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We study Andreev re ection and Andreev levélsn Zeeman-split superconductor/Rashba wire/Zeeman-spli
superconductor junctions by solving the Bogoliubov de4@snequation. We theoretically demonstrate that the
Andreev levels' can be controlled by tuning either the strength of Rashbasgiit interaction or the relative
direction of the Rashba spin-orbit interaction and the Zaemald. In particular, it is found that the magnitude
of the band splitting is tunable by the strength of the Rasgiia-orbit interaction and the rength of the wire,
which can be interpreted by a spin precession in the Rashtga Wie also nd that if the Zeeman eld in the
superconductor has the component parallel to the direcfitime junction, the'- curve becomes asymmetric
with respect to the superconducting phase differenc&/hereas the Andreev re ection processes associated
with each pseudospin band are sensitive to the relativatatien of the spin-orbit eld and the exchange eld,
the total electric conductance interestingly remainsriave.

I. INTRODUCTION Zegman-splig SC

@

The Josephson effect is the fundamental phenomenon in su-
perconductor junctions][1]. Since the discovery of thigeff
various types of structure have been studied. In partictilar
superconductor/ferromagnet/superconductor (S/F/Stipm
has attracted much research interest because of its high tun
ability of the supercurrent [2-4]. In S/F/S junctions, the s
called phase, where the direction of the critical current is
reversed compared with O phase, is realized by changing the
strength of the exchange eld or thickness of the ferromag-
netic region|([5, 6].

In recent years, superconductors with spin-split energy
bands, so called Zeeman-split superconductors (ZSs), have
also been studied widely owing to their potential applizati )
to the superconducting spintroni¢s [7, 8]. The homogeneous
spin splitting in the superconductor can be realized in flse s
tems such as thin F/S junctions [9] 10] or thin superconducto

Ims under the application of an in-plane magnetic eld [11]

It has been shown that N/ZS junctions, where N stands for a
normal metal, can generate highly spin-polarized cur@ﬁ.[ FIG. 1: (a) Schematic illustration of the Zeeman-split suope-
]_ Josephson junctions with Spin_sp"t Supercondud‘tam ductor/Rashba Wire/_Zeema_n-spli_t SUpeI’(}OﬂdUCtOI’ junCtiO ) =
been also studied in various types of structures. In ZS/N/Z%?sctiocnozf Z;ggr?wanggld | nSIthe I)elff ?E U[")t ;ﬁgt?ifg’ﬁp(refeg;ﬂsguthe
e ey e e pecontuco () Scromai band sucireof  Fas e

: . . ; . . chematic band structure of a Zeeman-split superconduBiack

changing _elther the magnltude.or relative direction of teeZ g (blue dotted) lines show the spin-up (spin-down) band

man eld in the superconducting leads [16-19]. ZS/IN/ZS

junctions with unconventional superconducting pairinghsu

asp- or d-wave pairing, have also been studied and the tun-

ability of the Andreev level by changing the relative ditent  nano-device applications. To realize the electric turigbil
of the Zeeman _eld and superconductidgrector have been  the most promising way is introducing the Rashba spin-orbit
demonstrated [20-23]. interaction (RSOI) in a system, which is tunable by the gate

The magnetic tunability of the Andreev levels and the revoltage [24] 25]. Recently, there has been a growing interes
sulting supercurrent has been shown in the previous studiés a one-dimensional Rashba wire, especially after the pro-
as mentioned above. However, the electric tunability of¢he posal to use it as a platform for Majorana fermions [26-28].
levels has not been discovered yet in the ZS junctions, evefihe Rashba wire has a characteristic band structure, winere t
though the electric tunability tends to have advantages fospin degeneracy is lifted and the direction of spin and memen

Rashba wire ™

(b)
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tum is locked (spin-momentum locking). More importantly, Il. FORMULATION
because of the pseudomagnetic effect of the RSOI, the spin
precession takes place while an electron or hole is tray@iin

the Rashba wire. _ o
Figure[1(a) shows the schematic picture of the ZS/RW/ZS

junction. In this paper, we consider a short ballistic juorct

Another motivation for this work is that although the effect that satis esl , wherel is the length of the Rashba wire
of the exchange eld in the nanowire is often taken into ac-and is the ballistic superconducting coherence length. The
countin recent literature considering the prospect of Mija  Bogoliubov-de Gennes (BdG) Hamiltonian for this system is
fermions in spin-orbit coupled Josephson junctions witieex ~described by,
nally applied magnetic eld, the fact that even a very smail e
change eldh induced in the superconducting region (in the
case where these are thin enough to permit this) may affect
the physical properties of the system remains virtuallyxane

plored in this context. Despite the fact that a nanowire made Hor)  Tx) A )= " (r): 1)
of a material such as InAs is likely to have a higlgefactor ") Ry Y nh

than the materials used for the superconducting regioes, ev

a small exchange eldh induced in the superconductors

is suf cient to induce qualitatively new physics such assidn

erable thermoelectric effects [49+31]. Our study is themef

also of relevance with regard to Majorana experimentszutili with
ing suf ciently thin superconducting regions that an irapé

eld may induce a small exchange splitting in them.

In this paper, we theoretically study Andreev re ection and Bo(r) = "_zr 2 +Z00 N N0 Ak (@)
the formation of Andreev levels in Zeeman-split supercandu '
For/R_ashba wire/ Zeeman-split superconductor (ZS/RW/_ZS) Z(x)= Z[ () + (x DI A3)
junction to reveal how the electric tunable RSOI in the wire N
and the Zeeman eld in the superconductors affects the An- ~ (X) = fke;  (x) (1 x)g”%y 4
dreev level. We rst study Andreev and normalre ectionsat ~ fix)= h. ( x)f. ~+hg ( x DAr *; (5)
the boundary of the RW/ZS bilayer, since these processes are B - - .
of fundamental relevance to the formation of bound states in  ( X)= [ € * ( x)+ € * (x  DI(i7y); (6)

a Josephson geometry. We then calculate the Andreev level

energies in the ZS/RW/ZS Josephson junction. We nd that

the Andreev levels can be controlled by the strength of the

RSOI , the length of the Rashba witeand the direction of

the Zeeman eld though the tunneling conductance is not savhere the basis is set as (cx; ¢’; ¢;) and” is the Pauli ma-
affected by the RSOI. It is found that the magnitude of thetrix for the spin space. Her&,(x) denotes the barrier poten-
band splitting of the Andreev level oscillates as a functbn tial at the boundaries,(x) is the Rashba spin-orbit interac-
the Strength of the RSOl and the Iength of the Rashba metal tion in the normal regionﬁ(x) is the exchange eld in the

| with a certain_ period. We also nd that the Andre_ev level superconducting region arl x) is the superconducting pair
can be dramatically altered by changing the direction of th‘?)otential, where (x) and ( x) are the function and step

Zeeman eld _relative to the vector characterizing the RSO'function, respectively. To satisfy the Hermiticity of theuil-
In particular, if the Zeeman eld has a component along the,jnian at the boundaries. we addpt; (x)( 1 x)g%y

junction  component in this paper), the Andreev level be,5 5 Rashba spin-orbit interaction term insteackgf, . In
comes asymmetric in the superconducting phase differencg&yqition n = (cos cos ;cos sin :sin ) is a unit

and provides a nite supercurrent even at zero phase-biagector representing the direction of the Zeeman eld in the

=0. left ( = L;) and right ( = R) superconductors. In this pa-
per, we focus on the conventiorelwave superconductivity,
hence we assume that the magnitude of the superconducting
duce a model Hamiltonian for a junction consisting of the zs9ap 1S constant and positive va_Iue. The band structure of
the Rashba wire and Zeeman-split superconductor are shown

and R.ashba wire. In SE.!III, calculation results of_ the Avedr in Figs[d (b) and (c), where the systems are considered as in
re ection and the tunneling conductance are discussed. “ﬁite

SedV, we review the Andreev level in the absence of RSOI.
Then we move to the main results: Andreev level in the pres-
ence of RSOl in S€c]V. Finally, we summarize our results in By diagonalizing the model Hamiltonian, one can obtain
Sed.V]. the wave function in the superconducting region under the

This paper is organized as follows. In $dc.Il, we rst intro-



plane-wave assumption as
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wherea; , by, ¢ andd; withj = L;R are the coef cients of
electron-like quasiparticles with spin-hole-like quasiparti-
cles with spin®, electron-like quasiparticles with spi#-and
hole like quasiparticles with spifi- respectively. Moreover,
we de ne

v '
Y ) A
Uig) = ° 5 1+ “+( )h 9)
b1 P -
Vi) = > 1 "+ h (10)
The wave vectors, ., are represented as
q
Gy = (2m=-2)("2 ) (11)
= TH( P % 12)

3

We assumé&Z | ] so that the wave-vectors can be treated
asqf =0, =g =0, O .Inasimilar manner, the total
wave-function in the normal region is described by

MNOE Pl—E[ale‘k”(i; 1;,0;0)" + a€*2X( i; 1,0;,0)"

+bre *1X( i; 1,0;0)" + bpe *2X(i; 1,0;0)"

+ cie *1X(0;0; i;1)" + coe *2X(0;0;0; 1)7
+ d1€4X(0; 0;i; 1)" + dp€*?¥(0;0; i; 1)7]; (13)
with
q
k= + 2+ KkE; (14)
ko= +  2+KkZ; (15)

whereg; , iy, ¢; andd; are coef cients of a right-moving elec-
tron, a left-moving electron, a right-moving hole, and &-lef
moving hole with wave numbédg (j = 1;2). Here, we set
~= m =1 for brevity. The boundary conditions for the wave
functions are given by

"L "N©O=0; (16)
W) "=()=0; (17)
@\ (X) @\ (X) _ A A .
“ox . @x X:O—(zf+ )" (0); (18)
@\ (X) @\R(X) _ A A .
@x @x le—(Zf ) () (19)
wherel'is the4 4 identity matrix and
09 10 ¢
B0 o
0 0 10

By matching the wave-functions in the different regions by u
ing the boundary conditions, we obtain a system of equations
described a&'® = 0 whereA' isal6 16 matrix and® =

(a1; az; br; bp; 15 Co; 01 o @r; e Cr;drias;bselsdl)T.
Then, the Andreev level is determined by the condition
de{(A)=0.

Hereafter, we assume thkt = o k andjh j =
jhrj  h, and x the direction of the Zeeman eld in the left
superconductor, = 0 for simplicity. In the numerical calcu-
lations, we seh = 0:2 . Such a magnitude of the exchange
splitting is experimentally well within reach using subslae
magnetic elds [11].

Ill.  ANDREEV REFLECTION AND TUNNELING
CONDUCTANCE

We begin with the Andreev re ection process at the inter-
face, since this process is of fundamental importance eith r
gard to the formation of the Andreev levels we will later con-
sider in a Josephson setup. Here, we consider only the right
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FIG. 2: NormaIBj(') and Andree\Dj(') re ection probability of the
Rashba wire/Zeeman-split superconductor junction as etifum of
energyE at g = =2for g = 0 (black solid line), r = =4
(blue dashed line) anck = =2 (green dotted line). The left (right)
panels show the re ection probability for the electron with (k2)
injected case. Here, the parameters are séta®:5and =k =1.

interface and sdt= 0. Then we obtain the re ection coef -
cientsby, by, d; andd,.

Inthe presence of RSOI, the spin and momentum are locke.

and the right moving electron with wave numligr(k,) is a
spin-up (-down) eigenstate for tlyequantization axis in our
model, which is shown in Figl1 (b). Note that the left moving
electron has the opposite spin compared with the right ngpvin
one. The re ection probability of a particle wit) (j = 1;2)

for an electron withk; (i = 1;2) injected case is de ned as
Bj(') = jq(')j2 and Dj(') = jdj(')jz. Herij(') andc!) are
nomal and Andreev re ection probabilities, respectivéyee
Appendix for more information regardirtﬁ) anddj('))

4

dreev re ection probability at the interface for variousesta-
tions of the Zeeman eld. The left (right) panels show the
re ection probability for an electron with wave numbkg

(ko) injected case. Let us start with the case where the ori-
entation of the Zeeman eldy is parallel to thez direction.

In this case, the spin-dependent re ection has taken place a
the interface, and thus all re ection probabilities for bddg
andk; electron injected case are nite. Since the energy band
in the superconducting region is lifted as shown in[Big.1 (c)
there are double kink points &t = j hj. As can be seen

in Fig[2 (black line), the re ection probability for the ale
tron with ak; injected case is fully consistent with that for
the electron withk, injected case (though the spin is oppo-
site), namelyB §1> = Bgz) , Bél) = Bf’ , D(ll) = D§2> , and
Dgz) = Dgl). With increasing g for g = =2, Bil), Dgl),

Bgl) , andD(lz) are suppressed,andwhep Ky ( r = =2),

Bgl) , Dgl) , Bgz) andD(f) become zero, since left- and right-
moving particles with the same wave number have the oppo-
site spin and there is no spin dependent scattering at the int
face. The re ection probabilitjagl) , Dgl) , Bf) ,andD gz) are
also changed by tuningz as shown in Figl2. Atg = =2,
there is single kink point & = + hforBél) andD(ll) ,and
ate = h for Bf) ande) , since the spin-up and -down
processes occurs separately. Note that here we vary the dire
tion of the Zeeman eld in the-y plane, but the same results
can be obtained if we change the direction of the Zeeman eld
in the x-y plane. For more information, the analytical formu-
las for the re ection coef cients fortg k z (or x) andy are
shown in Appendix A.

Next, we calculate the tunneling conductangeat zero
temperature given by [32-34]

@ B B+ D+ DY)

2

(21)
i=1

Figure[3 (a) [(b)] shows the numerical results of the tunnel-
ing conductance in the case Bk k z (g k y). In these
gures, the back solid lines show the observable tunneling
conductance. Blue dashed and green dotted lines are the con-
tribution from electrons with th&; andk; injected case, re-
spectively. Although the contribution from the or k; in-
jected case depends on the orientation of the Zeeman eld
when the elds are in the-y plane, the total observable tun-
geling conductance does not depend on the direction. This
IS because the contributions from tkginjected case ankh

case completely compensate each other. Figure 4 (a) shows
the tunneling conductance as a function of the bias voltage
for various , and Fid.Z(b) shows it as a function ofat zero

bias voltage for various strengths of the barrier poter#ial

As can be seen in the gures, the tunneling conductance is
weakly affected by the RSOI, similarly to the results for two
dimensional electron gas with RSOIl/superconductor jomsti
obtained by Yokoyamat. al [33]. Nevertheless, the Andreev
levels in the ZS/RW/ZS trilayer are dramatically affectsd b

In Fig[d, we show numerical results of the normal and Anthe RSOI as shown below.
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FIG. 5: Andreev level as a function of the phase differencén the

% 1 % 1 absence of the RSOl for(ag =0,(b) r = =2,and(c) r = ,
where the direction of the Zeeman eld in the left supercartduis
xedto | =0.When . 6 0, the Andreev level$ for E <

FIG. 3: Tunneling conductance of a Rashba wire/Zeemanssgier- 1" < E +  are absent, the regions of which are shown with blue

conductor junction as a function of bias voltage forfi@) k z and ~ Shading.
(b)tr ky. Black solid lines show the observable tunneling conduc-
tance. Blue dashed and green dotted lines are the contribiiom
the electron wittk; andk; injected case, respectively. The total ob-
servable tunneling conductance does not depend on theaiien man eld [35]. Namely, the effect of the Zeeman eld is sim-
of the Zeeman eld. ply the energy shift of h as shown in Fig.5 (a). In this case,
the Andreev level exists for h<E< + h.Bychang-
ing the relative direction of the Zeeman eld from the pagéll

(@) (b) con guration (vary gr), the magnitude of the band splitting
decreases. When the Zeeman eld in the right superconduc-
tor has a nite angle, the spin dependent Andreev re ection
occurs at the right boundary, and a right-moving electrah wi
up-spin is re ected as a left moving hole that has both spin up
and down component. However, if the energy of the Andreev-
re ected hole is less than + h (or the energy of the injected
electron is more than  h), the spin-up component of the
hole is not Andreev re ected at the left boundary because of
o 0 the spin-splitting energy gap of the left superconductdvisT
means that the amplitude of the wave decays for every sin-
gle scattering process and the Andreev bound state can not be

FIG. 4: (a) Tunneling conductance of Rashba wire/Zeemansapl formed for the energy region. Therefore, there are no lines f

perconductor junction as a function of bias voltag&at 0:5 for h<]Ej< + hinFig.5 (p)' When Zeeman elds in
=k = 0 (black solid line), =k = 05 (blue dashed line) and the two superconductors are antiparallel the energy bahetis

=k = 1:0 (green dotted line). (b) Tunneling conductance as a funcgenerate, as shown Fig. 5 (c). In this case, the Andreev level

tion of the strength of the RSOl at zero voltage foZ = 0 (black IS described by the following expression:
solid line),Z = 0:5 (blue dashed line), and = 1:0 (green dotted

; p
line). "= coty 201 cos ) 2hZ (23)
It follows from Eq.(23) that the Andreev level exists faf <
IV. ANDREEV LEVELS IN THE ABSENCE OF RASHBA < 2  cwith ¢=cos Y(1 2h=) .

SPIN-ORBIT INTERACTION

Bef to th . Its of the And | | V. ANDREEV LEVELS IN THE PRESENCE OF RASHBA
erore we move 1o the main results o € Andreev leve SPIN-ORBIT INTERACTION

in the presence of RSOI, we brie y review the case without
RSOI [16]. In the absence of the RSOI, the Andreev bound _ . .
state changes depending on the relative direction of the Zeg We now turn to the case with nite RSOI, which has not

man eld in two superconductors. When the Zeeman elds inP€€n studied previously in the literature. In the preserice o
}.BSOI, a degenerate energy band of the normal region splits

Into two branches and the wave vectors have a different value
from that in the superconducting region. This wave vector
mismatch causes a natural barrier at the interface and teads

two superconductors are parallel, the spin degeneracyeof t
Andreev level is lifted and the Andreev level is described by

"= cos 5 h; (22)  the energy gap at = . This gap opening effect at =
can be seen in the absence of the Zeeman eld and does not
where = R L andZ = 0. The rst term of the right depend on the relative direction of the Zeeman eld and the

hand of Eq. (22) is the Andreev level in the absence of the ZedRSOI. The analytical expression of the Andreev level in the



absence of the Zeeman eld is given by o () (b)
U Y| J—
. i 1+ 4k2(k?+ 2)cos + “sin®(C k2+ 2l)
2 aek2+ 2)  Asin?( kZ+ 2)
(24) 0.2
and the energy gap at= is /
(S - 2N
) 4sin2(" KZ¥ 21 %
0 —Pp——-, (25)
a2(k2+ 2)+ 4sin?( K2+ 2l)
where we seZ = 0 for simplicity. As seen from the above -'C- & (@) The magnitude of the energy gapat =  as a func-

i th itude of th d ds, én tionof atlk =10 (black solid) lk =20 (blue dashed) an& = 30
équation, the magnitude of the enérgy gap depencs, ﬁreen dotted). (b) The magnitude of the energy gapat as a

pndl. The energy gap is closed when the parameters satisiyction of| at =k = 0:1 (black solid), =k = 0:2 (blue dashed),
k?+ 2l = n wheren is an integer number. Figure 6 (a) and =k = 0:3 (green dotted).

shows the magnitude of the energy gap & as a function

of for variousl. The magnitude of the energy gap increases

with increasing with oscillation and the energy gap is closed

at Note that if the Zeeman eld in the two superconductors is
p an antiparallel con guration, the Andreev level is degexted

=k = (n=kl')2 L (26)  in the absence of the RSOI. Then with increasingr |, the

) _ magnitude of the band splitting oscillates, as shown by the
Figure 6 (b) shows the magnitude of the energy gap as a fungy,e gotted line in Fig. 8. In the presence of the barrier po-

tion of | for various . The magnitude of the energy gap oscil- antial the gap = is enhanced as shown in Fig. 7. On

lates by changing, but the maximum value of each interval {he other hand, the oscillation period of the magnitude ef th
does not change. The energy gap is closed at band splitting is not affected by the barrier potential.
_ P This oscillatory behavior can be understood physically by
Kl=n=" 1+ 2=k% (27) the spin precession that takes place in the Rashba wire. If an
electron or hole traveling in the Rashba wire has a spin com-
ponent perpendicular to the direction, the spin precession
curs [24, 25]. The precession angle is given by

and the period of the oscillation slightly decreases with in
creasing . Note that, in the presence of the Zeeman eld,
the energy bands in the superconducting region also split s8¢

that the wave vectors for up spin and down spin are different. p=(kys ki)l=21: (29)
However, the difference between the wave vectors for up spin

and down spin caused by the Zeeman eld are much smallewhen » = , a spin-up particle is converted to that with
than that caused by the RSOI since here we restrict the Zegown-spin by traveling through the Rashba wire and vice
man energyh < . Therefore, we ignore the effect of the versa. In this case, even if the Zeeman eld in both super-
wave-vector mismatch originating in the superconduct@g r conductors is parallet(z direction), the particles behave as
gion. if the Zeeman eld in the superconductors is antiparahet

Next, we discuss the phenomena that can be seen only bind z direction). As a result, the magnitude of the Andreev
the simultaneous presence of the Zeeman eld and RSOI. Wievel is the same as that in the case of an antiparallel Zeeman
begin with the case where the Zeeman eld in both superconeld without RSOI, which can be seen by comparing the third
ductors are oriented in thez direction. In Fig.7 (rstrow), panel of the rst row of Fig.7 and Fig.5(c). Not only for the
we show the numerical results of the Andreev Iévas a func-  parallel or antiparallel Zeeman case but also for the antyitr
tion of for various . Here, black solid (blue dotted) lines 5 with xed g = =2, the magnitude of the energy split-
show the Andreev level fof = 0 (Z = 0:5). As shown in ting of the Andreev level is the same as that with= p for
the gure, the magnitude of the energy splitting changes dethe non-RSOI case. Note that although the magnitudes of the

pending on andl, with a period2=1 . Note that in the band splitting are identical to each other, the shapes okthe
numerical calculation, we have set  k, which givesriseto  dreev levels are not the same. This is because an energy gap
a quite small gap at = inthe gure. At = n=l,the appearsat = in the presence of RSOI. In addition, the

magnitude of the band splitting has a maximum value for angpin precession is not affected by the barrier potentiatré&h

. On the other hand, if = (n +1=2) =I , the magnitude of fore the oscillation period of the band splitting is not chad
the band splitting is minimum;" = 0 for any . The black even in the presence of the barrier potential.
solid line in Fig. 8 shows the magnitude of the band splitting \We also nd that the oscillatory behavior of the band split-
at = asa function of thel= 2 . This oscillation of the ting by the RSOI changes depending on the relative direction
band splitting" can be described by of the Zeeman eld in the two superconductors. First, we

) change the direction of the Zeeman eld in the right super-
= hcos(l): (28)  conductor in they-z plane, i.e., varyg for r = =2. With



FIG. 7: Andreev levels' as a function of the phase differencefor various values in the direction of the Zeeman elds in the right
superconductofir k z (upper low),Air k y (middle low) andfhr k x (bottom low). Here, the direction of the Zeeman eld in thétle
superconductor is xed té. k z. From left to right, =k varies from 0 to=kl by =4kl. The black solid (blue dotted) lines show the
Andreev levels in the case @ = 0 (Z = 0:5).

eld in either left or right superconductor is parallel toetk
direction, the magnitude of the band splitting does not ddpe
on andl. Thisis because, the spin of a particle coming from
the superconductor with y-oriented Zeeman eld does not
precess.

Next, we change the direction of the Zeeman eld in the
right superconductor in the-x plane. If the Zeeman eld of
the right superconductor has tkecomponent, thé- curve
becomes asymmetric for, "( ) 6 "(2 ), as shown in
the third row of Fig.7. In addition, the same as the parallel
Zeeman case, the magnitude of the band splitting oscillates
as a function of andl| with a period2=1 . The asym-
metric Andreev level and resulting anomalous Josephson ef-
FIG. 8: Normalized magnitude of the energy shifth as a func- fect are predicted to be realized in S/F/S junctions witm spi
tion of I= 2 for the parallel (black solid line) and antiparallel (blue active interfaces [36-38], S/F/S junctions with the RSOl in
dotted) Zeeman case. the normal region [39-42], S/N/S junctions with unconven-
tional superconductors [43, 44] and many other systems, e.g
Refs.[45-47]. In most systems considered so far, to achieve
the anomalous Josephson effect, it is necessary to matepula
= 2, the amplitude of the band the magnetic eld, which is experimentally dif cult. On the
other hand, in our system, the anomalous Josephson effect ca
be realized by changing the strength of the RSOI, which is ex-
perimentally feasible.

increasing r for xed r =
splitting becomes smaller. Then if the Zeeman eld in the
right superconductor is parallel to tlyedirection, the magni-
tude of the band splitting does not depend amndl, as shown
in the middle row of Fig. 7. Note that as long as the Zeeman There is another feature originating from the RSOI: the dis-
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appearance of the Andreev level for h < JEj < + h. also found that th&- curve changes depending on the rela-
Even if one introduces a small magnitude of the RSOl and théive angle of the three independent vectors, i.e., the taiem
Zeeman eld is parallel, the Andreev level of the energy re-of Zeeman elds in the left superconductor, that in the right
gion suddenly disappears. This is because in the presence sifiperconductor, and the vector characterizing the spbit-or
RSOI, there is the spin-dependent scattering at the imerfa interaction. In particular, the- curve becomes asymmetric
This spin-dependent scattering prohibits the formatiothef  with respect to the phase differencavhen either the left or
bound state, as is discussed for the case of without RSOI iright Zeeman eld has a component parallel to the junction (
Sec.IV. component). An interesting future direction is the podijbi
The main effects of the RSOI on the shape of the Andreevo control the Josephson current in the considered system by

levels are (i) band shift, which is represented by Eq. (28)the change of the Andreev levels, which will be a subject of
and (ii) gap opening effect at = , which is captured by future study. Moreover, it would be also interesting to stud
Eq. (24). In the presence of both RSOl and Zeeman eld, thehe nite frequency response of this system as discussed in
analytical formula of the Andreev level is quite compliahte other systems [51, 52].
However, by combining the above effects represented by Eqs.
(24) and (28), we derive the following approximate solution
for the parallel Zeeman case direction):

V 1

u . 2 p T2 . 9 :
. g1 1+ 4k2(k?2+ 2)cos + “4sin®(C k2+ 2I)

2 ak2(k2+ 2)  4sin?( K2+ 2]

hcosl: (30)
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In summary, we have theoretically studied how the Rashb@,nding scheme, project QuSpin.

spin-orbit interaction in the normal region and the Zeeman
eld in the superconducting region affect the formation of
Andreev levels in a Josephson junction. We have found that
the total tunneling conductance remains invariant, whettea
Andreev re ection processes and the resulting Andreeveve
are sensitive to the relative orientation of the spin-ortli
and the Zeeman eld.
We have shown that the Andreev level is systematically Appendix A: Andreev re ection coef cients
changed by tuning the strength of the Rashba spin-orbit-inte
action or length of the Rashba wite In particular, the mag-
nitude of the band splitting oscillates as a function ofand In this Appendix, we show the analytical formulas for the
[, and we have clari ed that this behavior is interpreted physnormal and Andreev re ection coef cients of the RM/ZS junc-
ically by the spin precession in the Rashba wire. It has beetion. The re ection coef cients in the case dfg k z are

VI. SUMMARY



given by
BY =[2kk 2(uzvi  uiv2)(Uavi+ Uivo)]= i (Al)
b = [P+ K)u] V(U3 vd)
+2kk (ufuz  VRV3)l= (A2)

d = 2ikk (Uavy + upva)[(K2 + K2)(Uuz  VaVy)

+2kk (upuz + vivo)l= (A3)

dSY = 2ikk (uzvi  ULVo)[(K? + K2)(UpUz + Vivo)
+2kk (uiuz  vivo)l= (A4)
= o = B = = )

with
K = kit 2 (A6)
=[( K*+ K*)(ui  v))+2kk (uf+ Vi)

[(k? + K*)(u5  v3)+2kk (u3+ V3)I: (A7)

Here b, b,, di, andd, withi = 1(i = 2) are the re ection co-
ef cients by, by, d;, andd; in Eq.(13) when an electron with
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ki (ko) is injected. On the other hand, the re ection coef -
cients in the case afg ky are given by

B =0; (A8)
201,12 2

1 _ (Ui vi) .

2T oW ek @y 89

(1) — 4ikk UiVva .

R e (TN R T v L

d" =o; (A11)
2(112 2

() _ (U3 v3) .

L@ Wk @y AP

b =0; (A13)

d® =o; (A14)

2 — 4ikk UsVo .
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