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We have studied the characteristics of current-induced nonequilibrium spin polarization in semiconductor-nanowire/s-
wave superconductor junctions with strong spin—orbit coupling. It was found that within some parameter regions the mag-
nitude of the current-induced nonequilibrium spin polarization density in such structures will increase (or decrease) with the
decrease (or increase) of the charge current density, in contrast to that found in normal spin—orbit coupled semiconductor
structures. It was also found that the unusual characteristics of the current-induced nonequilibrium spin polarization in such
structures can be well explained by the effect of the Andreev reflection.
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1. Introduction

Semiconductor spintronics has been an active research
field in recent years because of its potential applications in
electronic devices and quantum computation.!'-%) An impor-
tant research subject in semiconductor spintronics is how to
generate nonequilibrium spin polarization or spin current in
nonmagnetic semiconductor structures by purely electrical
means.!3%] This is a prerequisite for integrating spin effects
into standard lithographic semiconductor structures. It was
theoretically predicted and experimentally verified that, in the
presence of strong spin—orbit coupling, nonequilibrium spin
polarization or spin current can be generated in nonmagnetic
semiconductor structures by purely electrical means. The most
prominent examples are the discoveries of the phenomena of
spin Hall effect (SHE)!-'% and current-induced spin polariza-
tion (CISP),!'1121 both of which have been intensively studied
in recent years.!'>?*1 Both these phenomena rely on spin—
orbit interaction of charge carriers,®! but the mechanisms
leading to them are different. In the phenomenon of SHE, a
longitudinal charge current induces a transverse spin current
and hence leads to nonequilibrium spin accumulation at the
edges of the sample. In the phenomenon of CISP, nonequilib-
rium spin polarization is induced by momentum-dependent ef-
fective magnetic field due to spin—orbit coupling and its mech-
anism does not involve the very concept of spin current, >
i.e., nonequilibrium spin polarization can be generated by the
flow of a pure charge current, without bulk spin current. [©!

In previous studies about the phenomenon of CISP, only
normal spin—orbit coupled semiconductor structures have been

considered. An interesting question is that what charac-
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teristics it will have if a spin—orbit coupled semiconduc-
tor is in contact with a superconductor.
that in low-dimensional semiconductor/superconductor hybrid
structures, spin—orbit coupling may affect significantly elec-
tronic transport properties of the structures,?3!! as in the
case of exchange field in ferromagnet/superconductor hybrid
structures.>33! For example, it was shown in Ref. [27] that
specular Andreev reflection can occur in a hybrid system
of a two-dimensional electron gas with Rashba spin—orbit

coupling and a d-wave superconductor, as predicted in the
[34,35]

It is well known

graphene-based normal-metal/superconductor junction.
In Ref. [28] an interesting quantum plateau behavior was pre-
dicted for the Andreev reflection in one-dimensional semicon-
ductor quantum wire/s-wave superconductor junctions with
strong spin—orbit coupling. These studies suggest that the
interplay of strong spin—orbit coupling and superconducting
proximity effect may lead to some interesting transport prop-
erties in low-dimensional semiconductor/superconductor hy-
brid structures. But to the best of our knowledge, what
influence the superconducting proximity effect might have
on current-induced nonequilibrium spin polarization in spin—
orbit coupled nonmagnetic semiconductor structures is still
not very clear. To explore possible consequences of the su-
perconducting proximity effect on current-induced nonequi-
librium spin polarization in such structures, in this paper
we present a detailed theoretical investigation on the char-
acteristics of current-induced nonequilibrium spin polariza-
tion in semiconductor-nanowire/s-wave superconductor junc-
tions with strong spin—orbit coupling. It is found that current-
induced nonequilibrium spin polarization in such structures
may exhibit some unusual characteristics, in contrast to that
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found in normal spin—orbit coupled semiconductor structures.
It is also found that such unusual characteristics can be well
explained by the consequences of the Andreev reflection due
to the superconducting proximity effect. Such unusual char-
acteristics may be useful for the practical applications of such
hybrid structures.

The paper is organized as follows. In Section 2 we pro-
vide some details of the model considered and the formula-
tion for the calculation of charge current and current-induced
nonequilibrium spin polarization.
some numerical results obtained by the formulation. The phys-
ical implications of the results will be discussed in some detail.
Finally, a brief summary is given in the end of the paper.

In Section 3 we present

2. Model and formulation

We consider a ballistic one-dimensional semiconductor-
nanowire/s-wave superconductor junction along the x direc-

EAUR) A k6(—x)
e —iAikB(—x) &+ U(x)
0 —A6(x)
AB(x) 0

where Ay = og + iffp, O(x) is the step function, & =
n2k? /2m — Eg, with the Fermi energy Er. For simplicity, we
neglect the difference of the effective mass in the SM and S
regions. The effective mass in SM is usually smaller than that
in S. This effect is equivalent to the increase of the interface
barrier.

The wave function in the SM and S regions can be rep-
resented using eigenfunctions of the Hamiltonian (1). In the
SM region (x < 0), due to the presence of spin—orbit coupling,
for a given eigenenergy E, there are two degenerated electron
(or hole) states. On the other hand, due to the superconduct-
ing proximity effect, an electron incident on the interface of
the two regions can be reflected either as an electron (normal
reflection) or as a hole (Andreev reflection*®!). Thus, the gen-

eral form of the wave function on the SM side can be expressed

either as
i 0
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0 iA_
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tion. We assume that spin—orbit coupling presents only in
the semiconductor (SM) region. The spin—orbit coupling may
arise either from structural or inversion asymmetry of the
semiconductor, which are termed Rashba or Dresselhaus spin—
orbit coupling in the literature.**3°) We denote the strength
of Rashba spin—orbit coupling as or and the strength of Dres-
selhaus spin—orbit coupling as fp. The energy gap in the su-
perconductor (S) region is denoted as A. The interface of the
SM and S regions is located at x = 0 and the interfacial bar-
rier potential is described by the delta function U (x) = Uy (x).
We use the following convention for Nambu spinors: ¥(x) =
(up(x),uy (x),v4(x),v (x))T, in which up()) and vy(|) denotes
wave functions of electrons and holes with up (down) spin, re-
spectively. Then the effective Hamiltonian for the entire struc-
ture can be written as

0 AB(x)
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where ¥| and ¥ describe two degenerated electronic states
with the same incident energy E, a2y and by(y) denote An-
dreev reflection coefficients and cy(;) and dj(;) normal reflec-
tion coefficients, respectively. The wave numbers ki, ka, k|,
and k), are all functions of the energy E and are given, respec-

tively, by
mAN\? 2m m|A
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Similarly, in the S region (x > 0), the wave function can be

expressed as

W (2)(x = 0)
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where ey (3), f1(2) )» and hy o) are transmission coefficients,
ke and kh denote the wave numbers of electron-like and hole-
like quasi-particles with the same quasiparticle energy E, with

2
ke = \/h’?(E}H— VE? — A?)

and

2
kn = \/h’f(EF— VE?—A?),

and ug and v are defined by

E+VE?— |E E2
up =
- 2
There are eight coefficients in the expressions of the wave
functions ¥ (), which need to be determined self-consistently
through the following boundary condition:

¥ () [i=+0 = P (%) |x=—0, (10)
N 21,
¥ (x)|[x=10 = Vi (X)[x=—0 = _EUO@IP(XNx:an (11)
where V, = =1 0H /dk, is the velocity operator,
i n 0 iA_ T
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i h d
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and 173 is defined by
1 0 O 0
N 01 O 0
B=1loo0 -1 o0 (13)
00 0 -1

From the boundary conditions (10) and (11), the eight coef-
ficients in the expressions of the wave functions ¥, can be
determined self-consistently for a given energy E.

When a bias voltage V is applied, the charge current and
the current-induced nonequilibrium spin polarization can be
calculated using the wave functions obtained above. The pro-
cedure is as following. First, we calculate the expectation val-
ues of charge current and current-induced spin polarization for
the complete sets of the eigenfunctions. Next we sum the ex-
pectation values multiplied by the corresponding distribution
functions. Then the charge current density can be expressed as

—f(E)] xNi(E)x dE
— f(E)] x N2 (E) x dE. (14)

Here  ji(E) = (¥ (0)[Vi|¥(x)) and jo(E) =
e(® (x)|Vi B3| ¥4 (x)), which can be expressed explicitly as

. eh ,

hi(E) = Ak +k) + i) P (k +42)
+ b1y (k) + k) — [e1() > (3ki —k2)
—|dio)]*Bka —k1)}, (15)

and N|(E) and N,(E) are density of states of the two spin—
orbit split bands of the semiconductor nanowire, with

m 1
21h? ky +ml|A| /R
m 1

27h? ky —m|A| /B2

Ni(E) =

(16)

M (E) = a7
where k; and k; are given by Eqgs. (4) and (5). In Eq. (15), the
first term represents the current contribution from the incident
waves, the second and the third terms (i.e., the terms propor-
tional to |a1(2>\2 and by,
the Andreev reflection, and the last two terms (i.e., the terms
proportional to |c1(2)|2 and \d1<2)|2) are the current reduction
due to the normal reflection. In the absence of spin—orbit cou-

pling, equation (14) will reduce to the standard BTK current
[40]

) |?) are the current contribution from

formula.

The density of the current-induced nonequilibrium spin
polarization is position-dependent and can be calculated simi-
larly as the charge current, and the result can be can expressed
as

S(x) = /s, (5,E) X [f(E —eV) — f(E)] x Ny(E) x dE

+ [ o2l ()]
><N2 )

—eV)

dE, (18)

where S(x) denotes the density of the current-induced
nonequilibrium spin polarization at position x, and s1(x,E) =
h h

S Re[¥ (1)(0 © T)Wi(x)] and s2(x.E) = S Re[¥; (1)(0 @

7,)¥(x)], with the Pauli matrices o operating in spin space
and T, operating in particle-hole space, respectively.
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3. Results and discussions

In this section we present some numerical results ob-
tained by the formulation introduced above. For convenience,
we define the strength of Rashba and Dresselhaus spin—orbit
coupling by two dimensionless parameters o and f: a =
2maR/ h’kg and B = 2mpPp / H?kg, with the Fermi wave num-
ber kr. The height of the interface barrier is defined by a di-
mensionless parameter Z = 2mUy/ 1?kg. The superconducting
gap A will be measured by the Fermi energy Er. The spin
polarization density will be measured in unit of 7/lg, with the
Fermi wavelength /r. We confine our discussions to zero tem-
perature.

2.0
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Fig. 1. (color online) (a) The variation of the magnitude of the current-
induced spin polarization density at a sample point (defined by |kgx| = 50)
in SM with the increase of the bias voltage. (b) The corresponding varia-
tion of the charge current density with the increase of the bias voltage. The
parameters are: A/Eg =0.001,Z=1, f =0, and « is shown in the inset
of the figures. For the cases of 8 = 0, the direction of the current-induced
spin polarization is parallel to the y axis. If both o and 8 are not zero,
both x and y components of the spin polarization will be non-vanishing. In
such cases the variation of the spin polarization density with the increase
of the bias voltage is still similar to that as shown in Fig. 1(a) and hence
not shown explicitly.

First we study the variation of the magnitude of the
current-induced spin polarization density in SM with the in-
crease of the bias voltage. The magnitude of the current-
induced spin polarization density in SM is position-dependent
and we take a sample point (defined by |kgx| = 50) as the ex-

ample. In Fig. 1(a) we show the variation of the magnitude
of the current-induced spin polarization density at the sample
point in SM with the increase of the bias voltage for several
different spin—orbit coupling strengths. For comparison, in
Fig. 1(b) we show the corresponding variation of the charge
current density. From Fig. 1(a) one can see that, in the volt-
age region where eV is smaller than the superconducting gap,
the magnitude of the current-induced spin polarization density
will increase first with the increase of the bias voltage and then
turn to decrease with the further increase of the bias voltage.
As €V is increased further and exceeds the superconducting
gap, the magnitude of the current-induced spin polarization
density will turn again to increase with the increase of the bias
voltage. In contrast to the current-induced spin polarization,
the magnitude of the charge current density increases mono-
tonically with the increase of the bias voltage, as shown in
Fig. 1(b).

From Fig. 1(a) and Fig. 1(b), one can see that there is
a voltage region within which the magnitude of the current-
induced spin polarization density decreases with the increase
of the charge current density. This characteristic is unusual
and can be explained theoretically by the consequences of the
Andreev reflection (AR) due to the superconducting proxim-
ity effect. To explain this point more clearly, let us iterate
briefly the mechanism of CISP in normal spin—orbit coupled
systems. From the theoretical point of view, the spin—orbit
coupling of charge carriers can act as a momentum-dependent
effective magnetic field. If this effective magnetic field is suf-
ficiently strong, the direction of an electron’s spin will tend
to align with it. But in the absence of charge current flow,
this effective magnetic field does not lead to a net spin polar-
ization. This is due to the fact that, in the equilibrium state,
the number of electrons occupying the state with wave vec-
tor k is always equal to that occupying the state with opposite
wave vector —k, and when the wave vector of an electron is
changed from k to —k, the direction of the effective magnetic
field due to spin—orbit coupling is also reversed. This sym-
metry will be broken in the presence of charge current flow.
When a charge current flows through the system, the number
of electrons moving in the direction of the charge current is
different from that moving in the opposite direction, and due to
this imbalance, the momentum-dependent effective magnetic
field due to spin—orbit coupling can lead to a net spin polariza-
tion. According to this physical picture of CISP, the magnitude
of the current-induced spin polarization density will increase
with the increase of the charge current density. This is the
usual case found in normal spin—orbit coupled semiconductor
structures. However, in a semiconductor/superconductor junc-
tion with spin—orbit coupling, in addition to the mechanism
mentioned above, the process of the Andreev reflection due
to the superconducting proximity effect can also affect sub-
stantially the magnitude of the current-induced spin polariza-
tion. In the process of the Andreev reflection, a pair of elec-
trons with opposite spins are transmitted to the S region as
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a Cooper pair. This process can enhance the tunneling cur-
rent, but since a Cooper pair has two opposite spins, it will
suppress the magnitude of the current-induced spin polariza-
tion. So within the parameter regions where the AR process
is significant, the magnitude of the current-induced spin polar-
ization may be suppressed by the increase of the AR effect. To
illustrate this point more clearly, in Figs. 2(a) and 2(b) we plot
the AR probabilities A; (= |a|?) and B, (= |by|?) as a func-
tion of eV /A. (For the cases shown in Fig. 1, the dominant AR
processes are described by the terms proportional to a; and b,
in the wave functions ¥} and ¥, respectively.) By compar-
ing Fig. 1 and Fig. 2, one can see clearly that the voltage re-
gion within which the magnitude of the current-induced spin
polarization density decreases with the increase of the charge
current density coincides with the voltage region within which
the AR probabilities A| and B, increase substantially.
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Fig. 2. (color online) (a) The variation of the Andreev reflection proba-
bility A; with the increase of the bias voltage. (b) The variation of the
Andreev reflection probability B, with the increase of the bias voltage.
The parameters used are the same as in Fig. 1. The energy of incident
electrons is set at the Fermi level.

To show more clearly the unusual characteristics of CISP
in the structures considered, in Figs. 3(a) and 3(b) we also
plot the derivatives of the magnitude of the current-induced
spin polarization density and the charge current density with
respect to the bias voltage as a function of eV /A. From

Figs. 3(a) and 3(b) one can see that the variation of d|S|/dV
with the increase of the bias voltage is also significantly dif-
ferent from that of d7/dV. The significant difference between
them can also be accounted for by the consequences of the
Andreev reflection.
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(b) 0 _
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Fig. 3. (color online) (a) The derivative d|S|/dV, a sample point in SM
as a function of the bias voltage. (b) The derivative dI/dV (i.e., the dif-
ferential conductance) as a function of the bias voltage. The parameters
are the same as used in Fig. 1.

Next, we study the effect of the interface barrier height
on the magnitude of the current-induced spin polarization den-
sity. In Fig. 4(a) we show the variation of the magnitude of the
current-induced spin polarization density at a sample point in
SM with the increase of the interface barrier height (charac-
terized by the dimensionless parameter Z) for several different
spin—orbit coupling strengths. For comparison, in Fig. 4(b)
we show the corresponding variation of the charge current
density. From Figs. 4(a) and 4(b) one can see that, while
the magnitude of the charge current density decreases rapidly
and monotonically with the increase of the interface barrier
height, the magnitude of the current-induced spin polariza-
tion density is first enhanced as the interface barrier increases
from zero. This unusual relation between charge current and
current-induced spin polarization can also be accounted for by
the consequences of the Andreev reflection. As the interface
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barrier height increases from zero, both the Andreev reflection
and the normal transmission will be decreased. The decrease
of both the Andreev reflection and the normal transmission
will reduce the magnitude of the charge current density, so the
magnitude of the charge current density decreases rapidly and
monotonically with the increase of the interface barrier height.
But for the current-induced nonequilibrium spin polarization,
the decrease of the Andreev reflection can enhance its magni-
tude, while the decrease of the normal transmission will reduce
its magnitude. Due to the combined effect of these two oppo-
site factors, unlike the magnitude of the charge current density,
the magnitude of the current-induced spin polarization density
can be enhanced by the decrease of the Andreev reflection as
the interface barrier height increases from zero, providing that
the enhancement effect due to the decrease of the Andreev re-
flection is more significant than the reduction effect due to the
decrease of the normal transmission. As the barrier height is

3.5
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1 .
2.5 ; \
0 1 .
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1.0p! N ~,

I(e/h)/10-3

Fig. 4. (color online) (a) The variation of the magnitude of the current-
induced spin polarization density at a sample point (defined by |kgx| =
50) in SM with the increase of the interface barrier height (characterized
by the dimensionless parameter Z) for several different spin—orbit cou-
pling strengths. (b) The corresponding variation of the charge current
density with the increase of the interface barrier height. The parameters
are: A/Eg =0.001, ¢V /A =0.5, =0, and « is shown in the inset of
the figures.

increased further, the reduction effect due to the decrease of
the normal transmission will become more significant than the
enhancement effect due to the decrease of the Andreev reflec-
tion, and then the magnitude of the current-induced spin po-
larization density also turns to decrease rapidly and monotoni-
cally with the increase of the barrier height, like the charge cur-
rent. To illustrate this point more clearly, in Figs. 5(a) and 5(b)
we plot the AR probabilities A; (= |a;|?) and By (= |b>|?) as
a function of the parameter Z, from which one can see that the
parameter region within which the magnitude of the current-
induced spin polarization density increases with the decrease
of the charge current density coincides with the parameter re-
gion within which the AR probabilities decrease substantially.
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Fig. 5. (color online) (a) The variation of the Andreev reflection proba-
bility A; with the increase of the interface barrier height. (b) The vari-
ation of the Andreev reflection probability B, with the increase of the
interface barrier height. The parameters used are the same as in Fig. 4.
The energy of incident electrons is set at the Fermi level.

4. Summary

In summary, we have studied the characteristics of
current-induced nonequilibrium spin polarization in semicon-
ductor—nanowire/s-wave superconductor junctions with strong
spin—orbit coupling. It was found that, due to the conse-
quences of the Andreev reflection induced by the supercon-
ducting proximity effect, there are some parameter regions
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within which the magnitude of the current-induced nonequi-
librium spin polarization density will increase (or decrease)
with the decrease (or increase) of the charge current density, in
contrast to that found in normal spin—orbit coupled semicon-
ductor structures. These unusual characteristics can be taken
as a clear indication of the suppression or enhancement of the
Andreev reflection in such structures. The results obtained
may be useful for a better understanding of the unusual proper-
ties of low-dimensional semiconductor/superconductor hybrid
structures with strong spin—orbit coupling.
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