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We study theoretically Josephson effect in a planar ballistic junction between two triplet superconductors with p-
wave orbital symmetries and separated by a two-dimensional (2D) semiconductor channel with strong Rashba spin—orbit
coupling. In triplet superconductors, three types of orbital symmetries are considered. We use Bogoliubov—de Gennes
formalism to describe quasiparticle propagations through the junction and the supercurrents are calculated in terms of
Andreev reflection coefficients. The features of the variation of the supercurrents with the change of the strength of Rashba
spin—orbit coupling are investigated in some detail. It is found that for the three types of orbital symmetries considered,
both the magnitudes of supercurrent and the current-phase relations can be manipulated effectively by tuning the strength
of Rashba spin—orbit coupling. The interplay of Rashba spin—orbit coupling and Zeeman magnetic field on supercurrent is

also investigated in some detail.

Keywords: Josephson effect, Rashba spin—orbit coupling, triplet superconductor, 0-7 transitions

PACS: 72.10.Bg, 72.25.Dc, 72.25.Ba, 72.15.—v

1. Introduction

In recent years, the study of various effects related to
spin—orbit interaction (SOI) of conducting electrons in solid-
state materials and their hybrid structures has been an active
research field in condensed matter physics. Such studies are
not only of fundamental interest but also of practical impor-
tance because they may provide some potential routes for spin-
based electronics (spintronics) and quantum computation. -]
And in this context, strong SOI intrinsic in some narrow-gap
semiconductors or topological insulators and various effects
related to them have attracted considerable interest. The strong
SOI intrinsic in such materials may originate from bulk in-
version asymmetry®! or structural inversion asymmetry due
to confining potentials!* and can be externally controlled by
the application of electric field, gate voltage, or mechanical
strain, efc., for instance.>~”1 Such tunability has a great po-
tential for the application to spintronic devices and quantum
information processing. A variety of interesting phenomena
were predicted based on such strong SOI, to name a few, spin
Hall effect®1! and quantum spin Hall effect,!'%13] topologi-
cal insulators, '* topological superconductivity, > erc.

An interesting subject within these studies is that what
influences strong SOI may have on Josephson supercurrent
when two superconductors having a phase difference ¢ is con-
nected by a semiconductor channel with strong SOI. This issue
has been investigated recently for a variety of junctions con-
taining various semiconductor nanostructures with strong SOI,
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such as quantum dots, [16-191 carbon nanotubes, | semicon-

(222251 2D electron gas,!?®! and others.[*”!

ductor nanowires,
The possibility to control various parameters of the nanos-
tructures allows one to explore different influences of strong
SOI on Josephson effect in such devices. It was predicted
that Josephson supercurrents through such nanostructures may
exhibit a number of novel features. For instance, in some
nanostructures the coexistence of strong SOI and Zeeman ef-
fect can induce a supercurrent at ¢ = 0, the so-called anoma-

t.[25-321 From a generic point of view,

lous Josephson curren
such novel features arise from the specific spin structure on
the Fermi surfaces due to the spin—orbit coupling, which plays
an important role in connection with Josephson effect.

In this work we investigate theoretically Josephson effect
in planar ballistic junctions consisting of two triplet super-
conductors (TSCs) with p-wave orbital symmetries and con-
nected by a 2D semiconductor channel with strong Rashba
SOI. While there has been a growing interest in understand-
ing coherent transport phenomena in Josephson junctions with
strong SOI, most of previous studies were focused on hy-
brid heterostructures involving conventional superconductors
with spin-singlet pairing and s-wave orbital symmetry. From
theoretical points of view, since the pairing potentials are
momentum-dependent and change sign on the Fermi surface
and the Cooper pairs take the forms of spin-triplet pairing in
TSCs, different behaviors would be anticipated compared to
the singlet cases.>*3* For example, due to the intimate rela-
tionship between spin-triplet pairing and ferromagnetism, one
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would anticipate that the effect of strong Rashba SOI, which
behaves as a momentum-dependent effective magnetic field,
may have sensitive dependence on the orientation of Rashba
effective field relative to the TSC vector order parameter, a
key parameter of such systems.33] Moreover, in such systems
zero-energy bound states may form at interfaces in a junction,
which may also affect significantly the transport properties of
a junction.®®] In view of these facts, a deeper understand-
ing of the effect of strong SOI and its interplay with Zeeman
magnetic field upon Josephson supercurrents in such systems
is desirable. In the current study, we focus on the coherent
transport in connection with Josephson supercurrents in pla-
nar ballistic junctions consisting of two triplet superconduc-
tor leads with p-wave orbital symmetries and connected by a
2D semiconductor channel with strong Rashba SOI. Using the
Bogoliubov—de Gennes (BdG) formalism, we investigate sys-
tematically the effect of strong Rashba SOI and its interplay
with Zeeman effect upon coherent transport in connection with
Josephson supercurrents in such junctions.

The paper is organized as follows. In Section 2 we illus-
trate the theoretical model and the solution of the scattering
problem used for the calculations of Josephson supercurrents.
In Section 3 we present the numerical results for Josephson
supercurrents and current-phase relations obtained by use of
the formalism illustrated in Section 2. The features of the
variations of supercurrents and current-phase relations with
the changes of relevant physical parameters are investigated
in some detail. A summary is given in Section 4.

2. Model and formulation

The system under current study is a planar ballistic junc-
tion consisting of two identical p-wave superconductors con-
nected by a 2D semiconductor channel with strong Rashba
SOI. The junction is grown along the z direction and lies in the
y—z plane. The two interfaces between the two superconduc-
tor leads and the semiconductor channel are located at z =0
and z = L, respectively, and extend along the y direction. An
out-of-plane Zeeman magnetic field is applied along the x di-
rection in the semiconductor channel. The BdG equation for
quasiparticle (QP) states in the system is given by

A

Hy(k)  A(k)
At (k) —Hy(—k)

] W (k) = E¥(k), (1)

where Hy(k) is the single-electron Hamiltonian, A (k) is the
gap matrix, ¥ (k) is the four-component spinor function de-
. AT
fined by ¥ = [I[JT7 v, l[/;, WH . The single-electron Hamilto-
nian Hy (k) is
. nk?
Hy(k) = { —ﬂ} 0o

2m

+0(2)0(L —z)[Vi0y + & (k, 0y —ky0,)], (2)

where k = (ky, k) is the 2D wave vector, 0y is the 2 x 2 iden-
tity matrix, and o = (Gy, 0y, 0;) the Pauli matrices, ©(z) is the
step function, o is the strength of Rashba SOI in the semi-
conductor channel, V, = gupB is the Zeeman energy, with B
the magnitude of the Zeeman field and g the Lande factor and
Up the Bohr magneton. For simplicity, we assume equal ef-
fective mass m and chemical potential u in all regions of the
junction.

We assume the TSCs to be in an equal-spin-pairing uni-
tary state. For such pairing states, the gap matrix A is related
to the d vector of the TSCs by A = iA(d- 0)0y, then the gap
matrix for the system under study takes the following form,

A(k) = iAL(k)(dL-0)0,0(—2)
+iAR(k)(dr - 0)0,0(z— L), 3

where d; r denote the d vectors in the left (L) and right (R)
superconductor leads and Ap g (k) the superconducting order
parameters, respectively. In particular, we assume that the d
vectors dp r lie in the x—y plane and their orientations are de-
fined two angles ar, and ar, respectively, where ar R is the
angle between the x axis and di r. The explicit forms of dj r
are then given by

dy, = (cosay,sinay,0), )
dr = (cosag,sinag,0). 5)

The Josephson supercurrent is related to a difference in the
overall phases of the superconducting order parameters in the
left and right leads of the junction. We assume that the two su-
perconductor leads differ only in a overall phase of the order
parameter, with

AL(k) = A(k) (6)
Ar(k) = A(k)e'?, @)
in which A (k) denotes the orbital pairing states and ¢ the over-

all phase difference of the superconducting order parameters.
We will consider three types of orbital-pairing states, with

A(T)ky/kp, Py-wave,

A(T)kz/kF7 pz-wave, (8)
A(T)(kz+1k))/kF7 pz+ipy—wave,

A(k) =

where kg is the Fermi wave vector of the normal state and
A(T) = Ag/(T. = T) /T, (T. = Ao/(1.76kg)) is the weak-
coupling temperature-dependent gap magnitude.

We first solve the BdG equations separately in different
regions of the junction to obtain the eigenfunctions of quasi-
particles (QPs). For dc Josephson effect, only low-energy ex-
citations (with 4 > E, |A(k)|) are involved. Under this as-
sumption, the wave vectors can be regarded as approximately
equal in magnitude for electron-like and hole-like QPs in the
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superconducting regions, i.e., k. ~ ky ~ kg, the so-called An-
dreev approximation. For convenience, in the following we
will use a superscript L (R) in the eigenfunctions to denotes
QPs in the left lead (z < 0) or in the right lead (z > L) of the
junction and use a subscripts r (1) to denote right-going (left-
going) QPs. Defining k = (k;,ky) = (kpcos6,kpsin @) and
—k = (—k,k,), where 6 is the angle of the wave vector k of
a QP relative to the z direction, the eigenfunctions of right-
going (left-going) QPs in the left lead (z < 0) or in the right
lead (z > L) of the junction can be given by

i) = ek (500,001,007,
V’réﬁ e Rk (0, uys1e,0,v1)T, )
er,‘}(l,[? =ik (yy50e1,0,12,0)T,
l//rL}E = et =ikz(0,vy509,0,u2)7, (10)
Yleq =™ 1kZ( urs2e1,0,v2,0)",
l[llel =0 =ik2(0, up509,0,17)T, 11
‘I’fh,¢ etk (—yis1e1,0,u1,0)T,
Y, = e (0, vy51€2,0,u1)T, (12)

where e (h) denotes the types and 1 ({) denotes the spins of
QPs, and the factors u1 2, V12, §12, and e 2 are given by

E+H1 E— Hl
\/ V 2E

(13)

/E+H2 |E (14)
(k) ( k)

s1= , 2= (15)
IAL ) (K IAL y(=k)I

e] = cosap ) — isinapR), €z = cosay )+ isina ), (16)

in which E is the energy of QP, and H| and H; are defined by

Hy =\/E*—|A(K)?, Hy=\/E>—|A(=k)?.  (17)

The corresponding eigenfunctions of right-moving (left-
moving) electrons (holes) in the semiconductor channel be-
tween the two superconductor leads will be denoted as
Ve(h),r(1),y» 10 Which the subscripts ¥ (= + or —) denote the
spin helicity. Since the system is translational invariant along
the y direction, the y component of the wave vector is con-
served when a QP is transmitted through the interfaces be-
tween the superconductor leads and the semiconductor chan-
nel. For electrons (holes) with energy E and the y component
ky of the wave vector, the eigenfunctions of right-moving (left-
moving) electrons (holes) in the semiconductor channel can
then be expressed as

ikyy+iskz>c>y1(

Ver()y= ¢ up,uy,0,0)T, (18)

ikyy—isk, n 2 T
—~— ¢ »Y “h.y (0507 VTa VJ,) 3

(19)
Chr(1)y

Vhr(l),y =
where C, 1)y is the normalization factor, s = + for right-
moving and s = — for left-moving electrons (holes), k_ ).y
denotes the z component of the wave vector of an electron
(hole) with the spin helicity ¥, and u+, u, v¢, v} are defined
by

up = _Vx + iSOtRkae.,)/a

h2
u, = (k26y+k2) U — ORky, (20)
vy = Vi+ iS(XRkZ’h,y,
h2 2 2
V\L:—%(kz"hﬂﬁ-ky)"-ﬂ—aRky. 20D

In Egs. (18)—(21), the z component of the wave vector of
an electron (hole) with the spin helix index 7y is given by
ke e(h)y = kez(h% ,— k3, where k()  is the magnitude of the
wave vector of an electron (hole) with the spin helix index 7.
The energy dependence of k) is determined by the disper-

sion relations in the semiconductor channel, which reads

E = °k? VZ+ o2k? (22)
=, HTYY oR
for electrons, and
nk? 5 5
E:—T—FH—F}/\/V + a3k (23)
for holes. For low-energy excitations with £ <, kep),, can
be given by
ke« = kn 1
2m2o2  2m m2 o
~ A K+ Ry V2 + ok +—R, (24
Ft pr 2 R T g 24
ke’_ ~ kh7,
2m2o2  2m m2 o
~ | KR+ h4R—? 2+ oGkt + — R, (25)

Note that the wave vectors k) , depend on both the Rashba
SOI strength and the Zeeman energy in the semiconductor
channel. This has significant influence on the propagation of
electrons and holes in the semiconductor channel. For exam-
ple, if the Zeeman energy V, > U and o = 0, the wave vec-
tors ke, of minority-spin QPs will be imaginary, implying
that their propagations will be exponentially suppressed in the
semiconductor channel.

Now we consider the scattering problem of QPs through
the junction. By use of the eigenfunctions (9)—(12) and (18)—
(19), the following wavefunction ansatz can be constructed for
a spin-o electron-like QP injected from the left lead of the
junction:
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sve?c<r>:@<—z>{wke,a+ y

o'=1|

+dg— WF-,}L* +f§+ "Vl,eHr +f§— "Vl,&* + W%-&- lVl,h,Jr + W%— lljl,h-,*} + ®(Z - L) Z |:gc(y/ Wr ,0' + ho‘o" "Vr h, a’:| )

where ag o are the Andreev reflection coefficients, bg o are
the normal reflection coefficients, g‘; o and h‘; o are the trans-
mission coefficients, and cgy, dgy. f5y, Woy (¥ = %) are the
coefficients describing the propagation of QPs in the semicon-
ductor channel between the two superconductor leads. There
are 16 unknown coefficients in total in the wavefunction (26).
These coefficients can be determined by the boundary condi-
tions at the interfaces at z = 0 and z = L, which read

)6 (7) [e=0-=Ye(n) o (T) =0+ (27)
.6 (") =140~ = Fen),0 (T) | =140+ (28)
0).6(T) l=0-=9:%e(n) o (7) =0+ (29)
0),0(") L=2+0-= V- %%n),6(7) l.=r40+,  (30)
where
b — laﬁBdG
N T

2hﬁ/d

where the energy argument is analytically continued to Mat-
subara frequencies [E — i, =i(2n+1)x/B] and f =1/kgT.

3. Results and discussion

In this section we present the numerical results obtained
by using the formalism outlined above. For convenience, in
the numerical calculations we re-scale the strength of Rashba
SOI to a dimensionless parameter & = 2maR /hzlq:, and the
superconducting pairing potential Ay and the Zeeman energy
V are both measured in units of the chemical potential . The
temperature T is measured in units of the critical temperature
T:. and the length L of the semiconductor channel between two
superconductor leads is measured in units of 1/kp. The super-
current is measured in units of eAg /%.

For clarity, we first investigate the effect of Rashba SOI
in the absence of Zeeman effect. We calculate numerically
the supercurrent as a function of the phase difference ¢ of the
superconducting order parameters for several different values
of the Rashba SOI strength ¢ and the Zeeman energy V, = 0.
The corresponding results for py-wave pairing, p,-wave pair-
ing, and (p + ip,)-wave pairing are plotted in Figs. 1(a)-1(c),
respectively. From Figs. 1(a)—1(c) one can see that, in the pres-

[agc’ lI/ll,‘h,O" + bgc’ V’ll,‘e,c’} } + Q(Z)@(L - Z)

—

(& c c
CotVre+ +Co_Wre— Tdoi Vrn+

(26)
o'=1l

(k)\ £~ [A(= )I o

is the velocity operator, with Hgqg the BAG Hamiltonian given
in Eq. (1). Substituting the wavefunction (26) into the bound-
ary conditions (27)—(30), we can obtain all unknown coeffi-
cients in the wavefunction (26) by numerical calculation. Sim-
ilar wavefunction ansatz can also be constructed for a spin-&
hole-like QP injected from the left lead of the junction, and the
coefficients characterizing various reflection and transmission

bh

o' eIC.

processes will be denoted correspondingly as ag o'
These coefficients can also be determined through the bound-
ary conditions (27)—(30) by numerical calculations.

The Josephson supercurrent flowing through the junc-
tion can be obtained by use of the Furusaki-Tsukada
formulas.37—%1 This is written in terms of the Andreev re-
flection coefficients ag, , of injected electron-like QPs and the
Andreev reflection coefficients ag o of injected hole-like QPs

as follows:

(€29

ence of Rashba SOI, the current-phase relations are still nearly
in the ordinary form of a sinusoidal function for the three types
of orbital symmetries, as in the absence of Rashba SOI. But
the magnitude of supercurrent can be changed significantly in
the presence of Rashba SOI and can be tuned effectively by
varying the strength of Rashba SOI. More interestingly, from
Figs. 1(a)-1(c) one can see that the so-called O—x transitions
can be driven by varying the strength of Rashba SOI, i.e., as
the strength of Rashba SOI is varied, the direction of super-
current is reversed at some critical values of the Rashba SOI
strength and the current-phase relation changes from the form
of I(¢) o< sin¢ (O-state) to the form of I(¢) o< sin(¢ + ) (7-
state), or vice versa. Such transitions can be more clearly illus-
trated by analyzing the sign changes of the supercurrent I(¢)
at a fixed phase difference ¢ with the variation of the Rashba
SOI strength . In Figs. 2(a)-2(c) we plot I(¢) at ¢ = /2 as
a function of the Rashba SOI strength & for p,-wave and p,-
wave and (p; + ipy)-wave pairing, respectively. Figures 2(a)—
2(c) show that the magnitudes of the supercurrents at ¢ = /2
(the critical supercurrents) oscillate in an approximately peri-
odic way with the variation of the Rashba SOI strength ¢, but
the amplitudes of the oscillation decrease gradually with the
increase of o¢. Accompanying with the oscillation of the mag-
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nitude of supercurrent, the direction of supercurrent is reversed
for several times at some critical values of the parameter a,
resulting in a sequence of 0—x transitions. In Fig. 2(a)-2(c),
the sequence of alternating 0 and 7 states is separated by a
sequence of critical points of the parameter ¢ at which the su-
percurrent changes sign, beginning with a O-state at @ = 0 for
all the three types of pairing symmetries. Since the strength
of Rashba SOI can be tuned by electrical means, this result
suggests that it is possible to realize 0—7 transitions by elec-
trical means. We also note that as the Rashba SOI strength is
varied, the magnitude of the supercurrent remains vanishing at
¢ =0, i.e., no anomalous Josephson supercurrent is exhibited,
unlike the results found in some s-wave Josephson junctions
with Rashba SOI.[25-32]

From Fig. 2(a)-2(c) one can note that the features of
the oscillations of the supercurrents with the variation of the
Rashba SOI strength depend on the orbital symmetries of the
pairing potentials in the superconducting leads. For exam-
ple, for the cases of p,-wave pairing, the amplitude of the
oscillation of the supercurrent with the increase of the pa-

p,wave pairing

p,-wave pairing

rameter ¢ decreases rapidly, while for the cases of p,-wave
and (p; + ipy)-wave pairing, the amplitude of the oscillation
of the supercurrent with the increase of the parameter o de-
creases more slowly. For the cases of p,-wave pairing shown
in Fig. 2(a), the oscillation of the supercurrent is substantial
only in the range of & < 1. Outside this range, the oscillation
of the supercurrent is much weak and the oscillation almost
can not result in O—7 transition as the value of « is increased.
In the range of & > 1.5, the 7-state is much robust to increas-
ing o and no O-7 transitions are observed. In contrast, for
the cases of p,-wave and (p; + ip,)-wave pairing shown in
Figs. 2(b) and 2(c), the oscillations of the supercurrents with
the variation of the parameter ¢ are substantial and can lead to
0-r transitions in a more wide range of the parameter a. For
a given value of the parameter o, whether the ground state is
a O-state or a 7m-state also depends on the orbital symmetries
of the pairing potentials in the superconducting leads. For ex-
ample, for the cases shown in Fig. 2(a)-2(c), the ground state
is a O-state at & = 0.5 for p,-wave pairing but is a 7-state for
p.-wave and (p, + 1py)-wave pairing.

p.+ip,-wave pairing

0.4

0.15 0.3 -
(a) py (b) p. (¢) p.+ip,
0.2

g 005 5 o1 T

L8] 8] L8]

~ a=0.1 ~ N ~a=0.1 ~ ~a=01

< —0.05}" - = —0.1 a=05 = a=0.5
a=05 o1 —0.2 a—1
a=1

........ —a=2 —a=2 —a=2
—0.15 —0.3 —0.4 =
0 1 2 0 1 2 0 1 2
o/ o/ @/

Fig. 1. The supercurrent as a function of the phase difference ¢ of the superconducting order parameters for several different values of the Rashba SOI
strength . The corresponding results for p,-wave and p.-wave and (p; + ipy)-wave pairings are plotted in panels (a), (b), and (c), respectively. The values
of the parameter & are shown in the figures. The other parameters are Ag/u = 0.001, V, =0, T /T, = 0.4, kgL = 20, ap, = ar = 0.

p,wave pairing
0.10 0.4

p,-wave pairing

p.+ip,-wave pairing
0.50

(a) p, (b) p, (c) p.+ip,

_ 005 .02 - 0.25
< < <
Q 0 Q N
= =~ 0 = 0
= —0.05 e =

—0.10 —0.2 —0.25

~0.15; i 5 3 ~0.45 5 3 ~0.50; i 5 3

o « (e}

Fig. 2. The supercurrent at the phase difference ¢ = 7/2 as a function of the Rashba SOI strength « for (a) py-wave pairing, (b) p.-wave pairing, (c)
(p- + ipy)-wave pairing, respectively. The parameters are Ag/p = 0.001, Vy =0, T /T. = 0.4, kpL = 20, a, = ar = 0.

From the theoretical point of view, for the system con-
sidered above, when a QP incident from one superconducting
electrode is reflected at the junction interfaces or is transmitted
to the other superconducting electrode through the semicon-
ductor channel between them, since the y component of the
wave vector is conserved but the z component is not conserved,
the strength of the pairing potential experienced by a QP does
not change if the orbital symmetry of the pairing potential is
py-wave type but will be changed if the orbital symmetry is

pz-wave or (p; + ipy)-wave type. The phase changes of the
wave functions of reflected (or transmitted) QPs will also be
different for different orbital symmetries. Due to such differ-
ences, the features of the oscillations of the supercurrents with
the variation of the Rashba SOI strength depend on the orbital
symmetries of the pairing potentials in the superconducting
leads, and compared with the cases of py-wave pairing, the os-
cillations of the supercurrents with the variation of the Rashba
SOI strength are more substantial in the cases of p,-wave or
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(p; +ipy)-wave pairing, as shown in Fig. 2. And from this
point of view, one may expect that the p,-wave or (p; +ipy)-
wave type of junctions should be the optimal for observing
such oscillations in experiments.

The effects of Rashba SOI illustrated in Figs. 1 and 2
are similar to that of an external magnetic field. This is
reasonable since Rashba SOI is equivalent to a momentum-
dependent Zeeman field in principle. To illustrate this point
more clearly, in Figs. 3(a)-3(c) we plot the supercurrent as
a function of the phase difference ¢ of the superconducting
order parameters for several different values of the Zeeman
energy V, and the Rashba SOI strength o = 0 for p,-wave
and p,-wave and (p; +ipy)-wave pairings, respectively, and in
Figs. 4(a)—4(c) we plot the corresponding results for the su-
percurrent at the phase difference ¢ = 7/2 as a function of the
Zeeman energy V,. From Figs. 3 and 4 one can see that, in
the regime V,/u < 1, the supercurrent exhibits significant os-
cillations with the increase of the Zeeman energy V,, similar

p,-wave pairing

p,-wave pairing

to that as shown in Figs. 1 and 2. In the regime V,/u > 1,
the supercurrent is suppressed significantly. This suppression
is due to the fact that the wave vector k() of minority-spin
QPs become imaginary when V, /i > 1 (as can be seen from
Eq. (25)) and their propagations in the semiconductor channel
between the two superconductor leads is exponentially sup-
pressed and hence do not contribute to the supercurrent. In the
regime V. /i < 1, the magnitude of the supercurrent decreases
in an oscillatory manner with the increase of the Zeeman en-
ergy Vy, and accompanying with the oscillation of the magni-
tude of the supercurrent, the direction of the supercurrent is
also reversed for several times, i.e., the oscillation of the su-
percurrent with the increase of the Zeeman energy also leads
to a sequence of 0—7 transitions. In Fig. 4(a)—4(c), such tran-
sitions are indicated by the sign changes of the supercurrent at
some critical values of V,, which separate a sequence of alter-
nating 0 and 7 states, beginning with a O-state at V,, = 0 for all
the three types of pairing symmetry.
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Fig. 3. The supercurrent as a function of the phase difference ¢ of the superconducting order parameters for several different values of the Zeeman energy V.
The corresponding results for p,-wave pairing, p.-wave pairing, and (p; + ip,)-wave pairing are plotted in panels (a), (b), and (c), respectively. The values
of V; (in units of w) are shown in the figures. The other parameters are A/ = 0.001, & =0, T /T, = 0.4, kgL = 20, a, = ag = 0.
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Fig. 4. The supercurrent at the phase difference ¢ = /2 as a function of the Zeeman energy V. for (a) py-wave pairing, (b) p.-wave pairing, (c) (p; +ipy)-
wave pairing, respectively. The parameters are Ayg/pt = 0.001, & =0, T/T. = 0.4, kgL = 20, a. = ag = 0.

If both Rashba SOI and Zeeman magnetic field are
present, the supercurrent and current-phase relation will de-
pend both on Rashba SOI and Zeeman magnetic field. In such
cases, some features of the supercurrents and current-phase
relations illustrated above may be altered significantly if the
interplay of Rashba SOI and Zeeman magnetic field is strong.
As an example, in Figs. 5(a)-5(c) we plot the supercurrent at
the phase difference ¢ = /2 as a function of the Zeeman en-
ergy V, for several different values of the Rashba SOI strength

a. From Figs. 5(a)-5(c) one can see that, in the presence of

the interplay of Rashba SOI and Zeeman effect, the O—7 tran-
sitions can still be driven by varying the strength of Zeeman
magnetic field or varying the strength of Rashba SOI, but the
basic patterns of the variations of the supercurrents with the
relevant parameters may be altered significantly due to their
interplay. For instance, for the cases with & = 0.1 in Fig. 5,
the variations of the supercurrent with the Zeeman energy V,
are similar to that as shown in Fig. 4. But as the value of o
is increased, e.g., for the cases with a = 1, the onset of the

oscillation of the supercurrent will require a larger V, and the
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oscillation will become smoother and smoother. As the value
of « is increased further, the oscillation of the supercurrent
may eventually be smeared out (e.g., for the cases with o¢ =2
in Fig. 5). Another interesting result of the interplay of Rashba
SOI and Zeeman effect is that, if the value of ¢ is sufficiently
large, the supercurrent will not be suppressed completely even
when Vi /u > 1. Such features are different from that illus-
trated in Fig. 4. From the theoretical point of view, Rashba
SOI not only modify the spin structure on the Fermi surfaces
and change the Fermi momenta which affect the Josephson su-
percurrent but also cause precession of the spins of QPs, which
tends to wash out the spin polarization of QPs due to Zeeman
effect. In strong spin—orbit coupling regime, the Andreev re-
flection may be influenced significantly by the wash-out of the
spin polarization of QPs and hence the suppression of Joseph-
son supercurrent due to Zeeman effect may be weakened even
when V,/p > 1. This is similar to the result obtained in a

[33] where the interplay of Rashba spin—orbit cou-

recent study,
pling and Zeeman effect on the tunneling conductance of a 2D
Rashba metal/superconductor junction is investigated. It was
found that, when the Zeeman energy is larger than the Fermi
energy, the zero-bias conductance is suppressed in weak spin—
orbit coupling regime but may revive in strong spin—orbit cou-
pling regime. 3

In all cases considered above we have assumed that the
directions of the d vectors in two superconducting leads of
a junction are parallel to each other and both dy and dR are
along the x axis, with the angles a;, = ag = 0. From the theo-

retical point of view, the relative orientations of the d vectors

p,wave pairing
0.4

p.-wave pairing

in different superconducting leads of a junction may also have
significant influence on coherent transport of QPs in connec-
tion with Josephson supercurrent. To illustrate this point, we
keep the direction of df, along the x axis and rotate dg in the
x—y plane, i.e., keeping the angle a;, = 0 and varying the val-
ues of the angle ar. In Fig. 6 we plot the supercurrent as a
function of the phase difference ¢ of the superconducting or-
der parameters for ag =0, 7/2, and 7, respectively. The other
parameters are A /us = 0.001, « = 0.1, V, =0.1, T/T. = 0.4,
kpL = 20. For the parameters chosen, the ground state of the
junction is a O-state for agr = O (the directions of di. and dgr
are parallel to each other) and is a 7-state for ar = 7 ( the
directions of di, and dR are antiparallel to each other ) for all
the three types of orbital symmetries considered. For ag =0
and agr = 7, the periodicity of the current-phase relationship
is 2. For ar = 7 /2, the periodicity of the current-phase rela-
tionship is 7 but not 27, indicating that the sin ¢ component of
the Josephson supercurrent is suppressed and the sin2¢ com-
ponent is enhanced when the directions of the d vectors in two
superconducting leads are perpendicular to each other. Such
differences indicate clearly that in p-wave Josephson junctions
the relative orientations of the d vectors in different supercon-
ducting leads may have significant influence on Josephson su-
percurrent, and both the magnitude of supercurrent and the
current-phase relation may be manipulated effectively by tun-
ing the relative orientations of the d vectors in different su-
perconducting leads. Such features are significantly different
from that found in conventional s-wave Josephson junctions.

p.+ip,-wave pairing
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Fig. 5. The supercurrent at the phase difference ¢ = /2 as a function of the Zeeman energy V; for several different values of the Rashba SOI strength a.
The corresponding results for p,-wave pairing, p.-wave pairing, and (p; + ip,)-wave pairing are plotted in panels (a), (b), and (c), respectively. The values
of the Rashba SOI strength o are shown in the figures. The other parameters are A /s = 0.001, T /T = 0.4, kgL = 20, a. = ar = 0.
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Fig. 6. The supercurrent as a function of the phase difference ¢ of the superconducting order parameters for several different values of the angle ar. The
corresponding results for p,-wave pairing, p.-wave pairing, and (p; + ipy)-wave pairing are plotted in panels (a), (b), and (c), respectively. The values of the

angle ag are shown in the figures. The other parameters are A /g = 0.001, o =

0.1,V,=0.1,T /T, = 0.4, kgL = 20, ap. =0.
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4. Conclusion

In summary, we have theoretically studied the influence
of Rashba SOI on Josephson effect in junctions consisting of
two spin-triplet p-wave superconductors connected by a 2D
semiconductor channel with strong Rashba SOI. The varia-
tions of the supercurrent and current-phase relation with the
relevant physical parameters are investigated in some detail. It
is found that the magnitude of the supercurrent exhibits sig-
nificant oscillations with the Rashba SOI strength, but the am-
plitude of the oscillation decreases gradually with the increase
of the Rashba SOI strength. Accompanying with the oscil-
lations of the magnitude of the supercurrent, O—7 transitions
may also be driven by varying the Rashba SOI strength. It is
also shown that if both Rashba SOI and Zeeman magnetic field
are present, the significant oscillation of the supercurrent with
the Rashba SOI strength or with the magnetic field strength
may be suppressed substantially or may even be smeared out
by their interplay. Furthermore, it is shown that the relative
orientations of the d vectors in two superconducting leads of
a junction may also play an important role in the supercur-
rent and the current-phase relationship, and O—7x transitions
can also be realized by changing the relative orientations of
the d vectors in two superconducting leads.
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