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Gapped superconductivity with all symmetries in InSb (110) quantum wells in proximity to s-wave
superconductor in Fulde-Ferrell-Larkin-Ovchinnikov phase or with a supercurrent
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We show that all the singlet even-frequency, singlet odd-frequency, triplet even-frequency, and triplet odd-
frequency pairings, together with the corresponding order parameters (gaps), can be realized in InSb (110)
spin-orbit-coupled quantum well in proximity to s-wave superconductor in Fulde-Ferrell-Larkin-Ovchinnikov
phase or with a supercurrent. It is revealed that with the singlet even-frequency order parameter induced by the
proximity effect, triplet even-frequency pairing is induced due to the broken spin-rotational symmetry by the
spin-orbit coupling. Since the translational symmetry is broken by the center-of-mass momentum of Cooper pair in
Fulde-Ferrell-Larkin-Ovchinnikov phase or with a supercurrent, the singlet odd-frequency pairing can be induced.
With the translational and spin-rotational asymmetries, the triplet odd-frequency pairing is also realized. Then,
we show that the corresponding order parameters can be obtained from the self-energy of the electron-electron
Coulomb interaction with the dynamic screening. The singlet and the induced triplet even-frequency order
parameters are found to exhibit the conventional s- and p-wave characters in the momentum space, respectively.
Whereas for the induced odd-frequency order parameters in quantum well, the singlet and triplet ones show the p-
and d-wave characters, respectively. Moreover, the p-wave character of the singlet odd-frequency order parameter
exhibits anisotropy with respect to the direction of the center-of-mass momentum. While for the triplet one, we find
that d,»- and d,,-wave characters can be obtained with respect to the direction of the center-of-mass momentum.
We show that at proper density, the singlet even-frequency order parameter is suppressed and the induced singlet

odd-frequency, triplet even-frequency, and triplet odd-frequency ones can be detected experimentally.
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I. INTRODUCTION

In the field of superconductivity, symmetry of the Cooper-
pair wave function in spin, time, and orbital spaces has
attracted much attention for the past few decades. Within the
framework of superconductivity theory developed by Bardeen,
Cooper, and Schrieffer (BCS) [1], itis established that a Cooper
pair is formed by two electrons with momenta q + k and
q — knear the Fermi surface. Due to the Fermi-Dirac statistics,
the Cooper-pair wave function must have sign change in the
exchange of the two electrons. In the spin space, Cooper pair
can be classified into either singlet or triplet type. As for
the orbital part of the pair wave function, when we focus on
the symmetry with respect to the exchange of two momenta
q+kand q — Kk, i.e., k > —Kk, one can define the parity of
the Cooper pair. For the conventional BCS superconductors
such as Al, Pb, and Nb, in the presence of the translational
symmetry (q = 0) and together with the space, time-inversion,
and spin-rotational symmetries, the Cooper pairs are in the
singlet even-frequency even-parity state, in accord with the
Fermi-Dirac statistics. Here, even/odd frequency refers to the
situation that the pair wave function is even/odd with respect
to the exchange of time coordinates.

In 1974, Berezinskii considered the possibility of the
triplet even-frequency pairing with even parity in the ob-
served phase of *He [2]. After that, the possibilities of the
Cooper pair with other symmetries are extensively studied,
and from the symmetry analysis [3], Cooper pairs can be

classified into (i) singlet even frequency (SE) with even
parity; (ii) singlet odd frequency (SO) with odd parity; (iii)
triplet odd frequency (TO) with even parity; (iv) triplet
even frequency (TE) with odd parity. Specifically, after the
proposal by Berezinskii, TO pairing has been discussed in a
wide variety of theoretical models with spin-rotational and
time-inversion asymmetries [4—11], e.g., Kondo model [4,6],
Hubbard model [5,7,9,10], and heavy-fermion system [8,11].
Meanwhile, several proposals about the SO pairing have also
been reported in the inhomogeneous systems with space- and
time-inversion asymmetries by introducing effective p-wave
electron-electron (e-e) interaction [12-16]. In the presence
of the odd-frequency pairings, by considering the retardation
effect of the electron interaction, odd-frequency gaps or
odd-frequency order parameters are theoretically suggested
[11,13,15,17]. However, up until now, odd-frequency bulk
superconductor has not yet been realized experimentally.
Moreover, it is now commonly believed that the pairing in
superfluid *He is in the TE type [18-25]. Recently, much
effort has been focused on the superconductivity in material
Sr,RuO,4 due to the generally recognized similarity to that
in *He [26-36]. The pairing and order parameter in super-
conducting Sr,RuQ, are theoretically suggested [26-28,30]
and primarily confirmed from recent experiments [29,31-36]
to be the p-wave TE type. Furthermore, it is reported very
recently that the TE pairing and order parameter can also be
realized in the noncentrosymmetric superconductor [37-39]
with spin-orbit coupling (SOC) existing in nature [40-42],
whose experimental confirmations are still in progress.
Although it is not easy so far to realize odd-frequency
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inhomogeneous systems with lower symmetry. Specifically,
in the last decade, the proximity effect has been studied
intensively in multilayered structures consisting of supercon-
ductors and nonsuperconducting systems and it is well known
that the superconducting correlation can penetrate into the
normal region. In superconductor-ferromagnet structure, with
the time-inversion and spin-rotational asymmetries, it is well
established that the TO pairing is induced in ferromagnet [43—
51]. Moreover, it was predicted that with the inhomogeneous
ferromagnet, the induced TO pairing can diffuse into the
ferromagnet with the longer diffusion length than that of
the SE one [43]. Nevertheless, with the conventional s-wave
electron-electron (e-e) interaction, the TO gap (i.e., the TO
order parameter) is zero. Similar to the magnetization, the
SOC can also break the spin-rotational symmetry. Together
with the broken space-inversion symmetry by the SOC,
the TE pairing is expected to be induced [52-58], which
was first pointed out by Gor’kov and Rashba in s-wave
superconductor with the SOC induced by the absorption of
ion [52]. Then, a great deal of efforts have been devoted to
the multilayered structures consisting of superconductors and
spin-orbit-coupled nonsuperconducting systems as a natural
extension [53-58]. The induced TE pairing is further proved
to possess parallel spin projection to the effective magnetic
field due to the SOC [52,54-58]. However, even in the
presence of the TE pairing, with the momentum-independent
s-wave e-e interaction, no TE gap (TE order parameter) is
realized. Nevertheless, de Gennes pointed out that in the
nonsuperconducting material proximity to superconductor,
the pairing penetrating from superconductor experiences the
many-body interaction [59], and hence order parameter can
be induced even with a repulsive effective e-e interaction.
Following the work by de Gennes [59], it is reported by Yu and
Wau very recently that the TE order parameter is induced in the
spin-orbit coupled quantum well (QW) in proximity to s-wave
superconductor [58]. Specifically, with the induced TE pairing
in QW by the SOC, they showed that from the self-energy of
the e-e Coulomb interaction, the TE order parameter can be
induced.

Except for the multilayered structures, the study of the
mixed types of Cooper pairs in superconductors with vortex
structure, where the translational symmetry is broken, has a
long history [60—69]. It is known that due to the translational
asymmetry, the SO pairing is induced near the vortex core
[3,60-69]. Aside from the vortex structure, the translational
symmetry can also be broken by a supercurrent in supercon-
ductors, which leads to the center-of-mass (c.m.) momentum
of the Cooper pair, as revealed both experimentally [70] and
theoretically [71] in recent works. Moreover, except for the
extrinsic breakdown of the translational symmetry above,
there exists a high-magnetic-field phase in the superconductor,
referred as Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) phase
[72,73], where the translational symmetry is spontaneously
broken by inducing the c.m. momentum of the Cooper pair.
In the FFLO phase, the Zeeman energy leads to different
Fermi surfaces for spin-up and -down electrons, and then
by inducing a finite c.m. momentum of the Cooper pair,
the pairing region between the spin-up and -down electrons
near the Fermi surfaces can be maximized, leading to the free
energy minimized. Consequently, there exist pairing electrons
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and unpairing ones in the FFLO phase. Furthermore, with
translational and spin-rotational asymmetries by the magnetic
field, all four types of pairings are expected to be induced
[74]. Nevertheless, with the conventional symmetric s-wave
e-e interaction, only the SE order parameter exists in the FFLO
phase. It is natural to consider the possibility to induce and
manipulate all four types of order parameters, which may lead
to rich physics especially for the quasiparticles. Multilayered
structures consisting of nonsuperconducting systems and s-
wave superconductors in FFLO phase or with a supercurrent
hence naturally come to our attention.

In this work, we show that the order parameters containing
all four types of symmetry, i.e., the SE, SO, TE, and
TO, can be realized in the two-dimensional electron gas
(2DEG) of the spin-orbit-coupled InSb (110) QW [75-79]
in proximity to s-wave superconductors in FFLO phase or
with a supercurrent. Specifically, the SE order parameter can
be induced in QW through the proximity effect. We show
that there exist unpairing regions in the momentum space,
where the proximity-induced SE order parameter vanishes.
It is further revealed that the unpairing regions arise from
the FFLO-phase-like blocking in QW. With this proximity-
induced SE order parameter, SO (TE) pairing is induced due
to the broken translational (spin-rotational) symmetry by the
c.m. momentum of Cooper pair (SOC). With the translational
and spin-rotational asymmetries, the TO pairing can also be
induced. Then, we show that from the self-energy due to the e-e
Coulomb interaction with the dynamical screening [80-82],
the corresponding order parameters can be induced and the
proximity-induced SE order parameter is also renormalized.
Particularly, we reveal that the odd-frequency order parameters
are induced due to the retardation effect of the Coulomb
interaction from the dynamic screening in 2DEG, where the
plasmon effect is important. In addition, the induced triplet
order parameters are shown to possess parallel spin projections
to the effective magnetic field due to the SOC, similar to the
previous works [52,54-58].

Differing from the vanishing proximity-induced SE order
parameter in the unpairing regions, it is found that through
the renormalization due to the e-e Coulomb interaction, the
SE, SO, TE, and TO ones in QW all have small strengths in
the unpairing regions. Moreover, in the pairing regions, rich
behaviors of the order parameters containing all four types of
symmetry are revealed. Specifically, the SE order parameter
Agg exhibits an s-wave behavior in the momentum space,
while the induced SO (TE) one Aso (Atg) shows a p-wave
character. Particularly, with the broken translational symmetry
by the c.m. momentum of Cooper pair, the p-wave character
of the induced SO order parameter shows anisotropy with
respect to the direction of the c.m. momentum. This is very
different from the TE one, which is determined by the SOC and
hence is independent on the direction of c.m. momentum. As
for the induced TO order parameter Atg, the unconventional
d-wave character in the momentum space is revealed and,
particularly, when the c.m. momentum is along the [110]
and [001] directions, the d,2- and d,,-wave characters can
be obtained, respectively. This anisotropy of the TO order
parameter is further proved to arise from the unique SOC
structure in InSb (110) QW. The specific behaviors of the
order parameters containing all four types of symmetry are
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TABLE I. Order parameters’ behaviors in the momentum space.
AL stands for the proximity-induced SE order parameter. Csg(k,),
Cso(k,w), Crg(k,w), C(T)O(k,a)), and C}O(k,w) are independent on the
orientation of the momentum.

Order parameter Behavior in the momentum space
Asg AlL + Cselk,w)

Aso Cso(k,w)k-q

Arg Cre(k,w)k-ex

Ao Cholk,w)q-ex — Cro(k,w)(k-e,)(k-q)

summarized in Table I. Furthermore, we show that at proper
density, the SE order parameter can be efficiently suppressed
through the renormalization from the repulsive e-e Coulomb
interaction, as revealed in the previous work [58], and the
induced SO, TE, and TO order parameters can be detected and
distinguished experimentally.

This paper is organized as follows. In Sec. II, we introduce
our model and lay out Hamiltonian. In Sec. III, we present the
analytical results including the SE, SO, TE, and TO pairing
functions and the calculation of the self-energy due to the e-e
Coulomb interaction. The specific numerical results in InSb
(110) QW and analytic analysis are presented in Sec. [V. We
summarize in Sec. V.

II. MODEL AND HAMILTONIAN

In this section, we present the Hamiltonian of the
QW in proximity to s-wave superconductors in FFLO
phase or with a supercurrent in the Nambu ® spin space,
including the QW I:IQW with the growth direction along
the Z axis, the superconductor 1-75 in FFLO phase, or
with a supercurrent (the c.m. momentum of Cooper
pair q is chosen to be along the in-plane direction),
and the tunneling between the QW and superconductor
Hr. By defining the Nambu spinors in QW Wy (1) =

[ 1icra() Va0 V] g9 g1 and in supercon-

ductor  Dp(1) = [P1p+q(1);Pyp+q(D), ¢¢ p+q(t) ¢¢ p+q(t)
with k = kxeX +kyey and p = p.ex+ pyey + p.e, bemg
the momenta of the electrons in QW and superconductor,
respectively, these Hamiltonians are given in the following.
The Hamiltonian of the spin-orbit-coupled QW is given
by [58]
How = Ay + A + A, ()

where ﬁéw, ﬁg\%c, ar}d Fléew.are the kinf.:tic energy, the SOC,
and the e-e Coulomb interaction, respectively:

. 1 o (&

kK _ T k+q
HQW = z/dklllk(t)< 0

QW —

o (h
/ dk wlﬁ(t)( kta
0
1

Agy =~ / dk dK dq Ve (t — ), (0p3 Br(0)]

0 N
. )pswkm, @
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ASOC — >,03‘i’k(f), (3)

h—k+q

x [0y ()3 (0. )
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Here, §. = & — ic and g, = k2/(2m2‘) with m? and pi. being
the effective mass and chemical potential of the electron
in QW, respectively; hg represents the SOC; p3 = 0p ® 13;
o; and 1; stand for the Pauli matrices in spin and particle-
hole spaces, respectively. The e-e Coulomb interaction with
the dynamic screening considered is given by Vi(t —1t') =
[ dwe Vi (w) with

Vie
e(k,w)’

&)

Vi(w) =

Here, V]? = 2e?/(eokoq) stands for the unscreened Coulomb
potential in a two-dimensional (2D) system; € and k represent
the vacuum permittivity and relative dielectric constant,
respectively; €(q,w) is the dynamic dielectric function. In the
long-wavelength limit (w > gvr), based on the linear response
theory [80-82], the expression of Vi(w) can be given by

Vi(@) = Vi + Vi (o), (6)

where Vi® = V25 VA = V0ol 2/(w? — |o'|?), which has
been revealed in the previous work [83] to act as a retarded
attractive potential; wlfl = /2me’nk/(m*eokp) is the plasma
frequency with n being the density of the electrons.

The Hamiltonian of the s-wave superconductor in FFLO
phase or with a supercurrent is expressed as [72,73]

H /dpAT( )( ll-&-¢1_|_.hBUZ

Ajioy

A()i(fz

3 dp(0),
Eprq T hBUZ>IO3 ’

)

where & = &) —p; and &) = p*/(2m¥) with m? and p;
representing the effective mass and chemical potential of
the electrons in superconductor, respectively; Aq denotes the
singlet gap and hp stands for the Zeeman energy in the
superconductor. In this work, we mainly consider the physics
of the translational asymmetry by the c.m. momentum of
Cooper pair, which can be induced by either the FFLO phase
or a supercurrent in superconductors, as mentioned in the
Introduction. The magnetic field in QWs, which can lead to TO
pairing in QWs as revealed in the previous works [43-51], is
not included here. Particularly, for the case of superconductors
in FFLO phase (or with a supercurrent), our proposal can be
realized in N/S/F (or N/S) structures, hence, the magnetic field
in QWs is not considered.

The tunneling Hamiltonian between the QW and supercon-
ductor reads as [58,84-86]

Ay = /dkdpz[\Ili(t)tom@(k,p;)(f)

+ 0, (01503 WD), ®)

with 7y being the tunneling matrix element.

III. ANALYTICAL RESULTS

We first start our investigation from the -effective
Bogoliubov—de Gennes (BdG) Hamiltonian in InSb (110) QW
following the approach in the previous work [58] by using
the equilibrium Green functions [80-82], and show that the
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singlet and triplet order parameters can be induced from the
self-energy due to the e-e Coulomb interaction. In InSb (110)
QW, the SOC hy = kax(k)% — 2k§ — (kf))az, with yp being
the Dresselhaus coefficient [87]. Particularly, since (kf) > k%
in QW [75-78], one approximately has

he = —yp(kZ)kyo. )]

Here, the in-plane coordinate axes are set as x || [110] and
v |l [001] with ex (ey) being the unit vector along the £ (9)
direction. Furthermore, it has been shown in the previous work
[58] that in InSb QWs, the self-energy due to the electron-
phonon interaction is much smaller than that due to the e-e
Coulomb interaction at low temperature, and hence only the
Coulomb interaction needs to be considered in this work.

A. Effective BAG Hamiltonian in QW

In the Nambu & spin space, the equilibrium Green function
in the momentum space is given by

G(1) = —ip3 (T Br()F(0)). (10)

where T represents the time-ordering operator; (. ..) denotes
the ensemble average. By expressing
()
N ) (n

8x(1)
Gk(t) = N
<0 (f_'k(t) g ()

one can obtain the normal Green function gk (#) and anomalous
Green function fx(¢) [52,58,80-82].

In the frequency space Gg(w) = f_oooc e Gy(t), the
Gor’kov equation [88] in QW is given by
(wp3 — HSw — How ) Gr(w) = 1, (12)

with Gg(a)) being the free Green function. When the in-
teraction is considered, from the Dyson equation Gg(w) =
G)(w) + GY(w)E(k,w)Gk(w) [80-82], one obtains

[wps — Hy — Hyw — £(k,0)]|Gi(w) = 1, (13)

where $(k,w) are the self-energies due to Hr and H(S%v
By comparing Eq. (13) with Eq. (12), the effective BdG
Hamiltonian in QW is obtained [58]:

A% = Hy + 2(k.o), (14)

from which one can obtain the singlet and triplet order
parameters and calculate the energy spectra of the elementary
excitation.

B. Self-energy due to the proximity effect

Following the previous work [58], by approximately con-
sidering that the e-e Coulomb interaction is weaker than the
proximity effect, we first calculate the self-energy due to
the proximity effect without the e-e Coulomb interaction to
determine the Green function, and then obtain the self-energy
due to the e-e Coulomb interaction.

The self-energy due to the tunneling is calculated based on
Hamiltonian (8), written as

Srk,w) = It f dp.Giey e (). (15)
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Here, G;(a)) = ffooc P G;(t) with G;(t) being the Green

function in superconductor, written as

‘ s s g (®) @)
G(t) = —ip3 (T, ()DL (0) = P P .
p(l) ip3( p(f) P( )) <fﬁp(f) g‘YTP(I)>

(16)

gi)(t) and flf (t) are the normal and anomalous Green func-
tions, respectively. Specifically, in the frequency space, the
anomalous Green function is given by

0 _Bo
fio=| _x, PO an
. 0
Dpo(—hp)

where  Dp o(£hp) = (0 — & Fhp)(—w —§_, £ hp)+
|Ao|%. By neglecting the diagonal terms in Eq. (15) which are
marginal at the weak coupling limit [84-86], the self-energy

in QW due to the proximity effect can be obtained:

S w) 0 AT (k,w) (18)
TR AT (k) o )
where
AT(k,w) = f dp:ltol* fi&y p.e, (@) (19)

In the weak coupling limit, the order parameters induced in
QW are much smaller than Ay [84—86]. Moreover, we focus
on the low-frequency regime [w<A(k,w)] where the main
physics happens. Consequently, the frequency is much smaller
than Ay. In this case, the frequency dependence of X7 (k,w)
can be neglected [58,84—86]. Therefore, by considering the
small k in QW (&5, < ), one obtains (refer to Appendix A)

Aol
oL i, 20)

Ekiqfhoq T 1D017 — I}

AT(k,0) = Al(K)ioy =

acting as the SE order parameter [ASTE(k)] in QW due to
the proximity effect. Here, 7 is the effective tunneling matrix
element (given also in Appendix A).

Based on Egs. (13) and (18), in the absence of the e-e
Coulomb interaction, one can derive the Green function
Gk(w) in QW with the proximity-induced SE order parameter
included. Particularly, the anomalous Green function is

. L Ak
(@—E )@+ E})
(2D
where Ef = Gt eathcap AT ) 4

vg"“‘jk"‘ + uvh"“‘;hk"‘ are the quasiparticle energy spectra
(n,v = =£1) in QW. It is noted that there exist regions with
E!, <0 in the momentum space, where the quasiparticle
energies are below the Fermi surface. Here, following the
FFLO idea [72,73], in such regions the Cooper pairs must be
broken since these quasiparticle states are perfectly blocked
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by the electrons. Hence, we consider the regions with E!, < 0
are the unpairing regions where the tunneling is blocked and
then the proximity-induced SE order parameter should vanish.

Consequently, the proximity-induced SE order parameter
is given by

72

Afp(k) = Ao
SE Ekiqfkq T |Ao|? —

(22)

with 8k = 1,1 ,—1+O(E"} ) being the depairing operator [72].
Here, 6(x) is the step functlon

From Egs. (18) and (20), it is noted that only the SE order
parameter exists. However, it is shown in the following that
all four types of the order parameters can be realized in QW
when the e-e Coulomb interaction is considered.

C. Self-energy due to the e-e Coulomb interaction

The self-energy in the frequency space due to the e-e
Coulomb interaction reads as [80-82]

1 dk' do'

@2 2 Vk k(w—o)GEK ). (23)

See(k,0) =

From Eq. (23), one observes that from the self-energy due
to the e-e Coulomb interaction, the normal Green function
and anomalous Green function are both renormalized. Conse-
quently, the SOC strength, the effective mass, the zero-energy
point, and the SE order parameter are renormalized. Moreover,
the SO, TO, and TE order parameters can be induced due to the
existence of the corresponding pairing. In this work, we focus
on the renormalization-induced order parameters, and neglect
the renormalization of the SOC strength, effective mass, and
zero-energy point.

From Egs. (21) and (23), the renormalization-induced
order parameters can be obtained. Specifically, after the
frequency integration, the renormalization-induced singlet
order parameter [A (K,w)] and triplet one with zero spin
projection [A;(K,w)] are written as

K’ ,
As(k,w) = Z / 3077 zvk k’ASE(k)

n==%
1 ol
—1

) |:Eik +Efy <2 Ely + o'y —vo

Z |Ee = 1""| f(ER)

= | Bl — V“)| ok x P Ee+ Ely
n Z Ej —vo (wkl k')wlfl k’:|

= |El — va)’ ’a)k K ? Ef+EY

(24)

dK/
A (kw) = Z / o —— Vi ALK

a)k K

o (D
X
mn
El + Ely v:i:Evk’erk K

-1
vw
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TABLE II. Parameters used in our calculation. Note that m
stands for the free-electron mass and a is the well width.

m* /mq 0.015° m* /my 3.0
Ko 16.0* Ag (meV) 5b
vo eV AY) 79.4¢ /Ao 0.6
a (nm) 2 T (K) 0.5
717/ AG 0.5 no (cm2) 2.5 x 10°
4Refs. [89,90].
bRef. [91].
“Ref. [87].
dRefs. [72,73].
2 w
£y |Epe — vol f(Ey)
2 gk m
v==£ |Evk’ - ‘ - |wl€7k’| e + By
E)y —vo (‘UII:I K )“)lfl K
+ Z 2 + El‘« ’
—t |Evk/ - w’ |wk " +k,
(25)

where f(x) = [exp(Bx) + 1]7! is the Fermi-Dirac distribu-
tion function and n(x) = [exp(Bx) — 117! stands for the
Bose-Einstein distribution function; g = 1/(kgT) with kp
representing the Boltzmann constant and 7 being the
temperature.

IV. NUMERICAL RESULTS

In this section, by calculating Eqs. (24) and (25) explicitly,
we investigate the order parameters in 2DEG of the spin-orbit-
coupled InSb (110) QW in proximity to s-wave superconductor
in FFLO phase or with a supercurrent. All the material
parameters used in our calculation are listed in Table II. As
mentioned above, the frequency w in the calculation is chosen
to be smaller than Ay.

A. SE order parameter

In this part, we investigate the SE order parameters in QW,
including the proximity-induced and renormalization-induced
ones. The proximity-induced SE order parameter AlL(K) is
obtained from Eq. (22) while the renormalization- 1nduced
one AgE(k,a)) is obtained by calculating A (k,w) [Eq. (24)]
explicitly:

AgE(k,a)) = [As(k,w) + Ak, — w)]/2. (26)

1. Momentum dependence of the proximity-induced SE order
parameter: s-wave character

We first focus on the proximity-induced SE order pa-
rameters, whose momentum dependencies at different c.m.
momenta q are plotted in Fig. 1 at n = 5ny. We find that
when g < 0.75k, the proximity-induced SE order parameters
AgE(k) show an s-wave character in the momentum space.
Moreover, from Eq. (22), with |Ag| =~ s‘inF, one finds that the
strengths of the proximity-induced SE order parameters are
marginally influenced when k < 15k but decrease monoton-
ically when k > 15kp, as shown in Figs. 1(a) and 1(b). In
addition, when k > 15kp, one has ¢ < k. Consequently, the
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T
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FIG. 1. Momentum dependence of the proximity-induced SE
order parameter AgE(k) at (a) q =0, (b) q=0.6kre,, (c) q=
0.8kre,, and (d) q = 0.8kre,. n = Sny.

dependence of AZ;(k) on q is indistinguishable, as shown by
the comparison between Figs. 1(a) and 1(b).

Furthermore, it is found that when ¢ > 0.75kp, there
exist unpairing regions in the momentum space, where the
proximity-induced SE order parameters vanish, as shown by
the blue regions in Figs. 1(c) and 1(d) at ¢ = 0.8kp. This is
justified by the fact that the positions of the unpairing regions in
the momentum space coincide with those of the regions where
the depairing operator is zero (shown in Appendix B). As for
the pairing region, the proximity-induced SE order parameter
shows the similar behaviors to that at ¢ < 0.75kg.

Consequently, the proximity-induced SE order parameter
in the pairing region in QW can be considered as a constant
Al when k < 15kp. It is further noted that this conclusion
is consistent with the constant approximation in the previous
works [58,84-86].

2. Momentum dependence of the renormalization-induced SE
order parameter: s-wave character

We next discuss the renormalization-induced SE order pa-
rameter. The momentum dependencies of the renormalization-
induced SE order parameter at different c.m. momenta are
plotted in Fig. 2 when n = 5ny. As shown in Figs. 2(a)
and 2(b), when g < 0.75kp, the renormalization-induced SE
order parameters in the momentum space exhibit an s-wave
character: AgE = Csg(k,w) with Csg(k,) being independent
on the orientation of the momentum, similar to the proximity-
induced one. Moreover, A& is always in the opposite
sign against the proximity-induced SE order parameter Al;
as the renormalization from the repulsive e-e Coulomb
interaction.

When g > 0.75kp, we find that there exist four regions
in the momentum space where the renormalization-induced
SE order parameters have smaller strengths than those in
the region nearby [shown by the four yellow regions in the
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FIG. 2. Momentum dependence of the renormalization-induced
SE order parameter A§E(k,w =0) at (a) q =0, (b) q = 0.5krey,
(c) @ = 0.8krey, and (d) q = 0.8kre,. n = Sny.

regime k < 2.1kp in Figs. 2(c) or 2(d)]. The positions of these
regions exactly correspond to the unpairing regions where the
proximity-induced SE order parameters vanish [shown by the
blue regions in Figs. 1(a) and 1(b) correspondingly]. This can
be understood from the fact that the renormalization of the e-e
Coulomb interaction to the SE order parameter leads to the
contribution from the pairing regions to the unpairing ones.

3. Momentum-magnitude dependence of the
renormalization-induced SE order parameter

The momentum-magnitude dependencies of the strength for
the renormalization-induced SE order parameter —AX;(k =
kex,w) are shown in Fig. 3 at n = 5ny. It is first noted that at
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----- RN SET 001 T
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FIG. 3. Momentum-magnitude dependence of the strength for
the renormalization-induced SE order parameter |A§E(k = key,w =
0)] = —A§E(k = key,w = 0) atdifferentc.m. momentagey.n = S5ny.
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q = 0.8krey (black chain curve), two valleys at k =~ 0.8k and
2kp are observed in the momentum-magnitude dependence,
which correspond to the unpairing regions mentioned above.
Whereas in the pairing regions, it is found that —AX;(k =
keyx,w) decreases with the increase of the momentum
monotonically.

The vanishing order parameter at large momentum can
be understood as follows. It has been pointed out in the
previous works [3,17,43,52,58] that the pairing function fx(w)
vanishes in QW when & > AgE. With the renormalization-
do'dk’ Vig i fie (@)

induced order parameter A(k,w) = 20m) “clo—an > ODC has
Ak, w) x f dw’% since the Coulomb interaction V,?_k, is

very strong at K’ = k and can be approximated by a delta
function: §(k' — k) in the analytic analysis. Therefore, the
order parameter vanishes at large momentum when & > AgE
due to the vanishing pairing function.

This vanishing of the SE order parameter can also be under-
stood from Eq. (24). Specifically, after some simplifications at
low temperature (refer to Appendix C), the renormalization-
induced SE order parameter can be approximately written as

dk' Vil Agp
—A&¢MV¥/1M4 -

pl 2 [N
W , iz

o = U .
Fe 2] R

where Fir = /1&012 + |ALLI2.

Then, the momentum-magnitude dependence of the
renormalization-induced SE order parameter can be analyzed.
Specifically, by approximately taking the Coulomb interaction
Vfﬁk, in Eq. (27) as a delta function §(k — k') for the analytic

analysis, one has —AgE(k,a)) o 1/,/1&517 + IAgEIZ. Then,

at & < Alg~ &, (6 > Alp), —AL(k,w) is marginally
changed (decreases) with the increase of the momentum,
as shown in Fig. 3. This conclusion is in agreement with
the one from the analysis of the pairing function proposed
above.

Furthermore, from Eq. (27) the c.m. momentum depen-
dence of A§E can also be understood. In the integral of Eq. (27),
the third term makes the important contribution only when
€| ~ Fi where &, > &5, . Hence, the increase of ¢ leads to

the decrease of —AgE, as shown in Fig. 3.

B. SO order parameter

In this part, we investigate the induced SO order parameter
in QW by calculating A;(k,w) [Eq. (24)] explicitly. Then, the
induced SO order parameter is obtained:

Aso(k,w) = [As(k,w) — Ag(k, — w)]/2. (28)

For the analytic analysis, similar to the study on the
renormalization-induced SE order parameters in Sec. IV A,
by taking some simplifications (refer to Appendix C), the SO
order parameter can be approximately written as

Aso(k,0) = Al (k,0) + Ao (k,w), (29)
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with
dK’' ol K g
K _ 0 T k—K
Agok,w) = _wfmvkk’ASEF_é m (30)
[
K _, T a){:_k/ 2hqhié
Aso(k»a)) = a)/ 1672 Vk—k’ASE F/?' sz/
dk’ 0 T w]fl,kf k;QX
zw/@Vk—k’ASE F]j Fkrm—z. (31)

Here, I'y = |yD(k§)|25k/mj/F,3,. The first term Ago(k,a)) in
Eq. (29) comes from the broken translational symmetry by the
c.m. momentum of Cooper pair (g # 0) in the system, whereas
the second one Aj,(k,w) is induced due to the coupling
between the c.m. momentum and SOC from the high-order
expansion. Hence, Aé(o(k,a)) makes the leading contribution
in Eq. (29). Additionally, it is noted that Ago(k,w) arises from
the retardation effect in the effective attractive potential Vf‘(a)),
in accord with the previous works [12—17]. In the following,
we show that from Eq. (29), the momentum and dependence
of the SO order parameter can be analyzed, in good agreement
with the full numerical results.

1. Momentum dependence of the SO order parameter:
p-wave character

In this section, we focus on the momentum dependencies
of the SO order parameter Ago(k,w = EF) at different c.m.
momenta q. The full numerical results are plotted in Fig. 4
at n = 5ng. As seen from the figure, it is found that the SO
order parameter in the momentum space exhibits a p-wave
character: Aso = Cso(k,w)k-q with Cso(k,w) being indepen-
dent on the orientation of the momentum (demonstrated in
Appendix D). This can be understood as follows. With the
Fermi-Dirac statistics for the SO order parameter, one finds
Aso(k,w) = —Ago(—K,w). In addition, the system in QW

Ago/Ay
5 F ‘ 8 0.006 5[ ‘ B 0.02
(@) o-E; |1 © o= |||
25+ 11 0.003 2.5 1 0.01
¢ .-
SO0 F Ho Zor 1 0
25 F 1H -0.003 -2.5 b 0.01
5 paOkee I 0006 -5 f&OGkeey I -0.02
5F ' . ' B 0.01 5 F ' . ' B 0.02
(b) o-E; |1 @ o=Eg |1
25 ¢ 1K 0.005 2.5 - 1k 0.01
& &
SO0 F Ho Zor 1 0
25 F 1K -0.005 -2.5 1K -0.01
s bt ‘ i 001 -5 RO i 0.02
-5 25 0 2.5 5 -5 25 0 2.5 5
k/kp k/kp

FIG. 4. Momentum dependence of the SO order parameter
Aso(k,w = Ep) at (a) q=02krey, (b) q=0.6krex, () q=
0.6krey, and (d) q = 0.8krey. n = Sny.
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FIG. 5. Momentum-magnitude dependence of the strength for the
SO order parameter |Ago(k = key,w = Ef)| = —Ago(k = key,0 =
Er) at different c.m. momenta ge,. The inset (a) [(b)] shows the
calculated results for —Aé(o(k = key,w = Ef) [—Ago(k = key,w =
Ep)] from Eq. (30) [Eq. (31)]. n = Sny.

has the spatial-rotational symmetry around the q axis in the
momentum space, and then one has Ago(k,w) = Aso(—Kk,w)
when k L q. Hence, the vanishing Ago(k,w) at k L q is
immediately obtained and the SO order parameter exhibits
as Ago(k,w) o« k-q at small q.

From Eq. (29), one can obtain the same conclusion.
Specifically, by approximately taking the Coulomb interac-
tion Vli’fk,wlflfk, x 1/4/|k — K| as a delta function, one has
Aso(k,w) o< k-q. Additionally, it is noted that small strengths
of the SO order parameter are observed in the unpairing regions
atg = 0.8kr [shown by the four green regions in Fig. 4(d)] due
to the renormalization of the e-e Coulomb interaction, similar
to the renormalization-induced SE order parameter.

2. Momentum-magnitude dependence of the SO order parameter

The momentum-magnitude dependencies of the SO order
parameter are shown in Fig. 5 at different c.m. momenta
gex. As seen from the figure, when g = 0, with the trans-
lational symmetry, the SO order parameter Ago = 0 (blue
dashed curve). When g = 0.8kr (black chain curve), two
valleys are observed at 0.8k and 2kp, exactly correspond-
ing to the unpairing regions, similar to the results of the
renormalization-induced SE order parameter. When 0 < ¢ <
0.8k, it is shown that the strength of the SO order param-
eter exhibits double-peak behavior with the increase of the
momentum.

Specifically, one finds that Ago(k = 0,w) = 0 due to the
odd parity and |Ago(k,w)| o< k-q increases with increasing
momentum at small k. As for the large momentum, due to
the vanishing pairing function at & > AgE mentioned in
Sec.IV A, one has Ago(k,w) = 0. Hence, peaks of the strength
for the SO order parameter in-between are expected. Similarly,
peaks for |A§O(k,a))| and |A§O(k,a))| are also expected, as
shown in the insets (a) and (b) in Fig. 5 where we plot
— A8 (k0) = |AK (k,0)| and —AS (k,w) = —|AS,(k,0)]

PHYSICAL REVIEW B 95, 075304 (2017)

atq = geyx, respectively. Hence, with the peak of —Ago and the
valley of —Ago shown in the insets (a) and (b) of Fig. 5, respec-
tively, the strength of the SO order parameter —Ago(k,w) =
—AK (k) — A, (k,w) exhibits the double-peak structure in
the momentum-magnitude dependence. Particularly, itis found
that at the case q = gey, with Ago ~ 0, the strength of the SO
order parameter —Ago(k,w) = —Ago(k,a)) shows one-peak
structure (not shown in the figure).

From Eq. (30) [Eq. (31)], the peak positions for
|A§O(k,w)| and |A“§O(k,a))| at gex can be determined ex-
plicitly. Specifically, by considering the Coulomb inter-
action V]?_k,a)]f]_k, as a delta function for the analytic
analysis, one has |AX| oc k-q/(I&C17 + [ALLP)? (1A
k-qsf/(I&C1* + | AL 1*)%], exhibiting one-peak behavior in the
momentum-magnitude dependence. Then, by calculating the
maxima of k-q/(1&7|* + |Ag[*)” and k-qeg /(&0 * + |A*),
the peak positions for |A§O| and |A§O| can be de-

termined at k§ ~ \/3 + \/9 + 70+ |ALPEkr /T =

1.15kr and ki ~ /1 + \/1 +3(1 + [ALPEkr/V3 =
1.26kr, respectively, very close to those from the numerical
calculation shown in the insets (a) and (b) of Fig. 5. Then,
the valley position between the two peaks in the momentum-
magnitude dependence for —Ago(k,w) can be determined at
kg ~ 1.26kp, close to the one from full numerical results
shown in Fig. 5.

Furthermore, due to the broken translational symmetry by
the c.m. momentum ¢, the strength of the induced SO order
parameter increases with the increase of ¢ as shown in Fig. 5,
in accord with Eq. (29).

C. TE order parameter

In this section, we focus on the TE order parameters in QW
by numerically calculating A,(k,w) [Eq. (25)]. The induced
TE order parameter is obtained:

Arp(k,0) = [A/(Kk,0) + Ak, — w)]/2. (32)

For the analytic analysis, similar to the study on the SE
order parameter, by taking some simplifications (refer to
Appendix C), the induced TE order parameter can be approx-
imately written as

dx' VY AL
lon?  F}

20", 2 3 eq
S L P E“Z‘* . (33)
Fp F Fg
It is noted that the TE order parameter is induced due to
the broken spin-rotational symmetry by the SOC (hyx # 0).
In the following, we show that from Eq. (33), the momentum

dependence of the TE order parameter can be analyzed in
accord with the numerical results well.

Are(k,w) = / hw&s

1. Momentum dependence of the TE order parameter:
p-wave character

In this section, we show the momentum dependencies of the
TE order parameter Atg(k,w = 0) at different c.m. momenta
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FIG. 6. Momentum dependence of the TE order parameter
Are(k,w =0) at (a) q =0, (b) q = 0.5krey, (c) q = 0.8krey, and
(d) q = 0.8krey. n = Sny.

q. The full numerical results are plotted in Fig. 6 at n = 5ny.
As seen from the figure, the TE order parameter exhibits a p-
wave character in the momentum space: Atg = Crg(k,w)k-ex
with Crg(k,w) being independent on the orientation of the
momentum (demonstrated in Appendix D). Differing from the
p-wave character of the SO order parameter which shows
anisotropy with respect to the direction of q (as shown in
Fig. 4) [Aso(k,w) = Cso(k,w)k-q], the p-wave character
of the TE order parameter is independent on the direction
of q. This is because the TE order parameter is induced
due to the spin-rotational asymmetry by the SOC. This can
also be understood from Eq. (33) by approximately taking
the Coulomb interaction Vl?_k, as a delta function: one has
ATE(k,a)) X /’lk X kx.

Moreover, it is noted in Fig. 6(c) that small strengths
of the TE order parameter are observed in the unpairing
regions at g = 0.8kr (shown by the four green regions
with the smaller order parameters than the region nearby)
due to the renormalization of the e-e Coulomb interac-
tion, similar to the renormalization-induced SE and SO
ones.

2. Momentum-magnitude dependence of the TE order parameter

The momentum-magnitude dependencies of the TE or-
der parameter |Atg(k = key,w)| are shown in Fig. 7 at
different c.m. momenta gex when n = 5ny. As seen from
the figure, when ¢ = 0.8kp, two valleys are observed at
0.8kr and 2kp in the momentum-magnitude dependence
(black chain curve), corresponding to the unpairing regions
mentioned above. When g < 0.8kp, with the increase of the
momentum, |Atg(kK = key,w)| first increases when k < 2.3kp
then decreases after k > 2.3kp, leading to a peak around
k ~23kp.

The peak behavior can be understood as follows. Since
the TE order parameter is induced by the SOC, with the
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FIG. 7. Momentum-magnitude dependence of the strength for the
TE order parameter |Atg(k = key,w = 0)| = —Are(k = key,w = 0)
at different c.m. momenta gey. n = 5ny.

increase of the momentum at small (large) momentum, the
TE order parameter is enhanced (suppressed) by the enhanced
SOC (suppressed pairing function mentioned in Sec. IV A),
leading to the peak in the momentum-magnitude dependence.
This conclusion is in good agreement with Eq. (33), from

which one finds that | Atg(k, )| o [hk&S|/1y/E2 + |ALL1213 by

approximately taking the Coulomb interaction VI?_k, as adelta
function. Then, through the similar analysis of the momentum-
magnitude peak for the strength of the SO order parameter in
Sec. IV B, the equation of the momentum-magnitude peak
position k% for the strength of the TE order parameter can be

obtained:
2 2
3( (3 - 1).
(34)

From Eq. (34), one has k7, & 2.1kF, very close to the position
from the full numerical calculation shown in Fig. 7.

Moreover, the c.m. momentum dependence of the TE order
parameter can also be analyzed. Specifically, from Eq. (33),
by approximately taking the Coulomb interaction Vlgfk, as a
delta function, one finds that with the increase of g, | Atg(k,w)|
increases when k < kr and decreases when k > kf, in accord
with the numerical results in Fig. 7.

p
kTE

2‘1)2(1«—

F

ki
kr

p
kTE

2 T
A
1) =2/=8E
ke +> '

Er

D. TO order parameter

In this section, we investigate the TO order parameters in
QW through the numerical calculation of A,(k,w) [Eq. (25)].
The induced TO order parameter is obtained:

Ato(k,0) = [Ai(k,0) — Ai(k, — w)]/2. (35)
As for the analytic analysis, similar to the study on the TE order

parameter in Sec. IV C, by taking some simplifications (refer
to Appendix C), the TO order parameter can approximately be
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FIG. 8. Momentum dependence of the TO order parameter
Aro(k, = Er) at (a) q=02kpex, (b) q=0.6krex, () q=
0.6krey, and (d) q = 0.8krey. n = 5ny.

written as
Arok,w) = —w / lfél;’z Do ‘}/;(;k’ASTE
~ wyp(k?) / 1?;/2 Yk ‘;%k’AgE
X <C]x - 1:1;1 k;?) (36)

It is noted that the TO order parameter is induced due to
the spin-rotational asymmetry by the SOC (i # 0) and the
translational asymmetry (g # 0). Additionally, the TO order
parameter comes from the retardation effect in the effective
attractive potential Vj2'(w), in accord with the previous works
[4-8,17]. In the following, we show that from Eq. (36),
the momentum dependence of the TO order parameter
can be analyzed, in good agreement with the numerical
results.

1. Momentum dependence of the TO order parameter:
d,2- and d.,-wave characters

In this section, we focus on the momentum dependencies
of the TO order parameter at different c.m. momenta q,
which are plotted in Fig. 8 at n = 5n. We find that the TO
order parameter shows a d-wave character in the momentum
space: Arok,w) = C%O(k,a))q-ex — C}O(k,a))(k-ex)(k-q)
with C%O(k,a)) and C}O(k,a)) being independent on
the orientation of the momentum (demonstrated in
Appendix D). Particularly, at q=gex (q=gey), the
TO order parameters exhibit a d,2-wave (d,,-wave) character:
Ato(k,w) = (C9 — CigkD)g  [Atok,w) = —Cipk.ikyq],
as shown in Fig. 8(b) [8(c)]. This is due to the unique SOC
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in InSb (110) QW. Specifically, by approximately taking
the Coulomb interaction V]?_k,wlfl_k, as a delta function in
Eq. (36), one has Aro(k,o) o< [q, — ke (K-Q)& /(m} F)],
in good agreement with the full numerical
results.

Additionally, it is noted that small strengths of the TO
order parameter are observed in the unpairing regions at
q = 0.8kp [four concave parts shown in Fig. 8(d)] due
to the renormalization of the e-e Coulomb interaction,
similar to the renormalization-induced SE, SO, and TE
ones.

2. Momentum-magnitude dependence of the TO order parameter

The momentum-magnitude dependencies of the TO order
parameter are shown in Fig. 9 at different c.m. momenta
q when n = 5ny. We first discuss the case at q = gey. It
is noted that at ¢ = 0.8kp, a valley and a peak of the TO
order parameter in the momentum-magnitude dependence are
observed at 0.8k and 2kp [black chain curve in Fig. 9(a)],
respectively, which exactly correspond to the unpairing regions
mentioned above, similar to the previous results of SE, SO, and
TE ones. In addition, as shown in Fig. 9(a) at q = gex, when
q < 0.8kp, with the increase of the momentum, the TO order

0.03 <, ]
0.02
g 0.0l
o
H
<4
0
-0.01
0
(=}
<
S .0.01
<
/ _
\./- Bq—n/Z

-0.02 ‘ ‘ ‘ ‘ ‘

FIG. 9. Momentum-magnitude dependence of the TO order
parameter for (a) Ato(k = key, = Ef)atq = gex and (b) Aok =
ke.,w = Ep) at q = gey. n = 5ny. €. is the unit vector along the
ey + ey direction.
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parameter Ato(k = key,w), possessing the same sign with A
at k = 0, first increases when k < 0.5k then decreases when
0.5 < kp < 2kp, leading to a peak around 0.5kr. Moreover,
when 0.5 < kp < 2kpg, it is noted that Ato(k = key,w) has
a sign change at 1.4kp, and shows opposite sign against Ag
when k > 1.4kp. With further increasing the momentum when
k > 2kp, the TO order parameter tends to zero, leading to a
valley around 2kp.

This momentum-magnitude dependence of the TO order
parameter is more complex than the previous SE, SO, and TE
ones. Nevertheless, we show that from Eq. (36), this depen-
dence can be well understood. Specifically, by approximately
taking the Coulomb interaction VI?_k,a){;]_k, as a delta function,
at q = gey, one has

Aro(k = key,w = Ep) o [1 + &{(Er — &) / FE]/ Fi'.
37)

with same sign to Ag at k = 0. When k < 3kp with F;, =~
AgE, from Eq. (37), it is found that the increase of the
momentum at k < 0.5kr (k > 0.5kr) leads to the increase
(decrease) of Aro(k = kex,w) and the peak around 0.5kp.
Moreover, when 0.5kr < k < 3kp, it is noted that the TO
order parameter Ato(k = key,w) has a sign change at k =
(14 |AL/Ep|H)*kp ~ 1.42kr where one has Aro(k =
kex,w = Ep) =0 in Eq. (37), and then Ato(k = key,w) is
in opposite sign against Ay at k > 1.42kp. With further
increasing the momentum, the suppression of the pair-
ing function, i.e., the increase of F, leads to the sup-
pression on the TO order parameter, and hence Aok =
key,w) tends to zero, leading to the wvalley observed.
The valley position can be determined by calculating the
minimum of Aro(k = key,w) at k¥o ~ (3 + |AL/Er> +

|A§E/Ep|,/3 + |A£E/Ep|2)kp/3 = 1.9kF, again very close
to the one from the full numerical results in Fig. 9(a).

For the case at q = gey, it is found that Ato(k = ke¢,w)
e(Ep — 8,f)/F,§S (€. is defined as the unit vector along ey + ey
direction), similar to Eq. (37) at q = ge. Consequently, by
using the similar analysis, one may understand the behavior in
Fig. 9(b) well.

Furthermore, with the translational asymmetry broken by
the c.m. momentum gq, it is found that the strengths of the
induced TO order parameters |Arto(k,w)| increase with the
increase of the c.m. momentum from Eq. (36), as shown in
Fig. 9.

E. Separation of the order parameters containing all four types

Finally, we compare the four types of the order parameters
in QW and propose a tentative way to distinguish these order
parameters in the experiment. Specifically, through the study
of the density dependencies of the four types of the order
parameters in detail (refer to Appendix E), it is found that at
small density, due to the suppressed attractive potential V;",
the renormalization-induced SE order parameter A§E, with its
sign being opposite against the proximity-induced one Al
is markedly enhanced. Then, the SE order parameter Agg =
AL + A% is efficiently suppressed at small density, similar
to the previous work [58]. In this case, the SO (induced by c.m.
momentum of Cooper pair), TE (induced by the SOC), and TO
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FIG. 10. Momentum-magnitude dependence of the order param-
eter of each symmetry containing all four types at q = 10kre,. It
is also found that Ago(k = key,w) = Ak = key,w) = Aok =
key,w) = Aro(k = key,w) = 0 from the full numerical results at q =
10k ey (not shown in the figure). n = 0.15np and w = 15E7 < AL

(induced by the SOC and c.m. momentum) order parameters
are dominant.

Furthermore, as summarized in Table I, the SO (TE)
order parameter in the momentum space exhibits a p-
wave character while the TO one exhibits a d-wave
character. Particularly, when q = ge,, from Table I, one
has Aso(k,w) = Cso(k,w)qk,, Atp(k,w) = Cte(k,w)k,, and
Arok,w) = —C{O(k,a))kxky. In this case, with the suppressed
SE order parameter at small density, along the ey (ey) direction
in the momentum space with Atg = Ao = 0 (Aso = Ao =
0), the SO (TE) order parameter can be detected solely and then
Cso(k,w) [Cre(k,w)] can be determined explicitly.

The full numerical results of the four types of the order
parameters at small density n = 0.15n are plotted against the
momentum k in Fig. 10 when q = 10krey. In this case, due
to the small density and hence small g, the unpairing regions
mentioned in Sec. IV A are absent here. Moreover, as seen
from the figure, the SE order parameter Agg (red solid curve)
is efficiently suppressed, and as expected above, along the
ey (ey) direction with Aso = Ao = 0 (A1g = At = 0) the
TE (SO) order parameter (blue long-dashed curve) [(green
short-dashed curve)] is dominant, providing the possibility
to distinguish this order parameter solely by detecting along
special direction.

Nevertheless, as for the d,,-wave TO order parameter
at q = gey, along the e direction, the maximum of the
strength of the TO order parameter (black chain curve) is
comparable to that of the SO (gray double-dotted curve)
and TE (light blue dotted curve) ones. However, with the
experimentally obtained order parameter A°(k,w), since the
SE order parameter is suppressed at small density and the SO
and TE ones can be obtained above, one obtains Ato(kK,w) =
A"'(k,a)) — Aso(k,a)) — ATE(k,a)) or

Arok,w) = / A6k A° (K, w)sinfxcosby /(477). (38)
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Then, the d,,-wave TO order parameter can also be detected.
Moreover, with the strength comparable to the SO one, the
TO order parameter has been shown to provide significant
protection to the zero-energy states including the Andreev
bound state and Majorana fermion state due to the even parity
[3], and promises to lead to rich physics [43,92,93] including
the long-range proximity effect [43] and anomalous features
of quasiparticle [92,93].

V. SUMMARY AND DISCUSSION

In summary, we have demonstrated that the SE, SO, TE,
and TO pairings and the corresponding order parameters can be
realized in spin-orbit-coupled InSb (110) QW in proximity to
s-wave superconductor in FFLO phase or with a supercurrent.
Specifically, the SE order parameter can be induced in QW
through the proximity effect. Nevertheless, it is found that there
exist unpairing regions in the momentum space, in which the
proximity-induced SE order parameter vanishes. We further
reveal that the unpairing regions arise from the FFLO-phase-
like blocking in QW. In the presence of this proximity-induced
SE order parameter, the SO pairing is induced due to the
broken translational symmetry by the c.m. momentum of
Cooper pair whereas the TE one is induced due to the broken
spin-rotational symmetry by the SOC. Moreover, with the
translational and spin-rotational asymmetries, the TO pairing
is induced. Then, the corresponding order parameters can be
induced from the self-energy of the e-e Coulomb interaction
with the dynamic screening, and the proximity-induced SE
order parameter is also renormalized. Particularly, we reveal
that the odd-frequency order parameters are induced due to
the retardation effect of the Coulomb interaction from the
dynamic screening in 2DEG, where the plasmon effect is
important.

Differing from the vanishing proximity-induced SE order
parameter in the unpairing regions, we show that through the
renormalization, the SE, SO, TE, and TO order parameters
in QW all have small strengths in the unpairing regions.
In the pairing regions, the SE and TE order parameters are
revealed to show the conventional s- and p-wave characters,
respectively. As for the odd-frequency order parameters, which
are difficult to realize in bulk superconductors, the induced SO
and TO order parameters in InSb (110) QW exhibit the p- and
d-wave characters, respectively. Specifically, with the broken
translational symmetry by the c.m. momentum of Cooper
pair, the p-wave character of the SO order parameter shows
anisotropy with respect to the direction of the c.m. momentum.
This is very different from the TE one, which is determined
by the SOC and hence is independent on the direction of the
c.m. momentum. As for the unconventional d-wave TO order
parameter, it is interesting to find that d,-- and d,-wave TO
order parameters can be obtained when the c.m. momentum
is along the [110] and [001] directions, respectively. It is
further demonstrated that this anisotropy of the TO order
parameter arises from the unique SOC structure in InSb (110)
QwW.

Furthermore, we show that at proper density, the SE order
parameter can be efficiently suppressed. Then, the induced SO,
TE, and TO order parameters can be detected experimentally.
Our work provides an idea platform where rich physics, includ-
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ing the enhanced Josephson current [94], dispersionless zero-
energy Andreev bound states [3,19,95-97], and anomalous
proximity effect [3,98,99] related to the SO order parameter,
the conventional triplet superconductivity [37-39,98-103]
associated with the TE one, and the long-range proximity
effect [43] and anomalous features of quasiparticle [92,93]
due to the TO one can be realized.
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APPENDIX A: DERIVATION OF EQ. (20)

We derive Eq. (20) in this appendix. By neglecting the
frequency dependence of the self-energy due to the proximity
effect as mentioned in Sec. III B, Eq. (19) can be expressed as

0 Ito]?
A * =
Ar(k) :f mide), SN (A1)
AO |8‘l7(iq+i:;: I<wp 27sz —‘fo‘z 0
_:‘lzﬁz

where wp represents the Debye frequency of superconductor
and B (§)) = (efyq + &), Thp)ei_q +&), Fhp) + 140

Moreover, with the small momentum k in QW, one has
&, < wp K g and hence the restriction |y, it Sf)zl < wp
in the integral of Eq. (A1) can be approximated as |§,, | < wp.
Then, by using the mean value theorem for the integral in
Eq. (A1), one gets

1

0 R

A 10|* Aowp /m* +
Ar(k) = EB00D s Lol o

TN 218 T

with Ly = &}, (&g — 15 + 1 80* £ (63,4 — &1_g)15-

As mentioned in Sec. IV A, it is found that |Ag| ~ s‘fSkF,
and hence (g4 — &_q) In Lif can be neglected due to the
small c.m. momentum ¢ in this work. Then, Eq. (20) is
obtained with the effective tunneling matrix element |7 |2 =

ltol*wp/m /27

APPENDIX B: MOMENTUM DEPENDENCE
OF THE DEPAIRING OPERATOR

In this Appendix, we show the momentum dependencies of
the depairing operator 8 at different c.m. momenta, which are
plotted in Fig. 11. We find that at n = 5n, when g > 0.74kp,
there always exist zero-value regions of the depairing operator
in the momentum space (shown by the blue regions in Fig. 11 at
q = 0.8kr), which exactly correspond to the unpairing regions
in Sec. IV A [blue regions in Figs. 1(c) and 1(d)].

Nevertheless, due to the existence of the SOC, there exist
four unpairing regions in the momentum space at fixed q when
q > 0.74kp. Thisis very different from the conventional FFLO
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FIG. 11. Momentum dependence of the depairing operator at (a)
q = 0.8kre, and (b) q = 0.8krey. n = 5ny.

superconductor [72,73], where only two unpairing regions
exist. This can also be understood from the four nondegenerate
quasiparticle energy spectra addressed in Sec. III A, differing
from the two double-degenerate quasiparticle energy spectra
in the conventional FFLO superconductors [72,73].

APPENDIX C: DERIVATION OF EQS. (27), (29),
(33), and (36)

We derive Egs. (27), (29), (33), and (36) in this appendix.
Specifically, at low temperature one has f(El )~ 0 since
E', > 0and n(a)k )a)k ~ 0, so the second and the third terms
in Eq. (24) can be neglected. Moreover, since the Coulomb
interaction Vl?_k, is very strong atk’ = Kk, the plasma frequency
wp ! w & +/|K — K’ in the denominator of the first term can also
be neglected (compared with E) ). Then, the renormalization-
induced singlet order parameter [Eq. (24)] is simplified into

dK’ ol 1
As(k,w) = Z/ 2Vk K SE(_+ — i | (€D
= 327 Ay B

+K
where Ay = EY E", — 0’ +voB", and B, =
E'\+E",.

Then, the renormalization-induced SE order parameter and
SO one can be obtained from Egs. (26) and (28), respectively,
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written as

AT ‘”ﬁl K 1
ALY B )

dk’
SE(kw) Z/ 421?1(’

v, u==% +K
(C2)
dk' V2 Aol
Asokw)= Y /Wz £ “AE‘E (@)

v,u==+

By approximately considering o, &g, and iy as small quantities
(compared with &, and A ) forexpansion, Eq. (C2) [Eq. (C3)]
can be further 51mp11ﬁed and then Eq. (27) [Eq. (29)] can be
obtained.

Similarly, by taking the same approximation n(a? !
0 and f(E. )~ 0 at low temperature and wkl w < El, in
Eq. (25), the induced TE order parameter and TO one can be

0.03 x ‘
fittingby k-q - - - -
0.02 | o by ba :
=~ fitting by k-e, =
R 2Ag —r— e

\‘\ fitting by (k- q)(k ex) - =

0.01

NA,
(e}

-0.01

-0.02

0.02

0.01

-0.01

-0.02

FIG. 12. Momentum-orientation dependence of the order param-
eters at (a) q = 0.4kre, and (b) q = 0.4krey. n = 5ny. w = Ep and
k = kr. Red solid, blue long-dashed, and black chain curves denote
the full numerical results of the SO, TE, and TO order parameters,
respectively. Green short-dashed curve (light blue dotted curve): fitted
results for the SO (TE) order parameter by using Aso = Cso(k,w)k-q
[Arg = Cre(k,w)k-ec]. Gray double-dotted curve: fitted results for
the TO one by using Ao = C-?O(k,a)) — C}O(k,w)(kex)(k-q).
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obtained from Eqgs. (32) and (35), respectively, written as

dK’ ol 1
Ampko)= ) ,/64 Vi gE(F_BT :
k/

v,u==%

dx' V. k/ASEwk K
Aro(kw) Y v f i ar @
v, u==
Then, by further approximately taking w, &g, and hy as small
quantities, Eq. (C4) [Eq. (C4)] is simplified into Eq. (33)

[Eq. (36)].

APPENDIX D: MOMENTUM-ORIENTATION
DEPENDENCE OF ORDER PARAMETERS

In this Appendix, we show the momentum-orientation
dependencies of the four order parameters at different c.m.
momenta, which are plotted in Fig. 12 atn = 5n¢. As seen from
the figure, the full numerical results of the SO (red solid curve),
TE (light blue dotted curve), and TO (gray double-dotted
curve) order parameters can be well fitted by using the analytic
analyses addressed in Table I: Ago = Cso(k,w)k-q (green
short-dashed curve), Atg = Cre(k,w)k-ex (blue long-dashed
curve), and Ao = C%O(k,a)) — C}O(k,a))(k-ex)(k-q) (black
chain curve), respectively.

APPENDIX E: DENSITY DEPENDENCIES OF THE ORDER
PARAMETERS CONTAINING ALL FOUR TYPES

1. Density dependence of the renormalization-induced
SE order parameter

We first address the density dependence of the
renormalization-induced SE order parameter. The strengths of
the renormalization-induced SE order parameter —AX;(k =
0,w) versus density n when q = 0.4kre; are plotted in
Fig. 13 at different frequencies w. As shown from the figure,

0.8 -

-Asg/Ag

FIG. 13. Strength of the renormalization-induced SE order pa-
rameter |A ck=0,0) = —ASE(k 0,w) versus density n at dif-
ferent frequencies w. Black chain line: results for Al;. q = 0.4kre.
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FIG. 14. Strength of the SO order parameter |Ago(k =
3krey,w)| = —Aso(k = 3krpey,w) versus density n at different fre-
quencies. q = 0.4krey.

—A§E(k = 0,w) decreases monotonically with the increase
of the density. This behavior can also be understood from
Eq. (27). The vanishing renormalization-induced SE order
parameter at large density comes from the vanishing pairing
function at |§{_,| > Al as mentioned above, similar to the
case at large momentum. At small density, the attractive
potential V}' is efficiently suppressed, leading to the enhanced
Coulomb interaction and hence the renormalization-induced
SE order parameter.

Furthermore, it is noted that with the decrease of the density,
the strength of the renormalization-induced SE order parame-
ter —AZL. becomes close to that of the proximity-induced one

SE (black chain line). Since AgE is always in the opposite
sign against Al;, the SE order parameter Asg = Al + A%
in QW can be efficiently suppressed, providing the possibility
for the experimental observation for SO, TE, and TO ones, as
mentioned in Sec. IVE.

Additionally, from Fig. 13, it is found that at fixed
density, the strength of the renormalization-induced SE order
parameter —AZX;(k = 0,w) decreases monotonically with the
increase of the frequency, in accord with the analytic results
in Eq. (27).

2. Density dependence of the SO order parameter

We next address the density dependence of the SO order
parameter. The strengths of the SO order parameter | Ago(k =
3krex,w)| as function of the density n are plotted in Fig. 14
at different frequencies when q = 0.4krex. As seen from the
figure, with the increase of the density n, | Aso(Kk = 3krex, )|
first increases when n < 2.8n¢ then decreases when n >
2.8ny, leading to a peak around 2.8ny.

The peak behavior can be understood as follows. At small
(large) density with &3, < ASE 3k, > A 5), the strength
for the SO order parameter is enhanced (suppressed) due to
the enhanced effective attractive potential V' o |a)]fl|2 xn
(suppressed pairing potential as mentioned in Sec. IV A), and
then a density peak of the strength for the SO order parameter
is expected. This can also be understood from Eq. (29). By
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FIG. 15. Strength of the TE order parameter |Arg(k =
3krey,w)| = —Arp(k = 3krey,w) versus density n at different fre-
quencies. q = 0.4krey.

approximately taking the Coulomb interaction V2 af

as a delta function, it is found |Ago(k = 3krey,w)|
VNEFEr/(BE% + |AL;*)?, showing peak behavior in the
density dependence.

Moreover, from Fig. 14, it is found that at fixed density,
the strength of the SO order parameter |Ago(k = 3krpey,w)|
increases with the frequency, in accord with the analytic results
in Eq. (29).

3. Density dependence of the TE order parameter

We next address the density dependence of the TE order
parameter. The strengths of TE order parameters |Arg(k =
3krey,w)| versus the density n are plotted in Fig. 15 at different
frequencies. As shown from the figure, with the increase of the
density, |Atg(k = 3kpex,w)| first increases when n < 1.2ng
then decreases aftern > 1.2n¢, leading to a peak around 1.2n,,
similar to the results of the SO order parameter.

The density dependence of |Arg(k = 3krey,w)| can be
understood from the momentum-magnitude dependence since
the increase of the density leads to the increase of 3kp.
Then, the density dependence shows similar behavior of
the momentum-magnitude dependence, and the density peak
(shown in Fig. 15) corresponds to the momentum-magnitude
peak above (shown in Fig. 7).
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FIG. 16. Strength of the TO order parameter |Apok =
3krey,w)| = —Aro(k = 3krex,w) versus density n at different fre-
quencies when q = 0.4k re,.

In addition, we also find that at fixed density, the strength of
the TE order parameter —Arg(k = 3kpey,w) decreases with
the increases of the frequency, as shown in Fig. 15, in good
agreement with Eq. (33).

4. Density dependence of the TO order parameter

We then address the density dependence of the TO order
parameter. The strengths of TO order parameter are plotted
against the density n in Fig. 16 at different frequencies. As
shown from the figure, with the increase of the density, a peak
is observed in the density dependence of Aro(k = 3krex,w),
similar to the previous results of the SO and TE order
parameters.

With the similar analysis for the density dependence of the
SO and TE order parameter, the strength for the TO one is
enhanced (suppressed) by the increase of the density at small
(large) density due to the enhanced effective attractive potential
Vit and SOC h3y,.e, (suppressed pairing potential as mentioned
in Sec. IV A), leading to a peak observed.

Moreover, from Fig. 16, it is found that at fixed density, the
strength of the TO order parameter |Atg| increases with the
frequency, in accord with the analytic results in Eq. (36).
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