summation over directions i, j = x,y and dimensions
of the subspace a,b = x,y. We denote A, as the potential-
energy tensor whereas K, ;; is the generalized effective mass
tensor [24]. It is worth noting that the same expression is
obtained regardless of what choice is made for the phases ¢+
in Eq. (2), and whether y has a component on the xy plane or
not.

Note that Eq. (19) does not contain terms linear in q.
Such terms, Lifshitz invariants, are in general allowed by
symmetry when the crystal does not contain an inversion center
[13]. When the order parameter only has a single component,
these terms exist only in the presence of an external magnetic

field and give rise to a helical nonuniform superconducting
state. However for a multiple-component order parameter,
symmetry allows Lifshitz invariants also in the absence of
any external field [30,31]. In Eq. (E29) in Appendix E, we
give an expression for the partition function that holds for
a general odd-momentum order parameter, which do exhibit
terms linear in q. These terms can be shown to be proportional
to d®(k)* x d®” (k) and thus disappear for unitary odd-
momentum pairing states, such as the pairing state given by
the basis vectors in Eq. (E29).

A. Form of the free energy density tensors

The potential-energy tensor derived in Eq. (19) is given by

284 ab : 5321}
Agy= =00 = D d (L= R =20 ™. (20)

knh'

where x"" is the Matsubara-frequency sum over Green’s
functions given by

:_Z (i h)(l : y’ 2D

wp — ) —iw, — €

and
d = [dE)®)]* - dE(K). (22)

In Eq. (21) the chemical potential has been absorbed into the
definition of eﬁ. As in Eq. (3), h,h' € {£}’s enumerate the
helicity bands and are used as £ 1 when written as factors. Since
the only k dependencies in this sum are in the Fermi energies,
it is invariant with respect to symmetry transformations. This
means that the momentum sum vanishes if a £ b since the
summand then becomes odd with respect to each of the
components of k [cf. definition of d(E")(k) in Eq. (9)].

The generalized effective mass tensor in Eq. (19) can be
expressed as

1 !/ A !
Kapij = 8 Zdub({hh [1—2(%— 1}Xi};'h

Khh'
+2h'hx" gi)), (23)
where
8ij =0 -0;p —20;9°9;p°
—(P - 00,9 —29%0;0;9°), (24)
and

1 d 1 0 1 /

hh' h h
- __ E _ _ v

Xij B - {86 iw, — eﬁ 0€ —iw, — eﬁ J

92 1 1
h. h
- 27 N w Vi V)
o€ iw, — €, ) —iw, — €,

SR 1 »
(X m
deiw, — el ) —iw, — el M

+h< k. 25)
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The inverse effective mass of the / band is given by

1 ey 1
Mhij = riagd = i + h 9;0;|yl, (26)
whereas the #-band Fermi velocity is given by
0
vf’:ﬁeﬁ:vi+h85|y|. 27)

B. Approximation of free energy density tensors in terms of
Fermi-surface averages

More useful expressions can be obtained for A, and Ky, ;;
by expressing the sums over momenta k as averages over
energy surfaces defined as

(e = (é) Z() [e(k) — (28)

where Ny(&) is the density of states at energy £. Including the
chemical potential in the definition of €(k), the Fermi surface
is obtained at £ = 0. Let h[k,e(k)] be a generic summand
in one of the k sums with an explicit €(k) dependence. The
momentum sum is exchanged for a Fermi-surface average by
inserting an energy integral over a § function such that

3 hik.e(k) = /Q
k

—€c

d& No(§)(h(k,§))g

€
~([ demenwo). @
e, 0
The integral is cut off at €, because of the assumption that the
interaction potential only allows pairing to happen within some
energy shell around the Fermi surface. The energy average is
assumed to be constant over this energy shell such that only the
value at§ = Ois considered. To simplify the resulting integrals,
it is assumed that the critical temperature is small compared to
the energy cutoff such that

€p 30)
b

e =

The spin-orbit coupling is additionally assumed to be small
compared to the pairing energy range such that €. > |y| Vk.
With these approximations A,;, becomes

2 C ab
A = Sap v 8Nr In(2ec.e™){d*)o

— 16N (d“’[1 — 2(%)2]f(pk>>o], €20
whereas K, ;; becomes

NpB*7:(3)
(2m)?

In(2eq¢€)

(d*v;v;)o + Ny 5

b —1
Kab,ij = <da m;; )0

,32

+ NF{ =25 @™ (9 i(pvivyo
w

B*1:(3) . N
+ Sy @+ G101y o
+é<d“b[p—k2[1 + @] - (7 >2f2(pk)]a 3 |,,|>

T Zec

0

+ (dabf(pk)gij)o}

7¢(3)
4

+ N}, { §<d“” [fxpk)(ﬁﬁz + px [1+ (W]]

X(Ui8j|}’|+8i|}’|vj)>
0

- <d“”<w>2f(pk>m;‘>o}. (32)

The energy range [—e.,e.] is assumed to be sufficiently
small such that Ny(§) & Ny + N£ is a good approximation.
Nr = Ny(0) is the value of the den51ty of states at the Fermi
level, whereas Nj. = N} (0) is a measure of the particle-hole
asymmetry (PHA). The f functions are all convergent sums
that vanish in the limit of no spin-orbit coupling defined as

> 1 1
f(p):Re;<2n+l+ip_2n+l)’ (33)

> 1
Hlp)=Im ) —————, (34)
; Q2n+1+ip)?

—R 3 1 : 35
falo) = e§<(2n+l+i,0)3_(2n+1)3)' (33)

The dimensionless spin-orbit coupling px = Bly|/m. ¢(-) is
the Riemann- f function and C in ¢ is the Euler-Mascheroni
constant. In Eq. (32) the terms are grouped such that the first
is independent of both SOC and PHA, then comes a term only
dependent on PHA, the bracket proportional to Ny consists of
terms caused by SOC whereas the bracket proportional to N,
consists of terms dependent on both PHA and SOC.

C. The limit of zero spin-orbit coupling

In the limit of zero spin-orbit coupling, the unit vectors y
become indeterminate, however the expressions for the free
energy tensors A,y and Kp;; still have a well-defined limit
since all the unit-vector dependencies vanish. To see this,
first consider the limit of |y| — 0 of x. In this limit, the
band-energies e]’z —> € such that, after preforming the sum over
Matsubara frequencies, Eq. (21) becomes

. ay  tanh ’32—6
lim = = S[e(k)]. 36)
ly1—0 e

Since x"" becomes independent of 4, P* vanishes under the

sum over & and &’ in Eq. (20) and leaves

—4 Z d®®S[e(k)]

2
= aab[— - 81<d“”>o] (37)
Vv
for the energy integral,

I= / " dE No(®)SIE] ~ NeneoeS).  (39)

€
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This corresponds to the A,y calculated in Ref. [24]if V — 2V
and 84" = tr[ W, W, .

In x "', the limit reduces v — v; andm, }; — m;;
as the previously mentioned limit of Fermi energles € — €
such that

Fas well

2

lim x"™ = vv; 19 (eS[e])—i—m 19 S[e]
lyl—0"" i e

= 485 [elviv; + 28 [e]mi_j . 39)

Since x/ is independent of & and /’ in the zero spin-orbit limit,
the second line in Eq. (23) as well as the parentheses in the first
line vanish under the #A" sum. Inserting the above expression
for limyy|—o xihi’" into K,p;; and converting to Fermi-surface
averages yields

lim Koy = - Xk:d“"(zsz[e]v,-vj + Silelm;h

= —2(viv;d)oly — (mj;'d™") 1 (40)

for the integrals [24],

€ N/
I = / 4 No(®)$1[£1~ = In2e,e¥), (41

e 78 (3

(42)

This corresponds to the result for K ;; found in Ref. [24] if
8d? = [ Wi W,].

D. Reduction by symmetries

By considering the symmetry of the coefficients K, ;;
and A, the form of the free energy density fy in Eq. (19)
can be further restricted. Assuming we have chosen a proper
pseudospin representation [13], the spin-orbit coupling vector
y (K) has the property,

y&) = R,y (R, k) (43)
for proper and improper rotations g where R, is the 3 x 3
rotation matrix and R, = —R, for improper rotations. This

relationship leads to the conclusion that [ (k)?]? and (k) are
invariant under all C4, symmetries. This implies that K, ;; and
K ,a.ii are both odd with respect to each of the components of
k and thus vanish under the k sum. Here the notation @ means

a= {y ’
X,
Remember that a,b,i,j € {x,y}. Using the symmetries

Kaa,ij = Kaa,ij and Kupij = Kap, ji, the free energy density
can be expressed as [3]

if a =x,

ifa=y. (44)

fa=—a(n’T +10g"F)
(g [+ la g
2(|qy (X)| _+_in ) )

wlla )" + He)
(

[
[(@"ng")(a*ng")" + Hec] (45)

+Ky

for coefficients o = —A,, k1 = Kyy yx, k2 = Ky, and
k3 = k4 = K4y xy. Rotating the coordinate system such that

q*\ _[cos8 —sinb)(G*
<q«"> - (sin 0 cos 6 )(q>‘ ’ (46)
defining the chiral basis of the order parameters as
L WL S Y
)5 ) e

as well as using dimensionless variables [19], the free energy
density can be further reduced to the form

fa=—=ni1P + g P+ 1and I* + lang I”
+ Re{[e™ (v + A) + e (1 — M][G nd G ng)*

— 3 ng (@ ng)* 1}
+ Im{[e"* (v + A) — (1 — M)][" 15 (G n3)*
+3 g @ 0 ) (48)

Here the dimensionless parameters are A = 2(ky — k3)/(k1 +
k2) and v = (k1 — 3k2)/(k1 + k2) [19]. In the above expres-
sion, the parameter A is new compared to the expression
in Ref. [19] and is necessary because of the additional con-
tributions to K ;; in Eq. (32) as will be discussed below.
Dimensionless variables were introduced by the substitution,

<,7)_> n/va )
q Klszzq .

Choosing 6 = 0 and transforming to real space yields a free
energy density of the form

for=—=Un"P+ I D+ Dyt P+ Dy P+ +1)
x Re{[D.n*(Dyn™)* — Dyn™(Dyn™)*1}
+Ww—-1+4+ 2A)Im{[Dxn‘(Dyn+)*
+Dyn (Dt ). (50)

Here D; stands for a dimensionless gradient in the i direction
in real space, and the space dependence of the order parameter
is implicit.

IV. SUMMARY

Mixed gradient terms in a Ginzburg-Landau free energy are
defined as terms of the form (Dxrfr)*Dyn‘ [21], i.e., terms
mixing different components and directional gradients. These
terms drive the subdominant component of a chiral p-wave
superconductor that exists in the core of topological defects,
such as vortices when a magnetic field breaks the degeneracy
between the superconducting components. The core structures
of vortices are also influenced by these terms in that the struc-
tures of the terms determine the relative phase of the two order
parameters and thus the different kinds of vortices possible
[20,21]. Itis evident from the definition that the order parameter
needs multiple components for such terms to be present. The
number of components of the order parameter depends on
the number of dimensions of the irreducible representations
that the pairing interaction furnishes. If the symmetry group
contains a two-dimensional irreducible representation and the
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interaction contains this irrep. as a subspace of its eigenvalue
space, then the order parameter associated with this subspace
has two components. In the weak-coupling BCS framework
this discussion is based on, on-site Hubbard interaction on
a square 2D lattice in the clean limit only consists of the
one-dimensional s-wave representation. If spin-orbit coupling
is included as a symmetry-breaking field, then the gap function
is rotated in the new basis so that it gains a momentum
dependence determined by the SOC spin texture [13,32]. In
the case of Rashba spin-orbit coupling, the transformation is
such that the intracomponent elements of the gap function and
thus the pairing amplitude in the spin-orbit split bands and
gains a p-wave-like momentum dependence. Such systems
could thus be called effective p-wave superconductors [33],
however their topological properties are different from those
of true triplet p-wave superconductors and, importantly, the
order parameter does not gain additional components. For the
2D square lattice, this means that a pairing interaction that acts
at least as far as nearest-neighbor lattice sites is necessary for
a multicomponent order parameter to be present. This type
of interaction was also found to be sufficient to contain a
two-dimensional subspace given by the p-wave irreducible
representation basis vectors.

The two mixed gradient terms found in the Ginzburg-
Landau free energy fgL are determined by two phenomeno-
logical parameters A = 2(k, — k3)/(k1 + k2) and v = (k| —
3K2)/(K1 + k2) where k| = Kxx,xx’ Ky = Kxx,yy’ and k3 =
K, «y for the generalized effective mass tensor K ;.

If both SOC and the particle-hole asymmetry are set to zero,
and we assume nearest-neighbor hopping, K ;; reduces to

NrB*75(3)

W(Uavbvivﬁo, (51)

ab ij Cab

where ¢, = (—1)%~!, With this reduction, v can be written
as

), — 30203),
V=, (52)

(g + (303,
as in Refs. [19,20] and is thus a measure of the Fermi-surface
anisotropy. The coefficient in front of the last mixed gradient
term becomes > 0 and proportional to (v? vi) . It will therefore
exist as long as there is superconducting order, and the Fermi
velocity does not vanish. The coefficient in front of the first
mixed gradient term is, on the other hand, (v + 1). From
Eq. (52) we see that for a completely anisotropic square Fermi-
surface v = —1 such that this term vanishes. The remaining
term can in this case be rotated away by a rotation of the order

parameter components as in Refs. [22].

With the simplification of K, ;; in Eq. (51), the parameter A
becomes A = —(v — 1) and the form of fgr. reduces to that of
Ref. [19] except for a minus sign. This discrepancy originates
with the choice made for the basis of the p-wave subspace.
To get equality, you would simply choose both eigenvectors
positive in Eq. (9), which would yield an irreducible represen-
tation equivalent to E. Then K, ;; would reduce in the same
way except missing the factor ¢,; such that A =0 and fg.
would reduce to the same form.

If the particle-hole asymmetry given by N} is present,
K.p,ij gains a contribution from the Fermi-surface average
(vq vbmijl)o. For nearest-neighbor hopping, m;; ! is diagonal
such that k3 is not affected by it, however because of its
contribution to x; and k, the terms get rescaled. In the
continuum limit this leads to increasing coefficients for the
mixed gradient terms compared to the normal kinetic terms in
the free energy.

In the continuum limit v is expected to vanish by Eq. (52)
since the Fermi surface becomes isotropic. However, including
Rashba spin-orbit coupling with a SOC vector of the form
y = ak,é; —k.é,) leads to

1/ o\ (53)
v~ — ),
2\ krpt

where ¢t > 0 is the nearest-neighbor hopping amplitude and k
is the Fermi wave-vector magnitude because of the contribution
to the k coefficients from the term Ny (d® 8ij)oin Kyp,ij. From
this result we conclude that v is no longer only a measure
of Fermi-surface anisotropy, but also a measure of spin-orbit
coupling strength. The coefficient in front of the last mixed
gradient term in Eq. (50) now becomes 1/(1 — v), whereas
the other mixed gradient term coefficient is 1+ v for the
choice & = 0. This shows that, in the continuum limit, the
mixed gradient terms become more prominent compared to
the normal gradient terms as the Rashba spin-orbit coupling
strength increases.

ACKNOWLEDGMENTS

FEN.K. was supported by a NTNU University grant and
thanks S. Rex for useful discussions. A.S. was supported by
the Research Council of Norway through Grant No. 250985,
“Fundamentals of Low-dissipative Topological Matter,” and
Center of Excellence Grant No. 262633, Center for Quantum
Spintronics.

APPENDIX A: SYMMETRIES OF THE SINGLE-PARTICLE

PROBLEM

Combining the two different spin options for the annihila-
tion operators in Eq. (1) in a vector €k, then under time-reversal
0, the operators transform as [34]

(Ala)
(A1b)

Since O contains a conjugation operator, the time-reversal
of the single-particle Hamiltonian in Eq. (1) becomes

o~ = Y,

ZZATk[ea{)*w(k)* (—io")o " (i0”)]e

e + y(k)* - 67168

=Y &le(—K)" — y(-K)* - o e (A2)
k

If the Hamiltonian should be time-reversal invariant, then
the coefficients must have the symmetries €(k) = e(—k)* and
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TABLE I. Character table for the group Cy,. The first row gives
the conjugation classes, whereas the first column denotes the different
irreducible representations. Note that E is the only two-dimensional
irreducible representation.

C4u e C% 2C4 Q.O'U 2(Td
A, 1 1 1 1 1
A, 1 1 1 —1 -
By 1 1 -1 1 —
B, | 1 —1 —1

E 2 -2 0 0 0

y(k) = —y(—k)*. Since the Pauli matrices are self-adjoint,
taking the adjoint of Hj yields

Ay =" elle®) + y&)* - ok (A3)
k

If the Hamiltonian should be Hermitian, then the coefficients
must satisfy e(k) = e(k)* and y(k) = y(k)*. Time-reversal
invariance together with Hermiticity thus implies that the
coefficients are real, that €(k) is even in k, and that y(Kk) is
odd in k, which were the symmetries mentioned in Sec. [T A.

APPENDIX B: DIAGONALIZATION OF THE
SINGLE-PARTICLE PROBLEM

Itis easily verified through substitution that the basis defined
in Eq. (2) diagonalizes the Hamiltonian in Eq. (1) as long
as |p?| # 1, regardless of whether H is Hermitian or time-
reversal invariant. This means that the same diagonalization
is used when y represents spin-orbit coupling (time-reversal
invariant but not parity invariant), and when it represents an
external magnetic field (parity invariant but not time-reversal
invariant). The matrix determining the basis in Eq. (2) is found
by solving the characteristic equation of the corresponding
linear-algebra problem and finding the normal eigenvectors
that correspond to each eigenvalue.

In the case that y(k)||é, the basis transformation instead
reads

1 <(1 + po)elts
ag = —

NN
(1= po)e’s-
=5l hepeies ck.  (BD)

(1+ 79)e-

This results in the same expression for the eigenvalues eﬁ =
€(k) + h|y (k)| as is obtained from the basis transformation in
Eq. (D).

APPENDIX C: BASIS VECTOR FOR THE IRREDUCIBLE
REPRESENTATION E OF C,,

The group of symmetry transformations of the two-
dimensional square lattice is denoted Cy, in the Schonflies
notation or 4mm in the abbreviated Hermann-Mauguin no-
tation [27]. In Ref. [27] the character table of Cy4, is as
shown in Table I. For the one-dimensional irreps. the matrix
elements of the representation are the characters themselves.
For the two-dimensional irrep. E, the matrix elements of the

representation are given by

DB (oy,) = (? (1)) (CD)

This can be verified by calculating the traces of the matrices
xB)(g) and showing that they satisfy the condition,

D IxP@F = ICal, (C2)

8€Cyy

which imply that this is an irreducible representation as well
as showing that the matrices satisfy the group multiplication
relations for group elements in Cy,.

Since the goal is to find a basis for this representation £
consisting of eigenvectors of the Hermitian operator V, these
basis vectors can be written in the form of Eq. (6), repeated
here for convenience,

d) = ) diyn ®k,51)|—k,52). (C3)

k,s152

This eigenvector space is projected down on the irreducible
subspace of the irreducible representation by the projection
operator in Eq. (8). This operator includes the symbol g: which
means that the state should be transformed by the group-
element g. For spin-momentum eigenstates, the transformation
law is given by [34]

gk sy = " |gK'.5) Dyyw (C4)

for the matrix,
Dgss’ = gy COS(¢/2) — il oy sm(¢>/2), (C5)

where the rotation given by the angle and normal vector
(¢,%) is given by the proper rotation associated with g. The
transformation of vectors in the product space of two spin-
momentum eigenstates is thus given by

gk, ,s7)K),s5) = Z |gK|.,51)|gk),52) Dgg st Dgsysy. (C6)
51852

Writing this as an active transformation where the transforma-
tion acts on the coefficients of the eigenvectors in Eq. (C3)
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results in
8y 5,(K) = Y Dysyy Dy i dy 5 (87'K). (CT)
515
Coefficients that are odd in k can be written as
dy5,(K) = d(k) - (0io?)y,s,, (C8)

because of fermionic particle exchange asymmetry. The trans-
formation rule in Eq. (C7) is then simplified to

g:d(k) = R(d,¢)d(g'k),

where R is the conventional 3 x 3 rotation matrix, which shows
that d transforms as a vector. Since the k dependency of d(k)
must be such that it is invariant with respect to translations by
reciprocal lattice vectors it can be expanded as a Fourier series
in the fundamental lattice vectors R such that

d(k):ﬁzk:ﬂRsinR-k.

Applying the projection operators in Eq. (8) onto d(k) using
the transformation law in Eq. (C9) and the matrix elements of
the representation given in Eq. (C2), the & and y components
of B vanish leaving

(€9

(C10)

PPdk) = > Bilsin(R - k) + (=1)' sin(z - R x K)].

2
2VN 4
(C1D)

This expression implies immediately that the simplest potential
that contains a nonvanishing representation E is a nearest-
neighbor potential where R € {(0, & 1),(£1,0)}. Inserting
these possible lattice vectors R in the sum ) p in Eq. (C11),
vectors in the projected space can be written

PPd(k) = — B0 [sin ke + (=1) sin k]

2\/—{('B(l 0)
+ (Bf.1) — Bio—p)[sin ky — (=)' sin k,]}.
(C12)

Such vectors can clearly all be written using the basis vectors
made up of

d. (k) = (sin k, = sin k,). (C13)

Although this is a basis for the irreducible vector space
associated with the irreducible representation E, it does not
transform as the matrices given in Eq. (C2). Recall that a basis
{b;} for a representation D transforms according to

g:bi =Y b;Dji(g). (Cl4)
J

Instead {d.} transforms like an equivalent representation to
the matrices in Eq. (C2). This is simply solved by rotating the
basis into new basis vectors,

dE)(k) = —2
d® k) = +

sin ky, (C15a)

7 sin k,, (C15b)

which when properly normalized gives the basis set in
Eq. (9).

APPENDIX D: SPECTRAL DECOMPOSITION OF
NEAREST-NEIGHBOR INTERACTION

To find the representations the potential in Eq. (10) consists
of, first it is Fourier transformed into

— Z V(k —K)

aqkk's
XCZq/2)+k,squ/Z)fk,7sc(q/2)—k/s—Sc(q/2)+k',f (D1
for
Vik—K)= v D Pk, (D2)
2N 3

where § sums over nearest-neighbor lattice vectors. The spec-
tral decomposition of V is found by expressing V in terms
of its eigenvectors. Since V is a two-body operator, it is
completely determined by the matrix elements (e8|V |a’f’)
where |af) are states in the two-particle Hilbert space. For
BCS-type potentials this two-particle Hilbert space consists of
states where the particles have opposite momentum and any
eigenvector can thus be expanded as in Eq. (6). This means
that in terms of spin-momentum eigenstates, the potential can
be written as

N 1
V = 5 Z Z Vk,k’;slszs3S4

qkK' 51525354

T T
X Ciq/2)+k,s1 €(q/2)—k,5 C(@/2)—K .54 C(q/2)+K 53 (D3)
for the matrix elements,
Viekssisassss = (Kos11{—K,52| V[K',53)| — K',s4)
= —2V(k— K')85, 510505, 0 Oy, (D4)

The space associated with a single eigenvalue can in general
be written as a sum of irreducible spaces where each irreducible
space consists of basis vectors forming a basis for an irre-
ducible representation of the symmetry group [27]. If the space
consists of several irreducible representations, these are said to
have accidental symmetry since the fact that vectors belonging
to two different irreducible spaces have the same eigenvalue
is not necessary by symmetry and thus, in a sense, accidental.
Writing the basis vectors for an irreducible representation I" as
|I',mr) where mr enumerates the dimensions of the irrep.,
this implies that {|I",mr)} is a complete orthonormal basis
set. Inserting this complete set on either side of the potential
operator, in the space of two-particle states the potential can
be represented by

dr
V= Z Vr Z |T,mp){I,mr| (D5)
r m=1
for the eigenvectors,
Ve = (Cmp|VTmr). (D6)

Note that it does not matter which of the dr different basis
vectors one inserts for m since all will give the same eigen-
value as long as they are basis vectors in the same irreducible
space. These eigenvalues can then be evaluated by inserting a
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complete set of spin-momentum eigenstates as

Vl" = E E Vk,k/;slszsgm

KKk’ 1525384

(dl((ré 1Wélzl )) dlir s:nsl4) ' (D7)

Inserting the irreducible representation basis vectors in
Egs. (13), (12), and (9) yield the eigenvalues,

Va, = Vg = Vg, = Vg, =V, (D8)

Conversely, Eq. (D5) may be inserted into Eq. (D4) such that
the spin-momentum eigenstate matrix elements can be written
as

Z Vi Z dis (dyg )"

mr=1
If all the eigenvectors given by irreducible representations have
been accounted for, this must reproduce Eq. (D1). Inserting
the singlet irreducible irreducible representations with even
functions ¥ (k) as well as the triplet irreducible basis vectors
with odd vector functions d‘*” (k) from Egs. (13), (12), and (9)
yield

Vk,k’;xlszs;m (D9)

=-V>y ( PR AR (SYARI O,

qkk's \a=A,B)

+ ) dF0d Ky

i=x,y

T i
X C(q/2)+k,sC(q/2)—k,—s€(@/2)-K ,—sC(q/2)+K .s

= _% Z V(k —K)

qkK's

T i
X €(q/2)+k,s€(q/2)—k, s C(@/2)—K .~ C(q/2+K s (D10)

which indeed is the initial potential presented in Eq. (D1).
This shows that Eq. (11) is the diagonalized form of Eq. (10)
and the nearest-neighbor interaction thus consists of the irre-
ducible representations A, B}, and E which correspond to the
extended s-wave, d-wave, and p-wave channels, respectively.

APPENDIX E: INTEGRATION OVER FERMIONS

The single-particle problem Hamiltonian H defined in
Eq. (1) and interaction potential V defined in Eq. (4) for b equal
to the two-dimensional irreducible representation E of Cy,
with eigenvectors given in Eq. (9) defines the relevant system.
The finite temperature partition function for this system can
then be written as a path integral over GraBmann fields £ and
E* as

- / DleE] e, (El)

for the action,

B
S = / dT{ ZEE,S{SSS,[BT + E(k)] + Y- o-ss’}é:k,s’
0

kss’

4 > J;"*J{l"}, (E2)

2
qm

where Jé" ’s are defined in Eq. (15). By Hubbard-Stratonovich
transforming the interaction potential exponential at the ex-
pense of introducing new auxiliary complex fields nfl”” and
ny"* as in Eq. (14), the partition function can be factorized
into a path integral over the auxiliary fields and a path integral
over the quadratic fermionic GraBmann fields by

B 2| pm
Z= /D[n*n] exp |:—/ dr Z |’771|ZF (E3)
0 o

such that
Zp = / Dle*E] e (E4)

Because of the Hubbard-Stratonovich transformation, the
fermionic action Sy now consists of only quadratic combi-
nation of GraBmann fields where one part of it comes from
the single-particle problem on the first line of Eq. (E2) and
the other is proportional with the new complex fields . To
simplify the calculation, the GraBmann fields are transformed
through Eq. (2) to the helicity basis in which the single-particle
Hamiltonian is diagonal. Denoting the unitary matrix in the
transformation in Eq. (2), U (k)y;, such that

b = Y UK)ndin, (ES)
h

the fermionic action Sy can be written

B
Sk =/ dT{ E &, (3 + €k
0

(m) (Em)
+ § : T R SR S
ki k,
hihom

e @ 1 B G ] } (E6)

where in the last equality we have inserted the helicity basis
and defined the helicity transformed irrep. basis vectors,

~ ki — k,
(En)  _ Z (En 2
dk1k2;h1hz - dSlSz ( 2

5152

)U(kZ)ythU(kl)ghl (E7)

The imaginary-time dependence of the ¢ fields is expanded
in a series of Matsubara frequencies through the unitary
transformation,

1 .
(7)) = 75 ;e*”w" Ciin (E8)

for w, = (2n + 1)7/B. This expansion results in a remaining
time dependence in the auxiliary complex fields n(z) which is
itself transformed into a bosonic Matsubara-frequency depen-
dence through the identification,

1 [P .
E/O dt nl((T-)!-kz(T)e”(wnler"z) = nf:?-)&-kz,nl-ﬁ-nz-&-l' (E9)

In the single-particle Hamiltonian, this transformation ex-
changes the d; for —iw,,. The fermionic action is now written
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as a bilinear form
1 .
Sk =3 2 Sm Ak i (E10)
kik,

niny

through the 4 x 4 matrix A by collecting the fermionic fields
in four-component vectors,

;En = (gk-'rn ) Ck—n ) ;];:_n ) é‘]f_n)‘

Since each vector contains all the different GraBmann fields
(both fields ¢ and ¢*), the integral becomes the Pfaffian of the
antisymmetric component of A [35]. Reusing the notation A
for this antisymmetric component, the fact that the Pfaffian of
an antisymmetric matrix can be expressed as the square root
of the determinant of this matrix [36], is used to write

Zp = Pf(A) = +,/det(A) = exp (1 Tr In A).

The limit of zero spin-orbit coupling is used to argue that
+ should be used in front of the square root. The fact that
exchanging two rows of a matrix leaves the determinant
invariant is then used to write S as the familiar sesquilinear
form

(E11)

(E12)

1 My —
S = 5 Z;Lﬂ](G l)klkz,nlnzgkznz, (E13)

kiky
niny

where the inverse Gor’kov Green’s-function G~! is expressed
as
G =Gy + 9. (E14)

J

ST Vo2 G (m) (m")x

mm'KK'
hh'niny

The two terms represent the inverse mean-field Green’s func-
tion,

~—1
(GO )klkz,nlnz = 8k1k28n1H2

; +
—iwy, + €, 0 p
X . _ 1 ®oc°,
< 0 —iwy, + €,
(E15)
and the order-parameter-dependent 4 x 4 matrix,
(q\s)klkz,nlnz = 2 Z Z 8n,n1+nz+l
m n
(m) (m)
o INOr ’ (m) 1 Mo D).
k1+k2,nDk2k1 0
(E16)

where the 2 x 2 matrix Dl((Tl‘)xz consists of the transformed irrep.
basis vectors,

(m) _ HEw
(D) iy = Do - (EI7)

The result in Eq. (E12) is then expanded to second order in the
order parameter through Eq. (18). The first term is independent
of 1 and is thus absorbed in the normalization constant of the n
path integral. The second term vanishes when taking the trace,
leaving the third term such that

Zp = exp (—‘1—1 Tr CV;OQVSGQJ)). (E18)
Since (V;a !is a completely diagonal matrix, its inverse is trivial
to find. By simple matrix multiplication and summing over the
momentum and Matsubara-frequency indices for the trace, it
is found that

F(Em)  F(Ew)*
dkk';hh’dkk';hh/

iwn, — vy, + ) (ion, —€1)

(E19)

Since the goal is a time-independent Ginzburg-Landau theory, the order parameter is assumed to be time independent such that

(m)

Men = 5n0771((m)~ Inserting this assumption back into Eq. (E19) which is inserted into Z in Eq. (E18) and then inserting this back

into the expression for Z in Eq. (E3) yields the expression,

z= | Dy _ M 5 B Ere D Do £20
N / nnl exp quﬂ % m% ek sk (oot e (o — ) (E20)
hh'n
After shifting the momentum indices in the second term by
k - q/2 +Kk,
k' — q/2 —k, (E21)

inserting the expression for d~1((ﬁ<"2);h » from Eq. (E7) as well as the elements of the transformation matrices U (K),;, from Eq. (2), Z

can be rewritten in terms of the gap function [24],

A (k,q) =Y ngmdEn k),

the spin-orbit-dependent matrix,

uk), =@ +hp o)y,

(E22)

(E23)
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and Green’s functions,

G (K iw,) = (iwy — )", (E24)
as
2 ’ PRI
/D[n n] exp { Zﬂ 5 k%i A2 (K, q) A2 (K, q)* %; Gh<§ +k, — zwn)u(i + k)
xG" (5 —k la),,) (g - k)hﬂ} (E25)

For further development, the center-of-mass momentum q of the Cooper pairs is assumed to be small compared to the fundamental
lattice constant so that the momentum dependencies in Eq. (E25) can be expanded to second order by

h J
u(gj:k) ~ 6"+ ho - iy+q—ayiﬂaay (E26)
2 2 8
and
ZGh( +k, —iw,)G" (——kla)n)—ﬁ(xh/h—i-%x, +q; x,’}h>, (E27)

where the Einstein-summation convention notation has been used for repeated indices and 3; = 9/3k’. x"* and Xf}h/ are defined
as in Egs. (21) and (25), whereas

x Z G'(q+k, —iw,)G" (q = K,iw,). (E28)

= lim
qoaq

Inserting these expansions, the resulting expression for Z becomes

2 77(m) ‘8 ) o . ,
7 — / 1] exp{ ﬂz | Z ﬂ((lm)ﬂam)*(tf d(E )'(hh ad(E m) _GT_dliE,,,))]Xhh
qm kqmm
hi
_ q_’ tr [d(Em’)Jfo.d(Em)] . [A(l’l _ h/) h'h + 8 ph + h/) h’h] + qiqj { [d(Em 0t (hh/ d(Em) s d(Em))]
5 K Kk Yy Xi iV X 8 s ody X,J

20 " e [N - 0 dE0 00,9 6T — 89 - ad 0, - aT)]})}’ (E29)

where tr[-] is a trace over the spin indices and dl((E’”) is the matrix in spin space whose matrix elements are given by dglEYZ )(K). The

specific form of df“‘;';’) (k) given in Eq. (9) leads to considerable simplifications of Eq. (E29) since the corresponding spin-vectors

d©)(Kk) are parallel and only retain the Z component. Inserting this fact, the partition function reduces to

2" B / ,
2= [ouraen| - p =0 8 5w w4
kqmm'
hh'
’ l j 7 A ’ 7 ’
x [{hh’[l = 2791 = ™ + T (T = 21 = 1)) = 20k gij)“. (E30)
Since the spin trace in Eq. (E30) can be written
tr [d" ] = 2@y - a0, (E31)

the free energy tensors A, and K, ;; can now be identified from Eq. (E30) since their relation to the partition function is given
by

/ Dln*n] exp{ ﬂZ () 0 + Kap.ij(n) P d qf]} (E32)
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APPENDIX F: ENERGY INTEGRALS IN FERMI-SURFACE AVERAGES

The details of how to obtain the explicit expression for K, ;; and A, in Eqs. (31) and (32) from Egs. (20) and (23) were in a
large part left out. In this Appendix, one of the integrals is worked out in detail, and the others needed to obtain these expressions
will be listed.

To see clearly what part of the generalized mass tensor K, ;; is dependent on spin-orbit coupling and which is not, the
summation over /4’ in Eq. (23) is performed to yield the expression,

1 i _ \ B
Kapij = 7 2 d Ul + GO (! =i ™") + G = 1" gy} (F1)
kh

Inserting Xf}h’ from Eq. (25) into this expression and performing the approximation outlined in Eq. (29) for converting to
Fermi-surface averages yields the expression,

_ 1
Kapij = _Z (@{[ ool = Itmp ]+ GO (1 + )i — BT — (1 — 12)m;k] - E[1’1—15’];;,-,»})0. (F2)

Here the I’s represent energy integrals across the energy shell around the Fermi energy of varying combinations of Green’s
functions as well as the density of states Ny(¢). As an example, consider the integral,

o [ No®) L e
’“/ﬁ B 2 T & —Hly| 9 i ~E ¥ YT )

First the approximation No(§) &~ Nr + Nj£ is used to split the integral in two: I = I2| + I, such that I is the part that is
proportional to Ny, whereas 15”’2 is proportional to N.. The integrand of 15’” | is then split using partial fractions such that

, _ Nr 1 5 1 1
5= 2 Swy —hirh | Cion e A0 EF (on  THIIP
B S 20w, —hlyD) Joe, " L(—iwn =& +hly)> &2+ (0n +ihly])

NF 1 ZGC 2 -1 €c
= —Z - - - 3 - tan -
ﬂ n Z(lwn—h|)'|) 65 +(wn+lh|y|) wn+lh|y| wn+lh|y|

Nr Z 1 e 1 tan-! e
= — — — an _
T~ i(w, +ihlyD| e+ Q@n+1+ihp)*> 2n+1+ihp 2n+1+ihp
_Nep Z ! tan! [ — %
in? &~ (2n+1+ihp)* 2n+1+ihp

Nrh . & 1
_BNr TR Y —
b1 —~ 2n+1+ip)?

,BNph

&

f2(p). (F4)

On the third line the dimensionless variables e. = Be./m and p = B|y|/m were introduced. It was assumed that the critical
temperature was low compared to the Debye frequency such that e. > 1 and the first term on the third line could be ignored since
it goes as ~1/e, whereas the arctan goes like ~m /2. On the last line, the sum over n was separated into the sum over positive and
negative n, resulting in the imaginary component of the first sum by shifting the summation index. Forn € [0,n.], e./(2n + 1) > 1
such that tan~! is approximately 7 /2. n. depends on e, and since e. >> 1 then n. > 1 as well such that adding the terms in the
sum for n > n, does not change the limiting behavior.

Similarly, the integrand of 1 h2 is split using partial fractions, albeit in a slightly different way which produces

2=~ Z G+ hy? T Bt @ i1

__F ;tanil Ce — Ce
x |20+ 1+ihp 2+ 1+ihp)  @n+ 1+ ihp)? +e?

2n+1+ip 2n +1 2n+1

_%Rei tan” (2'”‘6—“”/)) tan”! (5r) | tan”! (55)

%

—Nj f(p) — NT‘/” In(2e.€°). (F5)
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Inserting these results back into Eq. (F3) then yields
NrBh

IF~ —
T

!

N
fa(p) = N f(p) — TF In(2e.e). (F6)

The remaining integrals are calculated in a similar manner. In the cases where p/e. remains in the expression after integrating,
this is expanded to first order in O(p/e.), €.g., in Ié’. Terms proportional to e~ are also neglected, such as in Izh. With these

approximations the integrals become

“  No(®) 1 :
1”:/_6(515 (;3 Xn:w5+(s+h|y|)2 ~ N In(2e.e€) + hNy|y|[1 — In(e. )], (F7a)
w [, No®) 1 - c
o ‘f_ 7 ;su(wnﬂhwz ~ Nrin@ece) + 2Nr 1(0) (F7)
€ No&) 1 9 1
1h=/ dg =2 2
I Xn:iwn—é—h|y|as—iwn—s—h|y|
~ _Nph|y| 3 Ny ln(ZeCec)’ (F70)
2¢? 2
€ No(&) 9 1 9 1 1 92 1
1h=/ dg— (— — - Py )
2= %8 Z 08 iy — & — hly| 06 —iwy —& —hly|  iwy — & — hly| 9E> —iw, — € — hly]
7t (3) ,
~ B e — iy v, (F1d)
. / PRCGEN A L
o B e 0Eiw,—E—hly| 0& —iw, — & +hly|
NgB? 7¢(3
~ of [ﬁ(pH%] (FTe)
“  No(®) 1 0>
1h=/ dg = Z
=% ;iwn—s—hwwshiwn—s+h|y|
Ny pB? 7¢(3 Ni.Bh
i < (fa(p)+%)>+ P o, F7)
©  No(&) 1 9 1
Ih 2/ d 0 —
Sl Py ;iwn—s—h|y|ae—iwn—s+h|y|
NgBh N 1In(e.e€ ,
~ d fxm—%—mﬂm. (FTg)

The expression for K, ;; in Eq. (32) is then obtained by inserting these integrals into Eq. (F2) and summing over 4. The
integrals 7" and Ié’ are used to obtain the expression for A, in Eq. (31).
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