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In this study, we investigate theoretically the effect of spin—orbit coupling on the energy level spectrum and spin
texturing of a quantum wire with a parabolic confining potential subjected to the perpendicular magnetic field. Highly
accurate numerical calculations have been carried out using a finite element method. Our results reveal that the interplay
between the spin—orbit interaction and the effective magnetic field significantly modifies the band structure, producing
additional subband extrema and energy gaps. Competing effects between external field and spin—orbit interactions introduce
complex features in spin texturing owing to the couplings in energy subbands. We obtain that spatial modulation of the spin
density along the wire width can be considerably modified by the spin—orbit coupling strength, magnetic field and charge

carrier concentration.
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1. Introduction

Spintronics is an ever-evolving research field of magnetic
electronics which uses the spin of electrons rather than its
charge to store the data.!!! The aim of this multidisciplinary
field is to understand the interaction between the particle’s
spin and its solid-state environment and to produce useful de-
vices (e.g., spin-FETs (field effect transistors), MRAM (mag-
netoresistive random-access memory), etc.) based on spin
dynamics. >3]

In spin-based semiconductor devices, spin—orbit (SO)
interaction is considered an important tool for controlling

[4-6] Inversion asym-

and manipulating the spin orientation.
metry properties of low-dimensional systems give rise to the
Rashbal”# and Dresselhaus!®! SO couplings. Rashba SO
coupling arises due to structure inversion asymmetry along
the growth direction in quantum heterostructures where two-
dimensional electron gas (2DEG) is realized. Dresselhaus
SO coupling arises due to bulk inversion asymmetry of the
lattice.[10-121 The Dresselhaus term has two components, one
linear in the momentum and the other cubic. The cubic term is
usually neglected, since it is generally smaller than the linear
one.!!3] The strength of the Rashba SO coupling can be tuned
by changing the gate voltage,!!'*! whereas the Dresselhaus SO
coupling contribution can be tuned by the sample thickness or
electron density.[!>-19 The strengths of the SO terms are dif-
ficult to measure independently, but a full understanding of

[17) for investigations of spin depen-

5 [14,18,19]

their strengths is crucial
dent phenomena in low-dimensional structure
Spin density modulation emerged in quantum confined
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systems known as the “spin texturing effect”, which is impor-
tant for spintronics due to the fact that it provides information
about the spatial distribution of the effective magnetic field in

(20211 In recent years, investiga-

the presence of SO interaction.
tions of SO coupling effects in low-dimensional systems have
attracted a considerable amount of interest. There are many

20,22,23

theoreticall I"and experimental works which survey ex-

tensively the effects of SO coupling on the electronic and
transport properties of these systems. Moroz and Barnes?+2]
and Mireles and Kirczenow!?®! theoretically calculated the in-
fluence of Rashba SO interaction on the band structure and
transport at low temperatures of quasi-one-dimensional (1D)
electron systems. Perroni er al.”’! discussed spectral and the
transport properties of a quasi-1D quantum wire with hard-
wall boundaries in the presence of Rashba SO interaction
while Pramanik er al.>®) numerically calculated the energy
dispersion relations and spatial variation of spin components
of InAs quantum wire in the presence of both SO interactions.
More recently, Gujarathi er al. ! reported the subband struc-
ture and spatial modulation of the spin density in a quantum
wire with hard-wall confinement for a wide range of magnetic
field, Dresselhaus SO coupling strength and carrier concentra-
tion. The electronic structure of Rashba spin—split quantum
wire that is parabolically confined under the influence of a
perpendicular magnetic field has been studied by Knobbe and
Schipers®! and Debald and Kramer.!'#! Furthermore, Zhang
et al.P! obtained the energy band structure of quantum wires
described by a parabolic confinement potential and subjected
to an external magnetic field taking into account both Rashba
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and Dresselhaus SO interactions. In Ref. [29], researchers re-
ported that the interplay of Rashba, Dresselhaus and the lat-
eral SO interaction as well as the applied magnetic field in
a parabolic quantum wire lead to rather complex electrosub-
bands. An analytical approximation scheme suitable for ob-
taining the energy spectrum of a quasi-1D (one dimensional)
quantum wire with SO coupling has been developed by Er-
lingsson et al.3% and Gharaati and Khordad.*!! Experimen-
tal works have been performed by several researchers. The
effect of Rashba SO coupling in InGaAs/InP quantum wire
structures has been discussed in Refs. [32]-{34]. On the other
hand, in Ref. [15] the effects of both SO coupling terms in
2DEG and quantum wire structures have been investigated.

Although there are several works related to Rashba and
Dresselhaus SO interactions in quantum confined systems, to
our knowledge, less attention has been paid on the spin texture
calculations for parabolically confined quantum wires in an
external magnetic field. Detailed investigation of electrosub-
bands and spin density modulation could be useful for identi-
fication of spin polarization in zinc-blende quantum wires. In
this study, we calculate the energy spectrum of spin—split sub-
bands and spin orientations of a parabolic quantum wire con-
sidering various strengths of Rashba and Dresselhaus SO cou-
plings and the external perpendicular magnetic field for differ-
ent carrier concentrations.

The organization of the paper is as follows. In Section 2,
we briefly outline the physical model and the formulation of
the system. The numerical results and discussion are presented
in Section 3 and finally, we conclude in Section 4.

2. Model and method

We consider a quasi-1D quantum wire with SO inter-
action in a perpendicular magnetic field. We assume that
the wire material is GaAs so that the effective mass of elec-
trons is 0.067 times the free electron mass (m* = 0.067my)
and the effective Lande-g factor g* = —0.44. We assume
that the wire lies in the xy plane with § direction parallel
to the wire and has a parabolic confinement in the £ direc-
tion Veone(x) = (m*/ 2)(1)%)52 (Fig. 1). Charge carriers move
freely along the y direction, accordingly translational invari-
ance along this direction exists. The magnetic field is oriented
along the growth direction, taken to be £, B = (0,0, B), with
corresponding magnetic vector potential in Landau gauge ex-
pressed as A = (0, Bx,0).

S

Fig. 1. (color online) Schematic representation of the wire system. %!

The single particle Hamiltonian in quasi-1D with SO cou-
pling is given by

H=Ho+Hz+Hs- (1)

The first term in Eq. (1) contains kinetic energy and confining
potential Veone(x) contributions

1
Ho = { e [P)zc +(py+ eBx)Z] + Vconf(x)} o, )

where p,, p, are components of electron momentum and oy is
the 2 x 2 unit matrix. The second term is the Zeeman Hamil-
tonian, which is known as

1
Hz = 58 HBO:B, (€)

where g* is the effective Lande-g factor, up is the Bohr magne-
ton and o, is the z component of the Pauli spin matrix. The last
term Hg, is the total SO Hamiltonian, which involves Rashba
and Dresselhaus SO couplings

Hso = Hr +Hp-
The Rashba SO Hamiltonian is given by

o
HR = E [Gx(py + eB-X) — O-ypx] 5 (4)

whereas the Dresselhaus SO Hamiltonian is

#o =2 [0, (py +eBY) ~ 0 . )

Here, o and J3 represent the Rashba and Dresselhaus SO cou-
pling parameters, respectively, o, and oy denote the Pauli spin
matrix components.

Translational invariance along the j direction allows us
to decompose the eigenfunction of total Hamiltonian (1) into
plane waves in the longitudinal direction and a spinor part de-
pending on the transverse coordinate x, such as

‘ @t (ky, x) )
P(x,y) = eh =: eo(x), (6)

@, (ky,x)

where wave numbers kj, are good quantum numbers of the sys-
tem. With this wave function ansatz, the Schrddinger equation
becomes separable in x and y. Therefore, the explicit form of
the H¢ and Hy, Hamiltonians can be written as follows:

nod> 1 2 2, 0K
= — —m* — - 7
o l o a2 T TR gy g | 0 (D)
eB .o d
HSO = |:Gx(ky+ ;X) +10ydx:|
eB . d
+ﬁ |:Gy (ky + ;x) + 16xd)€:| 9 (8)

where @ = (@3 + @2)'/? is the effective oscillator fre-
quency with the cyclotron frequency @, = eB/m*, xyp =
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—(0c/®)*(ky/eB) = —(wc0x/®*)I3ky is the center coordi-
nate of the harmonic oscillator and [y = \/W is the
harmonic oscillator length.

The numerical solution of the Schrodinger equation is
performed by the finite element method (FEM), which is based
on expressing the wave function as a linear combination of in-
terpolation polynomials multiplied by as-yet-unknown coeffi-

35361 We consider the har-

cients in each of these elements.|
monic oscillator length [y as a length scale and consecutively

all energies are calculated in terms of Aay.

3. Results
3.1. Energy bands

To clarify the interplay of different SO interaction contri-
butions, first of all, we calculate the energy dispersion relations
of the subbands for various strengths of Rashba and Dressel-
haus SO couplings without a magnetic field. Thereafter, we
take into consideration the external magnetic field and calcu-
late the energy bands to see how the magnetic field affects the
subbands.

We can distinguish Rashba and Dresselhaus SO inter-
actions into two regimes: weak Iy, > [y and strong Iy, < [
where ISRO(D) = 12 /2m* () is the length associated with SO
couplings. In the presence of both types of SO couplings or
only one type, the eigenenergies of the system are uniformly
shifted downward by the total characteristic SO energy AT =
AR + AR where AR = m* o /21 and AR = m* B2 /21* denote

the Rashba and Dresselhaus SO couplings, respectively.>:0!

3.1.1. Without magnetic field (B =0)

With individual SO interaction (o # 0 and 8 = 0) Ini-
tially, in order to identify the effect of individual SO coupling,
in Fig. 2(a), we present the energy level spectrum of the quan-
tum wire for strong Rashba SO interaction in the absence of an
external magnetic field. Solid curves denote the energy disper-
sion with an individual mechanism of SO interaction whereas
the dash-dotted curves indicate the case for the absence of SO
interaction.

When we calculate the energy dispersion for Rashba and
Dresselhaus SO interaction individually, we get similar energy
subband dispersions for each same characteristic SO energy.
Therefore, we show the case which includes only the Rashba
SO coupling contribution in Fig. 2(a).

In the case that both the external magnetic field and SO
interaction terms are zero, all subbands are spin degenerate
(the dash-dotted curves in Fig. 2(a)). As seen in Fig. 2(a), by
inclusion of the Rashba SO interaction, spin-splitting occurs
in doubly-degenerated energy bands at k, # 0 and spin degen-
eracy is preserved only for eigenstates with k, = 0. This can be
explained on the basis of the dependency of the SO interaction

to the electron momentum.!'#! For a weak Rashba SO contri-
bution, the coupling between different subbands does not take
place clearly (see Fig. 1(a) in Ref. [29]). As the Rashba SO
interaction parameter is strengthened to a stronger value, cou-
pling between spin-split levels causes an intraband mixing.

E/th

E/ho.)()

k'ylg

Fig. 2. (color online) Subband energy spectra of a quantum-wire
for different Rashba and Dresselhaus SO strengths at zero magnetic
field. (a) AR /hwy = 0.25 and AD /hay = 0, (b) AR /hwy = 0.5 and

AP /hay —0.125. ’

With the increase of the characteristic Rashba SO energy
(AR /hay), the parabolicity of the energy band is destroyed
and coupling between neighbouring subbands rises. In the
neighbourhood of k, = 0, a “camel-back” shape arises from
the effect of SO coupling for spin branches of lower energy
levels, as seen in Fig. 2(b). For a stronger A;f, /hay, described
by the larger off-diagonal elements of the Hamiltonian matrix,
significant coupling between neighbouring subbands leads to
pronounced anticrossing (nonmonotonic portion) especially at
higher levels. We should note that there is an energy shift in
the subbands, which is proportional to the magnitude of SO
coupling energy.

Interplay of both SO interaction (a # 0 and 3 # 0)
We calculate the energy levels of the quantum wire for Rashba
and Dresselhaus SO couplings to determine how the simulta-
neous contribution of both of the SO interaction terms affect
the energy dispersion.

The E—ky curves for strong Rashba and Dresselhaus SO
coupling regimes is given in Fig. 2(b). With inclusion of the
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Dresselhaus term, the spin degeneracy is removed except the
ky = 0 point, as in the case for individual SO contribution
(Fig. 2(a)); this term results in a downward energy shift at
degeneracy point k, = 0. In addition to this, for strong SO
regimes, deviation from parabolicity of the subbands and an-
ticrossing in higher subbands is visible. For weak Rashba and
Dresselhaus SO interaction, the coupling between neighbour-
ing subbands is not seen as clearly.

A comparison of Figs. 2(a) and 2(b) reveals that more
pronounced anticrossings occur between subbands of different
levels in the vicinity of k, = 0 when both of the SO interaction
terms coexist; we can say that the amount of downward shift-
ing of energy increases with increasing the total characteristic
SO coupling energy (AL /ray).!

3.1.2. With magpnetic field (B #0)

To elucidate the interplay of the SO interaction with the
magnetic field, at this point, we consider quantum wire sub-
jected to a perpendicular magnetic field. As can be seen in the
following figures, applying a magnetic field results in a sub-
band separation and the degeneracy at k, = 0 is removed.

In the absence of SO interaction (o« = 8 = 0) The dash-
dotted curves in Fig. 3 show the energy level spectrum of elec-
trons in a quantum wire without SO interactions for ky, = 0 as
a function of @./@y. When only the contribution of the mag-
netic field is considered, one can argue that the magnetic field
lifts the degeneracy in each energy band by the Zeeman effect.

An increased magnetic field enhances the confinement
potential, which results in it vertically upward shifting in the
bottom of flattened energy subbands and increment in energy
spacing between the upper and lower level of each subband
(Refs. [5] and [29]).

(b)

AEn/ﬁw(. =0
0 AR /hwo =0 0 AR /hwy =0.125
0 1 2 3 0 1 2 3
we/wo we/wo

Fig. 3. (color online) Energy spectrum at k, = 0 as a function of
o/ ay for individual mechanism of SO interaction. The dash-dotted
lines indicate the energy dispersion in the absence of both SO cou-
pling terms (AR /hiax = AR /hwy = 0). (a) Only the Rashba SO cou-
pling term is taken into account: AR /fiwy = 0.25 and AR /hwy = 0.
(b) Only the Dresselhaus SO coupling term exists: As, /hiay = 0 and
AR /hay = 0.125.

In the presence of SO interaction (¢ # 0 and/or f3 # 0)
Next, we consider the case when both the SO interaction and

the magnetic field are present. In order to illustrate to what
extent the magnetic field modifies the energy dispersion, in
Fig. 3(a), we present the energy subband dispersion of the
quasi-1D quantum wire with a strong Rashba SO interaction
as a function of w./ay.

From Figs. 3(a) and 3(b), we obviously see varying sepa-
ration between each energy subband branches due to the effect
of the magnetic field as the index of the energy level increases.
This separation also depends on the interplay between the SO
coupling term and the externally applied magnetic field.

In order to illustrate the competing effect between Rashba
and Dresselhaus SO interaction, we plot Fig. 4. Figures 4(a)
and 4(d) represent the corresponding level spectrum with dif-
ferent and the same SO coupling strengths, respectively. For
different coupling strengths, anticrossings between different
subbands stand out, whereas for the same SO interaction
strengths, crossings take place. In Figs. 4(b) and 4(e), the vari-
ation of the energy with respect to @, /ay at k, = 0 is given. In
both figures, the different (same) amount of the contribution of
SO interaction gives rise to a remarkable (unremarkable) sepa-
ration of spin-up and spin-down branches of the energy states.
When the magnetic field increases, the subband separation be-
comes larger owing to an increasing i@, for small-indexes of
energy levels. We also calculate the energy bands for different
and the same Rashba and Dresselhaus SO coupling strengths
in the presence of a strong magnetic field (Figs. 4(c) and 4(f)).
The degeneracy at the point k, = O that has been removed
with the effect of the magnetic field is more evidently seen
in a strong B-field regime. Higher magnetic field values cause
the negligible anticrossing between the subbands and extin-
guish the “camel-back” shape of the lower energy subbands.
For a fixed magnetic field, the magnitude of spin splitting be-
tween energy subbands of different states undergoes change.
depending on the interplay of SO coupling and external mag-
netic field. Based on this observation and looking at the fea-
ture of Fig. 4(f), we can say that Rashba and Dresselhaus SO
coupling terms can cancel each other by leading to a rather
complex behavior in the energy dispersion in contrast with the
different SO coupling strength cases.

With the assumption of a negligible intersubband cross-
ing, the critical magnetic field for which the camelback shape
ceases to exist can be described as B, = 2m*nsor/(|g] uph?)
where nsop represent « or B.120211 This fact reveals an im-
portant feature in energy dispersions: for cases with different
SO interaction contributions, the camelback shape is preserved
when the total effective magnetic field corresponding to SO in-
teractions is greater than the applied magnetic field.

We obtain that the energy state spin-splitting strongly de-
pends on the strengths of the Rashba and Dresselhaus SO cou-
pling and also applied magnetic field.
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Fig. 4. (color online) (a) Energy subband dispersion at B = 0 with Rashba (AS% /hay = 0.5) and Dresselhaus (Ag /hay = 0.25) SO
coupling effect. The dash-dotted curves indicate the case for the absence of SO interaction. (b) Energy spectrum of the same quantum
wire at k, = 0 as a function of @ /@y. (c) Energy dispersion of the wire at a finite magnetic field (. /@y = 2). (d)—(f) The same energy
subband dispersion as in panels (a)—(c) with equal strength of Rashba and Dresselhaus SO interaction AR /iy = AR /hax = 0.25.

3.2. Wave functions

We plot the spinor components of the wave functions sep-
arately for the dimensionless wave vector values kyly for the
first lowest spin-split subband in the presence and also absence
of SO interactions.

Figure 5 shows the wave function of an electron in a fi-
nite magnetic field (@, /oy = 2) without SO interaction. Skew
direction of wave functions is determined by the Lorentz force
associated with the magnetic field. Depending on whether the
electrons are forward or backward traveling, this force deflects

0.5 : : : : :
(a) — =-real
— ‘imag
O R
\é Also/hwozo \ /
~
3_0.5_A5DO/EW0:0 \ /
we/wo =2 \
Kylo=—2 N
[ R E— 0 2 4 6
m/lo
1.0 =
(c) AR /hwy=0 \ — -real
AR, /hwy =10 ! \ — 'imag
—~ 0.5 _ /
& we/wo =2 \
S b—————— e —
I R R— 0 2 4
l‘/lo

electrons toward either the left or the right edge of the quantum
wire. 1281

By considering the x dependency of the real and imag-
inary parts of the spinor wave function, figure 5 emphasizes
that [@y(ky, x) @, (ky, x)]T can be separated in a spatial part
and a space independent spinor part.

In Figs. 6-8, the real and imaginary parts of the spinor
wave function are plotted separately [ (ky,x) @, (ky,x)]T for
an electron in the lowest spin-split band under a strong mag-
netic field.

0.5 . . . . .
(b) — =-real
- — imag
5 \ AR /Ry =0
SN \ / D _
—0.5 ASO/EWO—O 1
v/ we/wo =2
\/ Eylo=2
R Y E— 0 2 4 6
x/lo
1.0
AR Jhwg=0 /' \ — =-real
0 AD Jhwg=0 |\ - — imag
E 5 we/wo =2 / \
S op——— —T o — L ———
(d)
I R E— 0 2 4 6
z/lo

Fig. 5. (color online) Real and imaginary parts of the spinor wave function as a function of x/ly in the first subband for the case of a
strong magnetic field (@ /@p = 2.0) and the absence of SO interaction at kylg = —2 [panels (a) and (c)] and kyly = 2 [panels (b) and
(d)]. The subscript L(U) indicates the lower(upper) spin-split level of the first subband.
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O_____/ _____ \______
-6 -4 -2 0 2 4 6
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0.6 — =real AE@/ﬁWU:()ﬁ
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= Y- =
* 0.2} vy
L (a) Vo
0.6 =
26 -4 —2 0 2 4 6
a)/lo

Fig. 6. (color online) Real and imaginary parts of the spinor wave function as a function of x/ly in the first subband when the quantum
wire is under the effect of Rashba SO interaction (A§, /hay = 0.5) and external magnetic field (. /@y = 2). (a) @y (x) with kylp = —2,
(b) @1 (x) with kylo =2, (c) @ (x) with kylp = =2, (d) @, (x) with kyly = 2.

o (a)
N /
\
® AR /hwo =0 v !
§ ~04f AR /hw=0.025 | !
b we/wo=2 / — -real
kylo=—2 — imag
08¢ —1 —2 o 2 1 6
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- ()
o—— " = - ——
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s —04F AD /hw,=0.025 L/
b we/wo=2 ; I\ — =real
kylo=—2 \ — . imag
08— —1 -3 0 2 2 6
l'/l[]

(b)
Of——— ==~~~ T = — ]
\ _/
E \ / A&/thZO
5 —-0.4 \ / AR /hwy=0.025
| — -real . we/wo =2
- — imag kylo=2
70'§6 —4 -2 0 2 4 6
I/lo
(d)
OfF 7=~ = =/ = ]
\ /
3 \ | AR/hwy=0
= 0.4 V') AD/hwy=0.025 ]
| — -real \ we/wo =2
C—cimag O kyly=2
08—y —5 0 2 4 6
.’,E/lo

Fig. 7. (color online) Spinor wave function components as a function of x/ly for the lowest spin-split level in the presence of weak
Dresselhaus SO interaction (AD /iy = 0.025) and strong magnetic field (@./@p = 2). (a) @ (x) with kyly = =2, (b) @p(x) with

kylo =2, () @, (x) with kylo = —2, (d) @y (x) with kylp = 2.

In the presence of Rashba and/or Dresselhaus SO cou-
pling of any strength, a completely different emerging situa-
tion imposes the fact that the x dependent spinor wave func-
tion cannot be written as the product of the space dependent
and eigenspinor part. This observation is in accordance with

previous works in the literature, [21-24.2328.37]

3.3. Spin orientation

The spin components of the eigenspinor ¢, (k,,x) in the

n-th subband is given by

s;!(kyux) = [(P;,T(kyvx) q’;,i(kyax)] Oj

(@t (ky,x) @y (Ry )], 9)

where j = (x,,z) and (@, +(ky,x) @ (ky,x)]T is the spinor
wave function in the n-th spin-split level; therefore, we can de-
fine “spin density” components S (ky,x) for a given ky in the

n-th level as[20:21]

s (ky,x)
/530y ) + 3k ) + 2 (ky )

The spin density components depend on wave vector k,, the

S (ky,x) = (10)

level index n(f,]) and also the confinement direction x. Con-
sequently, for an electron belonging to a particular energy
level with a certain wave vector ky spin orientations will vary
This
SO interaction-induced spatial modulation of the spin density

across the wire width is known as “spin texturing”.[20-7]

with location along the width of the quantum wire.
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Fig. 8. (color online) The components of the spinor wave function when both SO interaction (AS% Jhay =2 ASD /hop = 0.5) and

0

external magnetic field (@ /@y = 2) are present. (a) @y (x) with kylo = —2, (b) @1 (x) with kylo =2, () @, (x) with kylg = =2, (d) ¢, (x)

with kylo = 2.

In order to calculate the real-space spin density (S;(x)),
we need to merge the spin density contribution from all occu-
pied states

K,
I8 (ky,x) d,
N = ’
i)=Y, F s j=(y2), (D
n=1 Fn Fn

where N is the number of occupied spin-split levels whose bot-
toms are below the Fermi energy. In Eq. (11), intersection
points between the Fermi energy and the E — k, curve on the
right (left) denote kF+n (kg,,) wave vectors of the n-th level. For
the sake of simplicity, we assumed the low temperature limit,
which means that only the states below the Fermi level are
fully occupied.

The above definition (Eq. (11)) for real-space spin density
can be used when the Fermi level intersects the subband only
at two points, each of them locating at the opposite sides of the
ky axis. However, in a special case when the E —k, curve has a
camelback shape, the Fermi level can intersect the same band
at four different points. Thereby, Eq. (11) needs to be adjusted

as follows:
kgp kF2
S (ky,x) dk, J Sjky,x) dky
kl
$j(x) = —2 + (12)

kg2 — kg1 2 — Ky
Here, kg, ke (ki;l, k{;z) are the wave vectors of intersection
points between the Fermi level and the E—k, curve on the left
(right) of the energy axis.

In the following part, we present a detailed study of the
spin texturing in a parabolically confined quantum wire with
Rashba and/or Dresselhaus SO interaction and external mag-

netic field. We express our results in terms of pjply, which is

the dimensionless form of the one-dimensional electron den-
sity (p1p) across the wire and corresponding to densities in the
range of 5 x 1092 x 103 m~1.138

3.3.1. Without SO interaction (&= =0)

Initially, we investigated the case when only the exis-
tence of an external magnetic field causes vertical splitting
of each subband. When only the lowest Zeeman-split band
is occupied, one can foresee that £ and § components (Sy(x)
and Sy (x)) of spin density will vanish even though Z compo-
nent (S;(x)) will take a nonzero positive value due to the g-
factor, in case of a strong magnetic field (@./wp = 3.0). The
x-independence of the magnetic field leads to no spatial mod-
ulation of the spin density (Ref. [21]). We should state that if
the system is under the effect of a moderate external magnetic
field, such as (@./@y = 0.3, 0.6), all components of S(x) are
zero since the g-factor is small.

When we consider the case where the Fermi level is above
the bottom of the upper spin-split level of the first subband,
the magnitude of the S;(x) will be almost zero according to
Eq. (11). In other words, spins of the upper Zeeman branch
are in the opposite direction with the lower Zeeman branch
and therefore almost cancel each other out.

3.3.2. Without external magnetic field (B =0)

Next, we want to illustrate to what extent the Rashba
and Dresselhaus SO interaction effect modify the spin orien-
tation. For this purpose, we calculate the spin textures for
weak and strong SO interaction regimes. In this case, the
spin-degenerate band is split into two horizantally displaced
branches under the influence of SO coupling terms and the

system has a degeneracy point at k, = 0 (see Fig. 2).
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In connection with the Rashba and Dresselhaus SO cou-
pling effects, there exist effective Rashba (BRr) and Dressel-
haus (Bp) pseudomagnetic fields, respectively, which give the
contribution to the net magnetic field. The direction of the
Rashba magnetic field is perpendicular to the y directed elec-
tron velocity and electric field associated with the Rashba ef-
fect that is in the Z direction.[?037-3%40] The effective Dressel-
haus magnetic field is k, dependent and oriented along the wire
axis (). [21:41:42]

When only the lowest spin-split band is occupied (small
electron density limit) and weak SO interaction regime is con-
sidered, we see that there is not any spatial modulation be-
cause of the weak coupling effects between the spin-split sub-
bands. For weak Rashba (Dresselhaus) SO interaction, there
is no magnetic field along § or Z (£ or 2), so S(x) components
along these directions are zero. On the other hand, nonmag-
netic feature of the material also results in zero Sy (x) (Sy(x)).
Similar behavior is obtained when both SO interaction terms
are taken into account that can be explained by the afore men-

tioned reasons.

3.3.3. In the presence of both SO interaction (& #0,
B #0) and external magnetic field (B #0)

In this case, the system is under the influence of £ and y
directed effective magnetic fields caused by Rashba and Dres-
selhaus SO interaction terms, in addition to the applied exter-
nal magnetic field. As a consequence of that, components of
S(x) have nonzero values along all three different (£, $,2) di-
rections. The spin orientation will vary based on the relative
values of characteristic Rashba and Dresselhaus SO energies,
and also external magnetic field. Pseudomagnetic fields due to

SO interactions are k, dependent.!20-21:41:42]

Low electron densities This density limit means that
only the lowest spin-split subband of the first energy level lies
below the Fermi energy. For different magnetic field values,
we get real-space spin textures in the presence of weak Rashba
and Dresselhaus SO coupling strengths, as shown in Fig. 9.

The £ and $ components of S(x) are zero at the center of
the wire since they experience no Br and Bp, and they take
different signs at opposite edges of the wire. The Z compo-
nent has minimum values near the two edges and reaches a
maximum value at the center of the wire, in that the net mag-
netic field is Z directed. The magnitude of all spin components

increases with an increasing external magnetic field.

0.6
- Szr
0.4f Sy
D
Z 0.2t ~.
B ~.
=] ~.
[} ~.
< OFc v ST T e
=] ~. -
£ -
N =021 AR /hwe=0.025 IR
AL /hwy = 0.0125 =
—0.4F we/wp=0.5
piplo = 0.16693 (a)
i B T
fIJ/l()
1.2
0.8
Z 04
12}
g
° 0
g
o} B
@ =041 AR /hw, = 0.025 N,
AL /liwy = 0.0125 Sl ) 1
=087 we/wo=3 ~._ ]
piplo = 0.16693 E
123 -1 0 1 2

J’/lg

Fig. 9. (color online) Spatial variation of spin density components in
the presence of weak Rashba and Dresselhaus SO coupling strengths
(AR /hay = 0.025, AR /haxy = 0.0125) at different magnetic fields, (a)

0

./ = 0.5, (b) w./wy = 3. We consider the case when only the low-
est spin-split band is occupied.

In the strong Rashba and Dresselhaus SO coupling
regime, at first, we consider that the external magnetic field
effect has a moderate strength (@./@wy = 0.5). As one can see
in Fig. 10(a), £ and $ components of S(x) are zero at the cen-
ter of the wire and both of them have opposite signs at the two
edges. The Z component of spin has minimum values near the
edges and reaches a maximum value in the region close to the
wire-center. On the other hand, with stronger SO interaction
strengths, the spin distribution behaves more oscillatory that
causes shortening in the “wavelength” of the standing wave of
spin components, as can be seen from Figs. 9(b) and 10(b).

A qualitative explanation of the features in Fig. 10 could
be as follows: pseudomagnetic Rashba field is proportional to
translational velocity of electrons whereas Dresselhaus field
is ky dependent. Therefore, centrally localized electrons will
experience neither a Rashba nor a Dresselhaus effective mag-
netic field. The only field exerted on the electrons at the cen-
ter is the external one that leads to only one nonzero valued
spin component (S;(x)). In spite of that, different situations
come out at the edges of the wire where anymore Bg(x) and
Bp(x) are different than zero. Electrons located near the dif-
ferent edge points have oppositely directed translational veloc-
ities. Furthermore, S, (x) and Sy(x) spin components will line
up parallel to Br(x) and Bp(x) to produce maximums with
opposite signs at opposite edges of the wire.
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Fig. 10. (color online) Spin texture for the strong Rashba and Dressel-
haus SO couplings (AR /hay = 0.5, AR /hay = 0.25). Magnetic field
is varied from weak to strong limit, (a) @./wy = 0.5, (b) ©./wy = 3,
respectively. The lowest spin-split band at i;y = 2 meV is occupied in
all cases.

If we consider the system when it is under the effect of a
strong magnetic field (/@ = 3.0), we can get the spin tex-
tures as shown in Fig. 10(b); S.(x) has similar features with
the moderate B case, whereas the S, (x) component undergoes
a sign reversal. This behavior can be attributed to the flattening
of the camelback shape in the energy spectrum with external
field increasing.

Another important observation is that in the presence of
both SO coupling terms, the S; component of the spin orienta-
tion shows positional variation with respect to x, regardless of
the SO coupling strengths. Meanwhile, stronger SO interac-
tion limits cause more pronounced modulation, both in spatial
behavior and sign reversal of all spin components.

High electron densities In this case, we analyze the treat-
ment of the spin components when both of the lower and the
upper spin-split branches of the lowest subband are occupied.

In Fig. 11, we show the spin distribution for a strong
SO interaction for different magnetic fields (. /wp = 0.5 and
./ wy = 3). At the center of the wire, electrons are oriented
along the external magnetic field because of the fact that the
net field comprises only of the applied magnetic field. There-
fore, the 2 component of S(x) takes a higher value at the wire
center. Besides S¢(x) and Sy(x) have zero value at the wire
center and take opposite signs at different edge points since
the values of Br and Bp effective magnetic fields will in-
crease for the electrons that are far away from the center of

the wire. The magnitude of all spin components takes greater
values when the applied magnetic field increases. The com-
mon feature in Fig. 11 reveals the fact that competing effects
between different magnetic fields lead to more complicated
oscillating behavior in spin distribution. Comparison between
different density cases shows that for the high density limit,
rapid spatial variation of all spin components is more evident

than the low density case.
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Fig. 11. (color online) Spin texture for the case when both spin-split
branches of the lowest subband are occupied. Strong Rashba and Dres-
selhaus SO couplings case (AR /hay = 0.5, AR /haxny = 0.25) is con-
sidered for two different values of magnetic field: (a) o./@wy = 0.5, (b)
. /ao = 3.

4. Conclusion

We have investigated the effect of a perpendicular mag-
netic field on the subband structure and spin texturing of
a parabolically confined quantum wire, taking into account
Rashba and Dresselhaus SO couplings. We find that the in-
terplay between the magnetic field and SO couplings affects
strongly the energy dispersion of the wire. Our numerical cal-
culations show that the spatial distribution of the spin com-
ponents can be modulated by the SO coupling, the external
magnetic field and the carrier concentration of the system. We
expect that these observations can assist in understanding the
transport and optical properties of quasi-1D quantum struc-

tures.
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