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Rashba spin-orbit coupling in InSb nanowires under transverse electric field
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We investigate the Rashba spin-orbit coupling brought by transverse electric field in InSb nanowires. In
small k, (k, is the wave vector along the wire direction) range, the Rashba spin-orbit splitting energy has a
linear relationship with &, so we can define a Rashba coefficient similarly to the quantum well case. We deduce
some empirical formulas of the spin-orbit splitting energy and Rashba coefficient, and compare them with the
effective-mass calculating results. It is interesting to find that the Rashba spin-orbit splitting energy decreases
as k, increases when k, is large due to the k,-quadratic term in the band energy. The Rashba coefficient
increases with increasing electric field, and shows a saturating trend when the electric field is large. As the
radius increases, the Rashba coefficient increases at first, then decreases. The effects of magnetic fields along
different directions are discussed. The case where the magnetic field is along the wire direction or the electric
field direction are similar. The spin state in an energy band changes smoothly as k, changes. The case where the
magnetic field is perpendicular to the wire direction and the electric field direction is quite different from the
above two cases, the k_-positive and negative parts of the energy bands are not symmetrical, and the energy
bands with different spins cross at a k_-nonzero point, where the spin splitting energy and the effective g factor

arc zero.
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I. INTRODUCTION

Nowadays, much of the research in semiconductor phys-
ics has been shifting towards spintronics due to its potential
extensive applications.!> The electron spin might be used in
the future to build quantum computing devices combining
logic and storage based on spin-dependent effects in semi-
conductors. One of the most important spin-based devices
was proposed by Datta and Das.? Improvements to the origi-
nal design have been proposed recently by Egues et al.*> The
Datta-Das device makes use of the Rashba spin-orbit
coupling®?® in order to perform controlled rotations of a
field-effect transistor (FET).” The influence of Rashba spin-
orbit coupling in quantum wells>"'7 and quantum dots!8-23
has been investigated in a number of theoretical and experi-
mental works.

There is a growing interest and experimental progress in
one-dimensional semiconductors called nanowires. Nano-
wires can be grown out of numerous semiconductor materi-
als by several methods and in a large range of radius.>*—%
They can be used as conducting nanowires to build quantum
devices.?® The transport properties of nanowires have been
investigated experimentally.”’ Zhang and Xia®' studied the
electronic structure of nanowires using the six-band
effective-mass envelope-function method.

Recently, people pay more attention to the Rashba spin-
orbit coupling in nanowires because of its abundance of
physical phenomena and application values. The Rashba
spin-orbit coupling effect was observed in nanowires.>> The
spin polarization of edge states and the magneto-subband
structure in nanowires were studied within the density func-
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tional theory in the local spin density approximation.** The
Rashba spin-orbit splitting®*~4° and spin-polarized transport
properties*'=*3 of nanowires and quantum networks built of
nanowires,** and the combined effect of magnetic field*-!
were studied theoretically by adding a k-linear Rashba term
in the Hamiltonian equation. We know that the Rashba spin-
orbit coupling is caused by the structure inversion asymme-
try (SIA), which can be introduced by an external electric
field. As a result, we can study the Rashba effect in the case
where the nanowires are in the presence of electric field,
without adding a k-linear Rashba term empirically.

In this paper, we extend the former model®! to the eight-
band case, taking into account the effects of electric and
magnetic fields, to study the Rashba spin-orbit coupling in
nanowires. The remainder of this paper is organized as fol-
lows: The calculation model is given in Sec. II. We calculate
the electronic structure, Rashba coefficient, and effective g
factors in Sec. III. Section 1V is the conclusion.

II. THEORY MODEL AND CALCULATIONS

In the absence of electric and magnetic fields, the eight-
band effective-mass Hamiltonian is represented in the Bloch

function bases [S)T, [11)T, [10)T, [1=1)T, [S)|, [11)], [10)],
[1-1)] as
o (Ha 0)
Heh_ eb+<0 H2 > (1)

where H) contains k-independent terms and k-linear terms,
and H, contains k-quadratic terms. H', is written as
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where \ is the k-independent spin-orbit coefficient, £, and E,,
are the band-edge energies, £, =E,, E,=0, E, is the band gap
of bulk material, po=fivEp/2m, E, is the matrix element of
Kane’s theory, and k,=k, *ik,.

H, is written as '

P, 0O 0 0
#|l o0 -P, -G -F
H2=_ * s (3)
2m0 0 -G —P3 -G
0 -F* -G* -P,

where

P,= vk k + vk, (42)
L'+M' )
P = kk, +M'IZ, (4b)
Py=M'k_k, +L'K2, (4c)
L'-M'-N' , L'-M'+N'
F= k% + K, (4d)
4 4
., L'-M'-N' , L'-M'+N'
F'= K* k2, (4e)
4 4
1
= —=N"k_k,, (41)
V2
|
G =—=N'k,k.. (4g)
V2

v, L', M', N' are given by
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L'=L-EJE,, (5b)
M =M, (5¢)
N'=N-EJE,, (5d)

where m,. is the electron effective mass, and L, M, N are the
Luttinger parameters.

In the spherical symmetry approximation, L—M—-N=0, so
that L' =M’ —N’=0, and the first terms in Egs. (4d) and (4e),
respectively, are ignored.

We assume that the nanowires have cylindrical symmetry,
the longitudinal axis is along the z direction, and the elec-
trons and holes are confined laterally in an infinitely high
potential barrier.

The longitudinal wave function is the plane wave, the
lateral wave function is expanded in Bessel functions. The
total envelope function including the electron and hole states
is

e n ALl l(kf,r) il
bl‘ls",TAl—l,ngq(kf;]r)ei(l—l)a
ClniAradi(kyr)e?

v, =3 dl”’”’TAlH,nJlH(k?;r)e’:m1)0

T €[+1,n,iAl+l,n-]1+1(kn+ r)e' 1o
B A (Kir)e™
Cl+l,n,lAZ+1,nJl+l(ki*’lr)ei(lﬂ)g

142 N i(142)0
disop (Aol r )el+?)

where J=[+1/2 is the total angular momentum, and A, is
the normalization constant,
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1
Aln= _ (7)
" TR, (a))

In calculating the matrix elements of the Hamiltonian we can
use the properties of the operators,

) fi )
padikr)e™ = F ~kJp (kr)e'=D?. (8)
l

Now we take into account the effects of electric and mag-
netic fields. For simplicity, we assume that the electric field
is applied transversely, i.e., its direction is perpendicular to
the z direction. As the nanowires have cylindrical symmetry,
we assume that the transverse electric field is along the x
direction (i.e., E,,,=E,,;X). Taking into account the dielectric
effect, the electric field in the nanowires is

E=—%E,=F,% ©)
€.+ €
where €, and ¢, are the dielectric constants in and outside the
nanowires, and X is the unit vector along x direction. For air
environment, €,=1.
The electric field potential term is written as

[4

V=¢E -r=¢E, x=¢E,, rcos 0= eEnWre +2eEnwre

(10)

When the magnetic field is applied, the momentum operator
changes into p=p+e¢eA, where A is the vector potential. For
longitudinal magnetic field (B,) we choose the symmetric

gauge
A‘—( —1By—lB O) (11)
PP NG

For transverse magnetic field (B, or B,) we choose the Lan-
dau gauge

A =(0,0,B,y) or (0,0, Bx). (12)

The whole Hamiltonian in the presence of electric and mag-
netic fields is written as

H=Heb+V+Hasym+Hmm+HZeeman’ (13)

where  Hgy Hypyp and Hyeen,, are the antisymmetric
Hamiltonian,”> magnetic-momentum Hamiltonian,>> and
spin-Zeeman-splitting Hamiltonian result, respectively.

With the method given above, we can do the numerical
calculations on the Rashba spin-orbit effect. For comparison,
we deduce the effective conduction band Hamiltonian term
which includes the Rashba term.

First, we ignore the k-quadratic terms, and write the
Schrodinger equation as

(HY, + V)f = Ef, (14)
= ForsfursFnasfussfersfuasSusoSe) s (15)

where f,; and f}; are the electron and hole states. Eliminate
S in the above Schrddinger equation, we obtain

HrempfezEfe’ (16)

PHYSICAL REVIEW B 74, 075304 (2006)

fe:(fel’er)T' (17)

Adding the k-quadratic terms, averaging the transverse mo-
mentums, and ignoring the Stark shift, the effective conduc-
tion band Hamiltonian term is obtained as

h2
Hyk.) = E+—2 YLK + alk k.o, (18)
E (2 1
7£=7c+—2<—,+ p ) (19)
3\E, E,+3\

where a(k.)k.o, is the Rashba term and E, is the band gap of

nanowires. We notice that . < ; because E,>E,.

The Rashba spin-orbit splitting energy is
AE=2a(k )k,

R 9 A
=—E,— 3 |k
my ©ox (E +\N—¢E Wx)(E + 2N —¢eE,,x) =2\

2
_# NQ2E" +3)\) .

my ”E*Z(E*+3>\)2e e
% NQE, +3>\) 26

= = E, k., 20
m pEz(E +30)2 e+eo e (20)
and
K2 )\(2E + 3)\) 2€
a(k) p *) £ Eexﬂ (21)
2m0 E, (E +3)\)? e + €
where
h? 2
E E + —yck (22)

2m

When we deduce Eq. (20), we take care of the sign. We see
from Eq. (21) that a(k,) is always positive. AE is not a linear
function of k, because E contains k,-quadratic terms. When
we deduce ., we ignore “the k, quadratlc terms because vy, is
defined in the small k, range. In this range, Eg Eg AF has
a linear relationship With k,, and we can define a Rashba
coefficient as

7> \QE, +3) 26

k,=0
ol )= 2m0 ”E’Z(E +3\)? e+ Eex

(23)

III. RESULTS AND DISCUSSION

In this section, we calculate the electronic structure and
Rashba coefficient of nanowires in the presence of electric
and magnetic fields using the eight-band Kane model. We
see from Egs. (20) and (23) that the Rashba effect is larger
when the band gap is smaller, so we choose the InSb mate-
rial.

It is well known that Pfeffer and Zawadzki'®!'! have in-
vestigated the Rashba effect in quantum wells using the
fourteen-band Kane model. The fourteen bands arise from
Ic(2), I'54), I'5(2), I'g(4), and I'9(2), which are double or
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TABLE 1. The parameters of InSb material.

m L M N Ep (eV) E, (eV) Ay (eV) e

c

0.0136m, 989 4.58 101.0 21.2  0.2352 0.81 16.8

fourfold degenerate in the absence of external fields. The
eight-band Kane model whose eight bands arise from I'g, I'g,
and I'Y, is used when the higher order terms in k arising from
the small coupling between I'¢ and I', I'S, and that between

¢ I'Y and I'g, I'S can be ignored. In the eight-band Kane
model, the large coupling between I'; and I'g, I'Y is empha-
sized, and as this coupling actually dominate, so the Rashba
coefficient calculated from this model is very close to the
real value.

The parameters of InSb material used in this paper are
listed in Table I. However, these parameters measured in the
bulk material include some contributions, say, nonlocal char-
acter of the self-consistent potential, that are absent in
narrow-gap nanostructures.’*> Therefore, using these pa-
rameters requires taking special precautions. The nonlocal
contributions are

AL =- 21 5}1], AM = 35}11, AN= - 245”], (24)
2 ERE
Aa=-108, O&y=———1\| 22, (25)
157e,E, 3

where Ez=27.211 eV and ¢, is the dielectric constant.
We use the parameters K and b defined as follows to
represent the electric field and magnetic field strengths,

eE, R heB
K =7, b = bl (26)
€0 my€gp
where
1 (%2
e (1] -
2m0 R

A. Effect of electric field

First of all, we show the electron states of InSb nanowires
with radius of 8 nm in the presence of electric field along x
direction with a strength of 7.44X 107 V/m as functions of
k. in Fig. 1, especially the S states, detailed in Fig. 1(b). We
see from Fig. 1(b) that at k,# 0 points, the doublets split.
This is known as Rashba spin-orbit effect. Actually, all the
doublets at k,# 0 points in Fig. 1(a) split, which cannot be
seen clearly. From now on, we focus on the splitting of the
lowest S states, which consist mainly of the n=1, /=0 state
of the effective-mass envelope function multiplied with the
Bloch state of the conduction-band bottom and the spin state.
The symbols in Fig. 1(b) mainly indicate the spin state of the
states. We see that when k,> 0, the state T+i| is higher, and
when k, <0, it is lower. The result is just as expected, be-
cause the Rashba term is approximately written as Hpg,
=a(k)k,o, [see Eq. (18)], when k,>0, Hg,~ o, whose
eigenvectors are T+i| (eigenvalue 1) and T—i| (eigenvalue
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FIG. 1. Electron states of InSb nanowires with a radius of 8 nm

in the presence of electric field along x direction with strength of

7.44X 107 V/m as functions of k.. (a) Electron states. (b) S states in
details.

—1), when k,<0, Hg,~—0,, whose eigenvectors are T—i|
(eigenvalue 1) and T+i] (eigenvalue —1). The bands in Fig.
1(b) can be looked as a y directional spin-up (]+i]) band
and a y directional spin-down (7—i]) band, which cross at
k,=0. If the nanowire is n-type doped and a current trans-
ports in it, the electrons will distribute nonequivalently, for
example, more electrons distribute in the k,-negative part
than the k,-positive part, then there will be more electrons
distributes in the y directional spin-up band [see Fig. 1(b)],
that to say, the electrons in the nanowire are spin polarized
along the y direction, i.e., current brings spin polarization. It
is already observed that current brings spin polarization in
quantum wells.'® We might suggest a similar experiments in
nanowires.

The spin-orbit splitting energy of InSb nanowires with a
radius of 8 nm in the presence of electric field along x direc-
tion with strength of 7.44 X 107 V/m as a function of k, is
shown by the solid line in Fig. 2. We see that the splitting
energy has the same sign with k,, which is zero when k,=0.
The splitting energy is comparable to the quantum well
case.!? For positive k,, the splitting energy increases as k,
increases at first, then interestingly decreases when k., is
large. The decreasing is caused by the k,-quadratic term in
the band energy [see Eqgs. (22) and (20)], which is important
in the large k, range. We also show the empirical formula
[Eq. (20)] result by the dotted line for comparison. We see
that the empirical formula works very well in the small k,
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FIG. 2. Spin-orbit splitting energies of InSb nanowires with a
radius of 8 nm in the presence of electric field along x direction
with strength of 7.44 X 107 V/m as functions of k,. The dotted lines
are the results calculated from the empirical formula [Eq. (20)].

range, but not very good when k, is large. This is because we
ignore some higher order terms in k when we deduce the
empirical formulas [see Eqgs. (14)—(23)]. When &, is small,
the splitting energy is approximately a linear function of k,
and it is convenient to use a Rashba coefficient to indicate
this linear relationship [see Eq. (23)]. We show the Rashba
coefficient of the R=8 nm case by the solid line in Fig. 3(a).
We see that it is approximately a linear function of the ex-
ternal electric field. The empirical formula [Eq. (23)] result is
shown by the dotted line. It is a strict linear function of
electric field which can be seen from Eq. (23). The empirical
result fits well. Figure 3(b) is the R=24 nm case. We see that
the empirical result fits well in the small electric field range,
but is defeated when E,,, is large. The Rashba coefficient

15

(@

a(meV nm)
=

e ]

a(meV nm)

0 2 4 6 8
7
E, {107 Vim)

FIG. 3. Rashba coefficients of InSb nanowires as functions of
E,y (a) R=8 nm. (b) R=24 nm. The dotted lines are the results
calculated from the empirical formula [Eq. (23)].
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FIG. 4. Rashba coefficients of InSb nanowires as functions of R.
(a) E,,=02x10" V/m. (b) E,,=2X 107 V/m. The dotted lines
are the results calculated from the empirical formula [Eq. (23)].

shows a saturating trend in the large E,,, range. This is due to
the Stark effect which changes the state components, mixing
the conduction-band states with the valence-band states.
When we deduce the empirical formulas, we ignore the Stark
effect. This can explain the deviation of the empirical results
from the Kane model results. We also show the Rashba co-
efficients (solid lines) as well as the empirical results (dotted
lines) in the presence of different electric field as functions of
the radius in Fig. 4. We see that the Rashba coefficients
increase at first, then decrease as the radius increases. In the
larger electric field case [see Fig. 4(b)], the Rashba coeffi-
cient decreases beginning at a smaller radius. While the em-
pirical results increase monotonously due to the decreasing
of E, [see Eq. (23)] as the radius increases, they saturate
when the radius is large and E, is very close to E, [the band
gap of bulk material]. The empirical formula works well only
in the small R range, in which the increase of the Kane
model results with increasing R can be explained similarly to
the empirical results. The decrease of the Kane model results
with increasing R in the large R range can also be explained
by the Stark effect, as well as the deviation. As the band gap
of InSb material is quite small, the mix of the conduction-
band states and valence-band states due to the Stark effect is
very large, so the deviations especially that in the larger elec-
tric field case are quite obvious. When the band gap of the
material is large, the mix of the conduction-band states and
valence-band states is small, and then the empirical formula
[Eq. (23)] will work well in the whole R range. In the large
R range, the Rashba coefficient saturates and does not
change with R. This is similar to the case of experiment by
Guzenko et al.??

B. Combined effect of electric and magnetic fields

The electron states and spin splitting energy of InSb nano-
wires with radius of 8 nm in the presence of electric field
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FIG. 5. Electron states and spin splitting energy of InSb nano-
wires with a radius of 8 nm in the presence of electric field along x
direction with strength of 7.44 X 107 V/m and magnetic field along
z direction with strength of 5.14 T as functions of k. (a) Electron
states. (b) Spin splitting energy.

along x direction with strength of 7.44 X 10’ V/m and mag-
netic field along z direction with strength of 5.14 T as func-
tions of k, are shown in Fig. 5. We see that the energy bands
do not cross and the splitting energy is always positive,
which is different from the case without magnetic field (see
Figs. 1 and 2). In this case, the spin relative Hamiltonian
term can be approximately written as HW,,»n:%gz,uBBO'Z
+a(k,)k,0,. When k,=0, Hv,,m:%gMBBO'Z, the spins parallel
or antiparallel to the z direction split, and when |k,| is quite
large, H,,;,~ a(k,)k,o,, the spins parallel or antiparallel to
the y direction split. The detailed state components are
shown in Fig. 5(a). We see that, when k,=0, the two states
are mainly the two eigenstates of o,; when |k,| is quite large,
the two states are mainly the two eigenstates of o,,. When |k,
changes from zero to a quite large value, the state compo-
nents changes smoothly, i.e., the spin directions of the bands,
respectively, changes from parallel or antiparallel to the z
direction to parallel or antiparallel to the y direction
smoothly. The case in which the magnetic field is along the x
direction (i.e., parallel to the electric field) is quite similar to
Fig. 5 and not shown here. In this case, H‘Yp,-,,=%gx,uBBUX
+a(k,)k,0,, and when k=0, the spins parallel or antiparallel
to the x direction split. The common point of these two cases
is that the spin splitting due to the electric field (Rashba
spin-orbit splitting) and that due to the magnetic field (spin
Zeeman splitting) are in different directions. The Rashba
spin-orbit splitting is approximately a linear function of k,
while the spin Zeeman splitting is approximately indepen-
dent of k,. So as k, increases from O to a large value, the spin
splitting direction changes.

The electron states and spin splitting energy of InSb nano-
wires with radius of 8 nm in the presence of electric field
along x direction with strength of 7.44X 107 V/m and mag-
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R=8nm electron states

800 - K=1000 (7 44x10'V/m) E||x
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FIG. 6. Electron states and spin splitting energy of InSb nano-
wires with a radius of 8 nm in the presence of electric field along x
direction with strength of 7.44 X 107 V/m and magnetic field along
y direction with strength of 5.14 T as functions of k. (a) Electron
states. (b) Spin splitting energy.

netic field along y direction with strength of 5.14 T as func-
tions of k, are shown in Fig. 6. It is interesting to notice that
this case is quite different from the above two cases, the
k_-positive and negative parts of the energy bands are not
symmetrical, and the energy bands cross at a k_-positive
point. We can see from the detailed state components in Fig.
6(a) that the spins always split along the y direction. The spin
splitting energy changes from negative to positive value with
increasing k., as shown in Fig. 6(b). The most important
different point of this case from the above two cases is that
the spin splitting due to the electric field and that due to the
magnetic field are in the same direction. In this case, the spin
relative Hamiltonian is approximately written as H,y,
:[%gy,u,BB+ a(kz)kz]a'y. In InSb nanowires with R=8 nm,
g,<0, which can also be seen from the state symbols at k,
=0 point in Fig. 6(a) where Hspi,,=%gy,4/,BBOjV and y direc-
tional spin-up state is lower. If we assume that %gy,u,BB
+a(k,)k,o=0, then at the critical k,=k, point, H,,;,=0 and
the spin splitting energy is zero, as shown in Fig. 6(b). We
can define an effective g factor as g"=AE/ ugB. At the criti-
cal k, point, g*=0. The effective g factor of InSb nanowires
with radius of 8 nm in the presence of electric field along x
direction and magnetic field (b=1) along y direction as a
function of k, and K is shown in Fig. 7. We see that when
K=0 the k,-positive and negative parts are symmetrical, the
smallest g" point is at k,=0. As K increases, the asymmetry
happens, the smallest g point moves to negative k. direction.
The reason is similar to that of the asymmetry of spin split-
ting energy, and the smallest point is similar to that in Fig.
6(b). There are negative and positive g values in Fig. 7, and
also many zero values, with which we can obtain the critical
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FIG. 7. Effective g factor of InSb nanowires with a radius of
8 nm in the presence of electric field along x direction and magnetic
field (b=1) along y direction as a function of k, and K.

k, points at different electric field. We see that the critical k,
points decrease with increasing K because the Rashba spin-
orbit splitting dominates at a smaller k, when K is larger. The
effective g factor at k,=0 point does not change with the
electric field because Hjy, (=%gy,uBBcry) is independent of
the electric field.

IV. CONCLUSIONS

The Rashba spin-orbit coupling in InSb nanowires caused
by the structure inversion asymmetry (SIA) which is brought
by the external transverse electric field in the case of this
paper is investigated. Similar to the quantum well case, in
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small k, range, the Rashba spin-orbit splitting energy is a
linear function of k,, so we define a Rashba coefficient. We
deduce some empirical formulas of the Rashba coefficient
and spin-orbit splitting energy and compare the results with
the effective-mass calculations. The empirical formulas fit
well when R, k,, and K are all not very large. It is interesting
to find that the Rashba spin-orbit splitting energy decreases
as k, increases when k; is large due to the k.-quadratic term
in the band energy [see Eq. (22) and (20)]. The Rashba co-
efficient increases with increasing electric field, and shows a
saturating trend when the electric field is large. As the radius
increases, the Rashba coefficient increases at first, and then
decreases. The effects of magnetic fields along different di-
rections are discussed. The cases that the magnetic field is
along the wire direction or the electric field direction are
similar. The spin state in an energy band changes smoothly
as k, changes. The case that the magnetic field is perpendicu-
lar to the wire direction and the electric field direction are
quite different from the above two, the k_ -positive and nega-
tive parts of the energy bands are not symmetrical, and the
energy bands with different spins cross at a k,-nonzero point,
where the effective g factor is zero. The tunable (by electric
field or magnetic field) zero g factor is useful in
spintronics.® The most important different point of the last
case from the above two cases is that the spin splittings due
to the electric field and magnetic field, respectively, are in
same direction or not. The tunable Rashba spin-orbit cou-
pling brought by transverse electric field will strongly influ-
ences the longitudinal spin-dependent transport properties.
One-dimensional Datta-Das spin-FET and spin filter’! can be
designed. Spin polarization brought by current which is simi-
lar to the quantum well case'® can be observed.
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