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Spontaneous finite momentum pairing in superconductors without inversion symmetry
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We analyze the effect of magnetic fluctuations in superconductors with strong spin-orbit coupling and
show that they drive a phase transition between two superconducting states: a conventional phase with zero
center-of-mass momentum of Cooper pairs, and an exotic phase with nonzero pair momentum. The latter
is found to exhibit persistent currents without magnetic field in doubly connected geometries such as rings.

Surprisingly, the transition temperature into the superconducting state can be increased by applying a Zeeman

magnetic field.
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I. INTRODUCTION

The coupling between the spin of an electron and its
momentum gives rise to various phases in condensed-
matter systems. In magnetic systems, spin-orbit coupling
(SOC) induces numerous phases, spectacularly different from
the familiar (anti)ferromagnets and with exotic low-energy
excitations [1,2]. In systems with ferromagnetic tendencies,
SOC leads to a different ordering pattern—helimagnetism:
where the magnetic moments rotate as a function of posi-
tion in a spiral structure [3,4]. An even greater variety of
interesting phenomena arises from the combination of spin
orbit, magnetism, and superconductivity [5—15]. Here the
interplay of translations, spin rotations, and superconducting
phase rotations offers many possibilities for forming ordered
ground states [16]. In the presence of a Zeeman magnetic
field, SOC stabilizes a condensate of Cooper pairs with
finite momentum [17,18]. This is a variant of the Fulde-
Ferrel-Larkin-Ovchinikov (FFLO) state [19,20] where the
critical (Zeeman) magnetic field of the s-wave superconductor
significantly exceeds the Pauli limit. In crucial distinction
to the conventional FFLO state, SOC permits the super-
conducting order to exhibit a well-defined chirality even in
the absence of currents. Consequently, there are no nodes
in the pairing gap, and such a superconductor is robust
against disorder [21,22]. An additional consequence of SOC
is a finite spin susceptibility in the superconducting state—
comparable to its normal-state value—down to the lowest
temperatures [5,8].

The strong response of superconductors with large SOC
to magnetic fields raises questions regarding the role of spin
fluctuations in such systems. Superconductivity coexisting
with magnetic states has been observed in several materials
without inversion symmetry such as CePt3Si (Ref. [23]),
CeRhSi; (Ref. [24]), and Ulr (Ref. [25]). Another family
of systems exhibiting superconductivity and magnetism are
transition-metal-oxide heterojunctions, such as the interface
between LaAlO3; and SrTiO3; which hosts a two-dimensional
layer of high-mobility electrons [26] with strong SOC of the
Rashba type [27-29]. In addition, at low temperatures the
interface becomes superconducting on the background of an
inhomogeneous magnetic state [30,31].
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Measurements of LaAlO;/SrTiO; heterostructures have
revealed a peculiar property of superconducting films with
strong SOC. A moderate magnetic field parallel to the interface
increases the transition temperature 7, [32] (at high magnetic
fields T, is eventually suppressed). Such a nonmonotonic
dependence of 7. on the Zeeman field is not unique to
LaAlO;/SrTiOs heterostructures; it is even more pronounced
in Pb films [32]. The presence of magnetic impurities was
proposed to account for this behavior [9], but has been ruled
out experimentally [32]. Moreover, mere formation of a paired
state at finite momentum that protects superconductors with
SOC from pair-breaking effects up to high Zeeman fields
does not explain the observed 7, enhancement. In fact, the
conventional BCS dependence of 7, on the reduced Zeeman
field H/H, continues to hold in the presence of SOC, with the
enhanced critical field H, as described above.

Motivated by these experimental findings, we study the
effect of magnetic fluctuations in phonon-mediated supercon-
ductors with strong SOC. While magnetization fluctuations
have long been proposed as the pairing mechanism in many
strongly correlated materials [33-35], they are known to cause
breaking of Cooper pairs in weakly coupled s-wave supercon-
ductors, and hence reduce 7,. We show that spin-orbit coupled
single-band superconductors can enter a finite-momentum
paired state solely by short-range magnetic fluctuations. Previ-
ous works described FFLO states exclusively in systems with
uniform magnetization [22] or external magnetic field [17,18].
Further studies of interplay of superconductivity and SOC con-
sidered the case where the pairing interaction involves several
channels [36,37]. There, a more complex nonuniform state was
found to occur only in the presence of constant magnetization
and for weak SOC [37]; we are instead interested in the effect
of strong SOC and fluctuating magnetic order.

Specifically, we find that magnetic fluctuations in the super-
conducting state can drive a second-order phase transition be-
tween two different superconducting states, one with uniform
order parameter A(r) = Ao and another with A(r) = Age'd".
The latter reflects the fact that Cooper pairs with center-
of-mass momentum q are formed spontaneously without an
external field. Near the transition, the superconducting phase
stiffness is suppressed and 7, decreases. The quantum critical
point between the two superconducting states is replaced by a
smooth crossover in the presence of a Zeeman magnetic field.
Consequently, 7, associated with either superconducting state
initially increases with applied field.
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II. MICROSCOPIC MODEL

To study the long-wavelength properties of a supercon-
ductor with strong SOC, we start from a microscopic model
H = Ho + Hpcs + Hum. The first term describes electrons in
a thin film with a Rashba term:

Ho :/ercsT,r[—

s’

s, T laRz(V X ass’)i|cs’,r- (1)

Here cj,r creates a spin s = %, electron. Hpcs describes
an attractive interaction in the s-wave channel, conveniently
expressed in terms of the (fluctuating) order parameter
A(r) = Afcy rCpr):
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‘Hym incorporates the magnetic fluctuations arising from
spin exchange interactions and the coupling to an external
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For a detailed derivation see Appendix A. For simplicity we
assume here a square lattice for which ) = %, connects
neighboring lattice sites denoted by j. The total magnetic
field is separated into its in-plane Hy, ; and perpendicular
Hp, ; components. The first line of Eq (4) is the conventional
Glnzburg -Landau free energy of superconductivity [38]. The
second line of Eq. (4) describes the magnetic fluctuations in the
itinerant electron system [39]. In the absence of external field
it becomes U ) [1 — v(ep)UXM/XN]Mi;, where = L, ||

and xy = (gup)*v(er)/2 is the electron-spin susceptibility.
This form is familiar, e.g., from the study of the Stoner insta-
bilities. We are interested in the case v(e¢p)U < 1 (far from the
magnetic instability) where magnetic fluctuations are massive.
Therefore, we can neglect higher-order terms such as gradients
of M; and M 4. The second line of Eq. (4) already contains an

1mportant consequence of SOC: the spin susceptibilities Xu
are only weakly affected by superconductivity [5], and remain
nonzero deep in the superconducting state 7 — 0. This is in
contrast to the vanishing spin susceptibility of conventional
superconductors without SOC. Furthermore, SOC gives rise
to an anisotropic x in the superconducting state; the spin
susceptibility normal x; and parallel x; to the plane are
no longer equal. Another important manifestation of SOC
is the appearance of the final term that explicitly breaks
inversion symmetry. Its coefficient n is proportional to ag.
In the continuum limit it takes the form

—iA*(D)[Z - (Hr x V)]A(r), &)

which has been derived in Ref. [7] (see also Appendix A).
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Zeeman field:

- g“B/dr ZHT(r) awc,rcs,,ﬁu/drw(r).

3
Here M(r) = (Zm/ amrcj‘_rcsr,r), and the total magnetic field
Hr(r) = H+ 2UM(r)/ g p includes the external field as well

as the magnetization divided by the Bohr magneton p p and the
Landé g factor. We focus on the effect of magnetic fluctuations
in the presence/absence of an external magnetic field parallel
to the film (with thickness smaller than the coherence length)
where only Zeeman coupling is important.

III. EFFECTIVE THEORY

Upon integrating out the electronic degrees of freedom and
assuming a finite superconducting gap (A) # 0, we obtain the
effective low-energy description of the system at wavelengths
much longer than the coherence length &. This can be expressed
as a lattice free energy with lattice spacing a > &:

LHZ Xll

o UTLj o T

o A,]}. o)

Jj+b

To study the universal properties, it is convenient to adopt
a phase-only formulation, writing A; = Aoe'®i. Under this
approximation, the free energy takes the form

F=>" { ps cos(®7,, — D7)
i
K . ~ .
+ E(Z x D) - (Hy; + Hypjyp) sin(®@5,, — @5)

2 Xl g2
+UM‘_7HTL, > HTll,]'}' ©6)
Here, p; is the superfluid stiffness in the v direction, and «
grows from o 05R|A(T)|2/TC2 near T, to x ag as T — 0 [40].

The unique form of the free energy of superconductors with
SOC in a uniform external Zeeman field has been studied in
the past [7]. Here we focus on the role of magnetic fluctuations
(with and without external field). Integrating out massive
fluctuations of M (see Appendix B for details) generates
short-range interactions for the pairing field, i.e.,

Z {py v COS(P7 ; — @5 — Op)

¢ . B . _ o2
+ Z[Sln(q)j+a = @5) +sin(P; — @;-;)] } 7
The coefficient { = Uk?(1 — 2X||U/g2u%)’1/(gu3)2 is pos-
itive in the paramagnetic phase; it grows as the magnetic
transition is approached and the corresponding fluctuations
become stronger.
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FIG. 1. The phase diagram as a function of temperature 7" and
¢ in units of p,. In the absence of magnetic field (black curve)
superconductivity is suppressed to zero (7, = 0) at the transition
between the states with uniform phase and chiral winding of the phase.
The transition temperature is shown to increase under application of
an external Zeeman field. The phase difference §,® as a function of
¢ is plotted in the inset.

IV. PHASE DIAGRAM

We begin by exploring the phase diagram in the ab-
sence of magnetic field, where ®; =0 and g, = ps is
the conventional superfluid stiffness. While the first term is
minimized by configurations with uniform @, the second
term favors the phase on neighboring sites to differ by x /2.
The same model also describes XY spins with ferromagnetic
nearest-neighbor and antiferromagnetic next-nearest-neighbor
exchange [41]. Expressed in terms of effective XY spins
ij = (cos @}, sin @), the free energy becomes

F ==Y 1087 S7,; +¢(S; x Sj, +S; x 85_)°1. (8)

i

There, frustration induces a transition into a helical ferromag-
netic state €, = (S;7 x S7,;) # 0. Similarly, depending on the
relative strength of the two terms in Eq. (7) the system can be
in one of two states: (i) a superconductor with a uniform phase
and (ii) a superconductor with §,® = ®;,; — ®; = const #
0. The latter is only possible when both SOC and magnetic
fluctuations are present (¢ > 0).

To study the phase diagram as a function of ¢ and T,
we initially consider only smooth variations of the phase.
We approximate 7, by the effective phase stiffness, i.e., the
coefficient of (V®)? in the expansion of the free energy. At
the transition between the two superconducting (SC) phases
the stiffness vanishes, as shown in Fig. 1. Microscopically,
the parameter ¢ can be modified by changing the strength of
either the SOC or the magnetic fluctuations. The former is
conceptually simplest: within the single band model it leaves
ps unaffected. In contrast, increasing the magnetic fluctuations
suppresses A, and consequently, also modifies p,. Neverthe-
less, the phase diagram (Fig. 1) equally applies to both cases
provided these dependencies are taken into account. We note
that suppression of 7. by magnetic fluctuations is well known
from mean-field treatments of ordinary superconductors. Our
result shows that in the presence of SOC, magnetic fluctuations
can have a much more pronounced impact on 7. due to
frustration effects. Similar behavior occurs in certain magnetic
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systems, such as the frustrated spin system described above,
at the Lifshitz point [42].

Within mean-field theory, a second-order transition be-
tween superconducting states with 6, =0 and §,P # 0
occurs at ¢, = p;/2. On a square lattice and for ¢ > ¢, the
nearest-neighbors phase difference takes one of four values:
0, ® =46, = +cos™!(ps/2¢). These states are character-
ized by the superconducting order parameter A and a two-
component chiral order parameter,

¢ <4
;) = : O

_ 5 Ls
-3 (>5

Ciex,y = (sin(d>;.

The phase transition into a superconducting state with finite
pair momentum is a key result of our work.

The nature of the chiral transition becomes transparent
when the free energy [Eq. (7)] is expressed in terms of
C,. Note that under 7/2 rotations around the z axis the
order parameter transforms as C,;,, — +C, /.. The generic
form of the free energy with this symmetry is F = r(C? +
C3) 4 u(C? 4 C})* + vCiC;, where expanding Eq. (7) yields
F=ps/2—¢,and u = —v/2 = p,/8. This model features a
continuous phase transition in the XY universality class, while
the dangerously irrelevant fourfold anisotropy ~v determines
the nature of the ordered phase.

Above we have made several assumptions which are valid
in the ordered states, but must be revisited near the Lifshitz
point: (i) We neglected amplitude modulations of the order
parameter; based on Eq. (4), it is straightforward to show (see
Appendix C) that a single harmonics of the order parameter
A(r) = Age'T is energetically favorable. (ii) The previous
analysis excluded vortex excitations. Earlier studies of the
Kosterlitz-Thouless transition in closely related magnetic
systems showed that near the critical point, helical order
may survive even when vortex proliferation destroys magnetic
order [43-46]. Vortex physics, however, becomes important
only at finite temperature, thus it does not qualitatively change
the phase diagram (Fig. 1).

V. MAGNETIC FIELD EFFECTS

In the presence of a constant external magnetic field H, the
phase transition is replaced by a smooth crossover, and the
phase stiffness remains finite for all ¢; see Fig. 1. This follows
from the free energy in Eq. (7), where

P = (cHY /47 + p2,

@ = [7/2 — cos™'(k H /4p, ) Isgn(H,
| @xD)-H

(SRR (10)
1—2xU/g*uy

The phase ®; changes from ®; = KHJ' /40, at low Zeeman
field to =7 /2 at very high field. Within mean-field theory, the
phase difference §,, ® in the direction perpendicular to the field
is nonzero for all {. For ¢ <« p,/2 the phase difference equals
®; and tracks the Zeeman field, while at large ¢ it acquires a
field-independent contribution (see Fig. 1). Consequently, the
Zeeman field enhances T, as illustrated in Fig. 2. This result
applies provided the magnitude of the order parameter |A HRS
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FIG. 2. The transition temperature as a function of an applied
Zeeman field H for (a) ¢ = 0.4p,, (b) £ = 0.5p;, and (c) ¢ = 0.6p;.
The transition temperature is found from the phase-only model
assuming the magnitude of the order parameter A has a weak
dependence on H. Panel (d) shows the range of fields for which
the phase only approximation holds.

field independent. Since SOC protects superconductivity from
pair-breaking effects up to Zeeman fields well above the Pauli
limit, the phase-only model captures the main effect at small
H. At higher magnetic fields suppression of |A| is expected to
be dominant. The dependence of |A| on the magnetic field in
disordered superconductors [22] is illustrated in Fig. 2(d).

VI. EXPERIMENTAL SIGNATURES

The mechanism described here provides a possible explana-
tion for the enhancement of 7, with magnetic field measured
in Pb films and LaAlO3;/SrTiO3 heterostructures [32]. Both
systems feature strong SOC, and evidence of inhomogeneous
magnetism has been observed in the oxide interface. In Pb
films the strength of SOC can be enhanced by reducing the
film thickness. Interestingly, over a range of film thicknesses,
the field-induced 7, enhancement in Pb was found to be larger
for thinner samples, consistent with our theory for ¢ < p,/2.
In the LaAlO3/SrTiOs interface such measurements were
performed for a particular value of SOC only. However, in
oxide heterostructures SOC can be gate tuned [27], making
them ideal candidate systems for exploring the entire phase
diagram. Direct observation of the chiral superconducting
state is more challenging; the absence of nodes in the pairing
gap rules out probes that are frequently used in search of
the FFLO state, such as specific-heat measurements. Instead,
phase sensitive techniques must be employed, e.g., measuring
the critical current in a Josephson junction. Alternatively,
numerous striking signatures arise in a ring geometry due
to the sensitivity of the superconducting phase to boundary
conditions.

To study the superconducting state on a ring of radius
R > & at low temperature, we consider Eq. (7) with periodic
boundary condition in the x direction, @; =0 jene T 2nn,
where N is the number of sites in the x direction, and » is an
integer. This boundary condition only permits ground states
with 8, ® = 2z n/N. When the ring thickness is smaller than
&, modulations along the y direction are suppressed. The free

energy of such states is obtained by setting ®; ; — ®; =
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FIG. 3. The phase diagram in a ring geometry. While at low tem-
perature the transition lines are functions of 7/ T, and ¢/ ps, at higher
temperature they also depend on p, explicitly (see Appendix D). The
corresponding persistent currents at 7 — 0 are shown in the inset.
The current is plotted assuming n > 0, for negative n the sign of the
current is inverted.

2nn/N and Q55— @5 = 01in Eq. (7), i.e.,

Fing = —pycos (220 — ¢ sin? (2 (11
ring = —Ps COS N {sin N /)

Similar to the planar geometry, for large ¢ the free energy
is minimized by nm, # 0. Here ng, changes discretely
whenever Frine(Mmin) = Fring(min + 1), and in general the
current Z, = (2e/hc)0 Fring(n)/0n|

N=Nmin
in contrast to the planar geometry where §, ® takes continuous
values and satisfies dF/d6,P = 0. Consequently, a ground
state with ny,;, # 0 exhibits persistent current [47],

2 2 N 2 N
T, = N—;c sin< ”]’\’Jm‘“> |:,os pY cos( ”]’\’Jm‘“ﬂ. (12)

The continuous transition that occurs in the planar geometry
at ¢, is replaced by a sequence of first-order transitions as ¢
increases. As illustrated in Fig. 3, these states are characterized
by a persistent current even in the absence of an external
magnetic field. The current changes abruptly at the transition
points (in realistic systems these sharp changes would be
smeared). To extend the analysis to higher temperatures,
modulations of |A j«.| as well as ® 7 must be considered. The
complete phase diagram is presented in Fig. 3, with a detailed
derivation in Appendix C.

Another signature of SOC can be obtained from measure-
ments of the persistent current [48] induced by a magnetic
field along the y direction. Here the orbital component as
well as the Zeeman contribution analyzed in Eq. (7) are
important. The boundary conditions are modified to ®; =

is nonzero. This is

@, v + 270 + @, where ¢ = 2e R°H/ he is the magnetic
flux threading the ring in units of the superconducting
flux quantum. Correspondingly, Eq. (11) is modified as
Fiing = — s x COS [W — 0,] — ¢sin? [W], and a per-
sistent current flows in the system as a function of magnetic
field even for small ¢. The current

®) . ®x:|_§ sin |:47T(nmin - <P)i|
N

2 (nmin -

T~ P Sin
prcsin| 2

13)
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FIG. 4. The persistent currents as a function of external magnetic
field for ¢ = 0.1p, < ¢.. The magnetic field is expressed in terms
of the flux threading the ring in units of the superconducting flux
quantum ¢. The change in periodicity as a function of « is illustrated
for k/ps; =0 (black), «/p; = 0.4T~" (blue), and «/p, = 0.8T !
(green). These values of « are chosen to give the correct order of
magnitude for a metallic system with a Fermi energy of 1 eV, a SOC
of 10 meV, and a transition temperature of 0.1 meV. In addition, we
set N =25and R = 0.1 um.

is plotted in Fig. 4 as a function of ¢. For weak fields
O, x kH/p; and the periodicity of the persistent currents
with respect to ¢ changes as a function of «. For stronger
fields, ®, is no longer linear in the field and together with the
H dependence of g, gives rise to a nonperiodic dependence
on the magnetic field.

VII. CONCLUSION

We analyzed the effect of magnetic fluctuations on two-
dimensional BCS superconductors with large SOC, and found
that they suppress the phase stiffness, and hence, reduce 7.
Furthermore, magnetic fluctuations induce a phase transition
between two superconducting states: a conventional one with
uniform phase and a second one where the phase winds as a
function of position. The latter corresponds to a superconduct-
ing state with finite-momentum pairing. We showed that in thin
films the transition temperature increases when an in-plane
magnetic field is applied—an effect that may already have
been observed experimentally [32]. In addition, we predict
interesting signatures of this system in a ring geometry, such
as the occurrence of spontaneous persistent currents without
an applied magnetic field in the finite-momentum paired state.
We emphasize that although we assumed s-wave pairing in
the derivation, our results apply for any singlet state. Con-
sequently, pairing at finite momentum may occur whenever
superconductivity arises in the vicinity of magnetic transitions.

APPENDIX A: DERIVATION OF THE FREE ENERGY

In this section we derive the free energy given in Eq. (4)
starting from the model Hamiltonian equations (1)—(3). While
the general form of the free energy is dictated by symmetry, the
values of the various coefficients (for example « or 1) depend
on the microscopic theory. To demonstrate the derivation, we
consider here a clean superconductor with SOC and magnetic
fluctuations as described by Eqgs. (1)—(3). Moreover, we focus
on the free energy in the vicinity of the superconducting
phase transition. In the end of this section we discuss the
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generalization of the free energy to describe systems deep in
the superconducting state (T — 0) and the effects of disorder.

The expression for the free energy can be obtained from the
quantum partition function, i.e., the Euclidean path integral
Z = [ DéDce 514 where S is the imaginary time action for
the mean-field Hamiltonian in Egs. (1)-(3) and ¢ (¢) is the
Grassmann field corresponding to the fermion operator ¢ (c').
Integrating out the electronic degrees of freedoms we get [39]

2
F = /dr['A(;)' +UM*(t)+ T Xn:lnG’l(r - r/,e,,)i|.
(A1)

Here the free energy is written in terms of the Matsubara
single-particle Green’s function calculated with respect to
Ho + Hpcs + Hy, and €, = 27T (n + 1/2). Note that we are
studying the mean-field Hamiltonian. An equivalent starting
point is given by interacting electrons, where the interaction
is decoupled in terms of two Hubbard-Stratonovich fields [39]
M and A.

Near the superconducting transition temperature 7, and
in the paramagnetic state, it is appropriate to expand the
logarithm in powers of A and its gradients as well as Hr.
In the presence of a weak external field it is sufficient to
consider terms up to second order in the magnetic field
Hr(r) = H(r) + 2UM(r)/g 1 g. The expansion with respect to
the superconducting order parameter, however, must include
also quartic terms to allow for a nonzero order parameter. Thus
the free energy takes the following form:

F~ /dr{a|A(r)|2 + BIAM)|* + §|VA(r)|2

~v, v

i

5 [A*(r)V,A(r) — A(r)V,,A*(r)]H{’,(r) + UME

+

— %0 HY (D HY (r) + axv,u/HT“(r)HT”’(r>|A(r)|2},

(A2)

where repeated indices v and V', which denote the vector com-
ponents, are summed over. Note that since the superconducting
order parameter carries electric charge, odd powers of A itself
are prohibited. In contrast, as we show below there are odd
terms in Hy and the gradient of A in the presence of SOC.

The contribution to the free energy proportional to Hy H{’
has been calculated in Ref. [5] to all orders in A; it was
shown there that these terms can be written as y;(Hy /2 +
X1 (H)?/2 + x1.(Hf)?/2, where x| remains equal to the spin
susceptibility of the normal state y for all temperatures while
X drops from its normal value x near 7. to xy/2as T — 0.
Consequently, we will focus here on the derivation of the
remaining terms, starting with those proportional to |A|%.
These terms are given by [39]

FY = /dr[k1|A(r)|2 - /dr’H(r—r’)A*(r)A(r’)].
(A3)
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Here, I1(r — r’) is the s-wave, static pair-correlation function A = 0. Furthermore, the pair-correlation function is calculated
up to second order in the gradients and first order in the total
; field:
r—r)= /dt(ci ¢(t)cl 1(Dcr, (0)er 1(0)). (A4) 5
’ ’ 9-Tl(q,Hr)
I(q) ~ T(q = 0,Hr = 0) + T
The thermal average (...) is performed with respect to A
the Hamiltonian in Egs. (1) and (3). In other words, the W 9°T1(q,Hr)
o Q) . . +2q, Hy ————F— , (AS)
contributions to F~ include the effect of magnetic fluctuations dqvdHy |, m—o

but are calculated in the absence of superconducting order

J

where I1(q) is the Fourier transform of Eq. (A4). The perturbative calculation of I1(q) is determined by the unperturbed
single-particle Green’s function corresponding to Hj in Eq. (1). In the presence of SOC it has both diagonal and off-diagonal
spin components:

(ie,, — % +/L)oo+aR2 -(k x 0)

e, = lien —Ho+pl™" = (A6)
) (ien — 45 + 1) — ajk?
where o is a vector of Pauli matrices, and oy is the identity matrix.
We turn now to the derivation of the various terms in Eq. (AS5). The first term is simply
na=om=0=1% [ FClilel o —alieio =T X [aote o

n,y==+

where &4 = k?/2m % ag|k| — u is the energy spectrum which contains two Rashba bands labeled by y . The sum of the density
of states (V) of these bands is equal to the density of states in the absence of SOC. Therefore, the coefficient of the |A|? term
in the free energy is not modified by the SOC.

Similarly, the leading contributions to the second term in Eq. (AS), i.e., the superfluid stiffness, as well as the quartic term in
A [which appears in Eq. (A2)] are also not modified by SOC. The third term is the first nontrivial contribution which is unique
to systems without inversion symmetry. To demonstrate its derivation we first consider the case where Hy points along the x
direction:

9%T1(q,Hr)
2qv Hr 9g,0 H,

q,Hr=0

dkdK'dk” t i ;
—4v8iB HT 0 Z T@n)p {Crq/a 1 krg [ 1)+ O e ploiorg/2, 1 Ckrra/2.1)

__‘Ivg“BHTa Z / n) gk+q/2 ené’ k+q/2 —én +g! k+q/2 e,,gk+q/2 sn][8k+q/2en +gk+q/2e,,]

1" " " 1 it 2 4y 1 2 11
— Sita/2.e 8kra/2.e [ kra/2—er T 8 kras—e,] — (Skbarze) 8kraz—e, — (Skiq2e) 8-kiq—e - (AB)

Using the expression in Eq. (A4), we find that the leading contributions are obtained when the derivative acts on the denominators
of the various components of the Green’s functions. Correspondingly, Eq. (A6) can be further simplified to give

8°T1(q,H
20 H (q,Hr)
aqvaH q,Hr=0
_ dk k, 1
= Oy ygv8HK 5l T ]
AT Ta =7 (k| li€, — & (k + q/2)P[~ie, — & (—k + q/2)]
T do sin@ gupHivpq
- H —T = CVe = N)=——
=qy8mpHr 0 Z / / y(l —& — Vi -q/2)2%(—ie, — & + V- q/2) N =49

(A9)

Here, vr is the velocity at the Fermi energy which is identical for both Rashba bands, and C ~ —0.03. Note that the omitted
contributions where the derivative acts on the numerators are smaller by 7 /er which is several orders of magnitude below
unity in BCS superconductors. The term in Eq. (A9) is proportional to the difference in the density of states of the two Rashba
bands, and thus vanishes in the absence of SOC. The same calculation for the y component of the magnetic field yields a result

184515-6



SPONTANEOUS FINITE MOMENTUM PAIRING IN ... PHYSICAL REVIEW B 95, 184515 (2017)

proportional to g, with the same magnitude but opposite sign. Therefore the full expression in the free energy can be written
as «Z - (q x Hy). Moreover, it is easy to show that there is no term that is linear in the out-of-plane component of the field

Hr -z

Preforming a Fourier transform on Eq. (A9) and collecting all contributions to F® we get

F~ fdr{a(T ~ TIADP + BIADI + ZIVA®P +UM® — L 0 - e o

- lg[z x Hy(n)] - [A*()V A(r) — A(r)VA*@)]}-

Here o, W, and B are given by their value in the absence of
SOC [as demonstrated in Eq. (A6)]. The spin susceptibilities
Xy remain finite deep in the superconducting state due to the
SOC as shown in Ref. [5] and discussed below Eq. (A2).
Finally, the parameter n was computed in Egs. (A8) and (A9).

The derivation above was performed in the continuum,
while our analysis is performed most conveniently on a lattice
model. As explained in the main text, this does not refer to the
crystalline lattice, but an effective description of the properties
at wavelength longer than the superconducting coherence
length £. As afinal step we thus perform the following substitu-
tions: (i) In purely local terms (without derivatives) we replace
the continuous coordinate r by the discrete site label ] @ii) In
terms quadratic in the derivatives of the order parameter we re-
place VA(r)by [A,; — Az]/a where D is a vector connecting
two nearest neighbors and a is the lattice spacing. (iii) For the
final term, it is convenient (though not essential) to associate
the magnetic field with bonds. Consequently, this term takes
the form (2 x D) - (Hy; + HT;_W)[A?A‘;+ﬁ — A;iWA_;-]. Fol-
lowing this prescription we obtain Eq. (4) with w = 1 /a® and
n = i/a.

To conclude this section, we note that although we derived
the free energy near 7., the same form holds deep in the
superconducting state. This again follows directly from the
symmetries of the problem. Alternatively, the expansion of

J

F = Z {—ps cos(P; ; — P7) + a0
i

K A A . .
+ E(Z x D) - Hyy 5[sin(®7,, — @5) + sin(P; — <I>j-ﬁ)]}.

8’ 1g (1 2ay

2,,2 291U
- H? ~|—g Mg (1_ Xl >H2
8" Up

2

(A10)

(

the free energy in gradients of A and magnetic field can be
calculated via the current-current, current-spin, and spin-spin
correlation functions inside the superconducting state. Such a
derivation has been performed in Ref. [40] for superconductors
with strong SOC in the presence of a uniform magnetic field.
It was found there that all parameters in Eq. (A10) remain
nonzero near 7 ~ (0. Furthermore, from the treatment in
Ref. [22] it follows that the free energy maintains its structure
in the presence of disorder as long as the mean scattering rate
is smaller than the SOC energy.

APPENDIX B: INTEGRATING OUT MAGNETIC
FLUCTUATIONS

In this Appendix we provide technical details of integrating
out the massive magnetic fluctuations from the free energy in
Eq. (6). Since the free energy is quadratic in the magnetization,
the corresponding partition function can be brought into
the form Z = [ d®;dM; exp[—a;(M; — b7)* — Ferr(P;)] ~
f dd H exp[— Ferr (P ]v)]. Here F is the effective free energy
obtained by integrating out M. To determine F g it is
convenient to change the integration variable from M to
Hy =H+ 2U/gugM. Correspondingly, we write the free
energy in Eq. (6) as

Sy
T~ 4U

jHyyj

Thi T 4U 8213

B

In deriving the above terms (and from here on), we have omitted contributions to the free energy that depend only on the external
magnetic field H (and are independent of ® and Hr). From Eq. (B1), the effective free energy can be easily read off to be

g2lu2 )

Fug = Z { — Ps cos(@;w — CDJf) +

) (1=2xU/8*uy)

U/g*uy (

2U

2
Hj = 2 X Dlsin(®7,; — &) + sin(®; - q>j~ﬁ)]) }

(B2)

To bring F¢ into its final form [Eq. (7)], we again drop the constant term and absorb the linear terms in the external magnetic field
into the cosine (first term) via the identity a cos x + bsinx = /a2 + b% cos(x + Y) with T = [cos™! b/v/a? + b2 — 7 /2]sgn(b)
for a > 0. The explicit expressions for a, b, and T are given in Eq. (10).
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APPENDIX C: MODULATED SUPERCONDUCTING STATE

In the main text we considered only phase modulations of the order parameter; here we examine the free energy allowing for
spatial modulations of the amplitude. For this purpose, we start with Eq. (4) and integrate out the massive magnetic fluctuations
in the absence of an external field:

LN

2 4, W 2
F=Z{a(T—TC)|A;| +BIAG 4 SIAG = Aj P+ S TATA

i

* R * o AERAL 2
— AT A AL A - ATAG] } (C1)

In the integration we neglected the weak dependence of the spin susceptibility on the superconducting order parameter, and
introduced 7j = Un*(1 — 2x,.U/g> M%)’l /(gmp)?. In general, an amplitude-modulated order parameter can be written as A H

> 4 Age'l 4. For simplicity, we consider here a trial order parameter with only two nonzero elements in the sum, Aj; =

Ae 0 4 Ayeli® where ¢ and g, are arbitrary wave vectors. The generalization to a higher number of terms is straightforward.
Consequently, the free energy for the trial order parameter is

F=Y%" {a(T —T)[AT + A3] + B[AT +4ATAT + AF] + wAT[L — cos(gi,)] + wA3[1 — cos(qa,5)]

N

Next, we show that this free energy is minimal only when
either A or A, vanishes. The above expression can be further
simplified by defining the effective parameters:

ri=a(l —T,)+w Z [1 - COS(%’,\‘;)];
wi=pB—1iy_ sin’(qip)

v=48— gZ[Sinz(QI,ﬁ) + sin’(ga.5) + 3 sin(q1 p) sin(ga.5)].

(C3)

Well below mean-field 7, and as long as the gradient terms
in the free energy are small (a7, > w and B > 7)), the
parameters in the free energy satisfy r; < 0 and u;,v > 0.
Then, the free energy can be written as

F =r A7+ A3 +ui A+ usAJ +vATAS. (C4)

'1:0 analyze Eq. (C4) we rescale A — A, and A, —>
Ao/r1/ra, as well as uy — iy, Uy — ﬁzrzz/rf, and v —
ﬁl’z/rll

]

A1+ BJA -8 (©)

N/2

Fring = Z

{2A7 sin®(g1,5) + 2A3 sin*(g2,5) + 6ATAS sin(qy 5) sin(ga,5) + ATA3[sin(g).5) + sin(ga,p)1*} } (C2)

(

Finally, we use the parametrization A; = Scos@ and A, =
Ssin6:
ﬁ1+ﬁ2+554+ﬁ1+ﬁ2—ﬁ

1 7 S* cos? 20

F=r152+

iy — il

$* cos 26. (C6)

Under the conditions a7, >> ¢ and 8 > 7, the coefficient of
cos? 20 is negative (ii; + iio — ¥ < 0). As aresult, the extrema
of the free energy occur at 8 = wn/2 withn = 0,1, .., ie.,
either Aj =0 or A, =0. Among these, the minima and
maxima are determined by the sign of i, — ii,. Thus, we
explicitly show that the energy is minimal in the absence of

amplitude modulations, A; = N

APPENDIX D: PHASE DIAGRAM IN RING GEOMETRY

In the main text we studied the effect of magnetic
fluctuations on the superconducting state in the presence of
SOC. Here we analyze the system in a ring geometry, i.e.,
a one-dimensional superconductor with periodic boundary
conditions. We therefore assume a narrow ring of radius R
with thickness smaller than the coherence length &. To impose
the boundary conductions on the free energy in Eq. (4), we
write the order parameter in terms of angular harmonics,

N/2

1 .
A, = N Z Anemen/N'
n=—N/2

(D1

Integrating out the magnetization, and using Eq. (D1), the free
energy takes the form

{a(T —T)+ w|:1 — cos (2”—”>“|An|2
n=—N/2 N
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1 ﬁ 2mim/N —2min/Ny ,2nil/N —2mip/N
Ty 2 (Snm,w{zw N — 2Ny (N g 2miniN) 1 g

n,m,p,t

X AL AW NS A+ NARATA, + Ny Ay NS AL

Similar to the treatment in the previous section, we neglect
the weak dependence of the spin susceptibility on the
superconducting order parameter, and define 7j = Un*(1 —
2x1.U/g*u%)~" /(gip)*. Our analysis of the phase diagram is
performed in the limit where the lattice spacing a = 27 R/N
satisfies £ «< a <« R. Under these conditions w < «T,, as
inferred from the known expression for the free energy in
the continuum limit, w ~ a7,£%/a> <« aT.. We restrict our
analysis to 7] < B. To study the opposite limit 77 = B, it is
necessary to take into account terms of order | A, |® in the free
energy which is beyond the scope of this work.

Below the transition temperature 7., the free energy is
minimized by A, # 0 for a single value of n. That is, the
superconducting state has a well defined angular momentum
(harmonic). Upon crossing T, from above, a superconducting
state with uniform phase Ay # 0 forms when temperature
is not too low. To observe nonuniform phases with n#0,
temperature has to be lowered below the n-dependent transi-
tion temperature 7,.(n) = T. — &[1 — cos (Z”T”)]. When tem-
perature crosses T.(n) the free energy acquires two additional
minima at

o(T —T,) 4+ w[l — cos(Qnn/N)]
2[B — fjsin2(2wn/N)]

The corresponding state is characterized by a phase that

winds around the ring. The appearance of new minima does

—-N (D3)

Az =

(D2)

(

not necessarily indicate a transition into a superconducting
state with n # 0. Rather, the transition occurs only when the
corresponding free energy

{a(T — T.) + w[1 — cos(2rn/N)]}*
4[B — 7jsin2(2mn/N))

FMN(n) = —N

ring (D4)
becomes the global minimum. Exploring the phase diagram in
the ring geometry, we obtain that for

Fei=— P 2 aneny| (D)
=M= aT, cos2(m/N) aT.
the system remains in the uniform phase for all 7' < 7. For
N — o0, this condition coincides with the critical ¢ obtained
in the planar geometry. When the strength of SOC or magnetic
fluctuations increases and #; grows beyond ifj., the global
minimum changes from A4, to Ai¢41). The transition lines
as a function of 7j and T', shown in Fig. 3, are determined by the
equation Fint(n) = Fjmnr(n + 1). One unique property of the
superconducting state with n # 0 is that it supports persistent
currents without external magnetic field as indicated in Eq. (9)
and illustrated in Fig. 3. Note that by expanding Eq. (D4) at
low temperature with respect to 7j and w one recovers the
phase-only free energy of Eq. (8) with p; = 2wa 7./ and

¢ = iiaT./B).
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