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Spin texturing in quantum wires with Rashba and Dresselhaus
spin—orbit interactions and in-plane magnetic field
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In this work, we investigate the effects of interplay of spin—orbit interaction and in-plane magnetic fields on the
electronic structure and spin texturing of parabolically confined quantum wire. Numerical results reveal that the competing
effects between Rashba and Dresselhaus spin—orbit interactions and the external magnetic field lead to a complicated energy
spectrum. We find that the spin texturing owing to the coupling between subbands can be modified by the strength of spin—
orbit couplings as well as the magnitude and the orientation angle of the external magnetic field.

Keywords: spin—orbit coupling, quantum wire, spin texture

PACS: 71.70.Ej, 75.70.Tj, 73.21.Hb, 85.75.-d

1. Introduction

Revolution and technological advance in semiconductor
physics make it possible to fabricate high-precision nanostruc-
tured electronic devices. Exploring the physics of these low-
dimensional devices based on quantum wells, quantum wires,
and quantum dots, has prompted intense activity in the study of
semiconductor heterostructures.!!=5! Nevertheless, spintronics
is a new emerging field where the spin degree of freedom
of electrons is used as a unit of information rather than its
charge. This rapidly developing field aims to carry out con-
trollable manipulations of electron spins with electric fields. !
To comprehend the interaction between the particle’s spin and
its solid-state environment will open the possibility to design
spintronic devices with higher speed and lower power con-
sumption than of those currently existing.

Spin—orbit (SO) interaction in semiconductor heterostruc-
tures is an important tool for controlling the electron’s spin.’]
Inversion asymmetry properties of low-dimensional systems
lead to two basic mechanisms in SO interactions.®° The lack
of an inversion center in the crystal lattice in bulk semicon-
ductors gives rise to the Dresselhaus SO!'% coupling whereas
the asymmetric confining potential in the growth direction in-
duces Rashba SO coupling.!'!! Characteristic beating pattern
in the magnetoresistance of a two-dimensional electron gas
provides information on the SO coupling parameters.[!?l Al-
though the strengths of SO terms are difficult to measure in-
dependently, a full understanding of interplay between them
is crucial for realizing spin-dependent phenomena in low-
dimensional structures. 3]

External controllability of the transverse length of quan-

tum wires (QWSs) raises them to being appropriate structures
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for the development of spin-based devices.[®! In recent years,
extensive studies have been carried out to investigate the elec-
tronic, spin, transport, and conductance properties of quasi-
one-dimensional (1D) systems. A considerable amount of
survey research has been performed on exhibiting the ef-
fects of SO interactions in the absence/presence of external
fields.['418] Many theoretical and experimental works have
searched electronic and transport properties of QWs taking
into account Rashba SO interaction!!®->! and Dresselhaus
SO interaction!®!626-311 under the influence of perpendicu-
lar magnetic fields. Despite that, lesser effort has been ex-
pended in exploring the effects of in-plane magnetic fields in
QWs. Serra and coworkers!”! searched the spectral and trans-
port properties of ballistic quasi-1D system under an in-plane
magnetic field and Rashba SO interaction. Malet et al.®! stud-
ied the effect of exchange correlation energy on the ground
state structure of QW submitted on an in-plane magnetic field
taking into account Rashba and Dresselhaus SO interactions.
Tang et al.*?! investigated quantum transport in a narrow con-
striction fabricated by narrow-band-gap semi-conductor mate-
rials with SO couplings and in-plane magnetic field. More-
over, the optical properties of parabolically confined QW have
been investigated under the influence of Rashba SO interac-
tion and magnetic electric field by Khordad!*3! and Lahon and
coworkers. 34!

Although there are works related to the effects of Rashba
and Dresselhaus SO interactions on the electronic structure
and transport properties in quantum confined systems, to the
best of our knowledge, spin textures in the local magnetization
for parabolically confined QWs subjected to an in-plane mag-
netic field have not been studied. It is noteworthy to bring out
the dependence of the spin texturing on the strength and orien-
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tation of magnetic field and the magnitude of spin—orbit cou-
pling, especially the Dreselhaus SO contribution. Even though
many works reported the influence of the SO and magnetic
field on the electronic structure, less attention has been paid to
the spin texturing. Searching out the electrosubbands and spin
density modulations could assist in understanding of transport
and optical properties of quasi-1D quantum structures. In line
with this purpose, in the present study, the investigation of
competition effects between the SO interactions and in-plane
magnetic field on energy subbands, spin expectation values,
and spin textures of a parabolic QW has been carried out.

The organization of the rest of this paper is as follows.
In Section 2, we briefly describe the system and present the
methodology used throughout our study. In Section 3, we give
the numerical results and discussion. A short concluding sec-
tion (Section 4) summarizes our findings.

2. Model and method

We consider a quasi-1D quantum wire with a parabolic
confinement in y-direction given as V (y) = m* w3y? /2 and cor-
respondingly the wire orientation along x-direction as shown
in Fig. 1. In-plane magnetic field applied with an arbitrary
orientation is chosen as B = B(cos6 e, +sinb e,) where 0
represents an azimuthal angle.

Fig. 1. (color online) The model of the quantum wire structure and the
orientation of magnetic field.

Translational invariance along the x-direction allows us
to write the wave function as a product of plane waves and
y-dependent spinor part as follows:

_ eikxx (Pnkx(va))
W (1) = VL (<Pnkx(y,¢) ’ M

with @, being the spinor function, we introduce a continu-

ous wave number k,, which is a good quantum number, and
index of integer numbers n = 1,2,3, ..., labeling different en-
ergy subbands. By following a similar strategy to the one in
Ref. [6], we use the finite-T frame formalism as a numerical
trick, but results of actual calculations are for T = 0 case. Ac-

cordingly, the electron density can be written as

1
p0) =L 5 [ dhli9u, 01 +gut, 0 )1 (6t ). @)
where fg(€x,) is the Fermi function. Then, the one-
dimensional electron density along the QW is pjp = [ dyp ().
The o,(a = x,y,z) being the corresponding Pauli matrix, we
can calculate spin magnetization components

ma) =¥ as [ kuls(ri )l fp(Enott): 3

The single-particle Hamiltonian of the quasi-1D wire sys-

tem is given by
H=Ho+Hz+Hr+HpD. “@

The first term H, consists of the kinetic and confinement po-
tential whereas the second term describes the Zeeman effect
contribution arising from an in-plane magnetic field that are
given explicitly

2, .2
pytpy 1,
Ho= "5 4 om wyy?, Q)
Hz = g" ugB(cos 00y +sin 0 oy) /2. (6)

In the above expressions, py and p,, are the actual components
of linear momentum, m* is the effective mass, @y is oscillator
frequency, g* and up are the effective Lande-g factor and Bohr
magneton, respectively, o, and oy represent the Pauli spin ma-
trix components.

The last two terms in Eq. (4) are spin—orbit contributions
where Rashba Hamiltonian (Hg) is given as

(04
Hg = ;R(pycx — px0)), )

and Dresselhaus Hamiltonian (Hp) is

Hp = 2 (p.0~ 1,0, ®)
Here, or and ap stand for Rashba and Dresselhaus SO cou-
pling parameters, respectively.[®7] In 2D systems, Dresselhaus
SO coupling term has two components, one is linear in the
electron momentum and the other is cubic.3>! The cubic Dres-
selhaus term is generally ignored because its contribution is
smaller than the linear one as stated in Refs. [31] and [36]. In
our study, we ignore the cubic Dresselhaus spin—orbit contri-
bution.

By introducing a complex SO coupling parameter y =
ap + iR, taking into account the translational invariance
along the x-direction and defining Zeeman energy & =
(1/2)g*upB, we obtain the eigenvalue equation in the form
as follows:
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where &, are single-electron energies.
The numerical solution of Eq. (9) has been carried
out with the finite element method based on Galerkian

procedure. [37-38

3. Results

In this study, we have investigated the electronic band
structure and spin texturing of QW formed by a parabolic
confining potential on the GaAs heterostructure with corre-
sponding bulk parameters: g* = —0.44, m* = 0.067my, and
dielectric constant & = 12.4. The harmonic oscillator length
lp = \/Fm is used as a length scale and the energies are
scaled in 7y units. We set iy to 2 meV which is a typical
energy value for GaAs system.[*! Throughout this work, we

use piplp = 0.78 as dimensionless electron density that cor-
responds to a linear density of 3.27 x 10° cm~!. Considering
the corresponding length associated with the Rashba (Dres-
selhaus) SO coupling strength (I8 = n2/ 2m* og () ), ! we
can distinguish SO interactions into two regimes: weak regime
when /g < [, and strong regime when [y > [y,. In the present

work characterization of the SO regime is realized by the ra-
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tio of the strength of SO interaction to the confinement po-
= m" oy ) /2 . For GaAs/AlGaAs
structure SO couphng constants are experimentally of the or-

tential energy, Ag(p

der of 107! eV.m.1340411 By virtue of this fact, parameters
AR(p) 2 0.1 define the strong SO and Agp) < 0.1 account for
the weak SO regime. [?°!

Initially, in order to identify how the interplay between
Rashba and Dresselhaus SO coupling affects the energy sub-
band structure of quantum wire, in Figs. 2(a)-2(c) we give
E—k graphs for different strengths of SO contributions in the
absence of magnetic field. It is well known that, in the absence
of a magnetic field and SO interaction, spin-up and spin-down
states within each subband are degenerate for all values of
kylp. Taking into account Rashba SO interaction leads to spin-
splitting except the point k,lyp = 0 while manifesting itself as
two laterally displaced parabolas. With the further increment
in Rashba SO interaction, the degeneracy is preserved only for
eigenstates with k, = 0 and coupling between spin-split lev-

20.24.25.27.421 Switching on the Dresselhaus term

els appears.’
in the Hamiltonian brings out more pronounced anticrossings,
especially at higher levels, even for weak strengths of Dres-

selhaus SO coupling. In the Fig. 2(a), the energy subband for

3t
2 of
~
w
1t
AR702
AD_Ol
or B=0 (b)
4 ) 0 2 4

krl(l
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Fig. 2. (color online) Subband energy spectra as a function of linear momentum k,/y. Here, (a) AR = 0.2 and Ap = 0.01, and (b) Ag = 0.2
and Ap = 0.1, (¢c) Ar = Ap = 0.1 for zero external magnetic field. (d) In the presence of external magnetic field of 3 T applied parallel to the
wire-axis for AR = 0.1 and Ap = 0.1. The thin horizontal line indicates the chemical potential for the linear density pjplop = 0.78.
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the case of strong Rashba SO interaction (Agr = 0.2) and weak
Dresselhaus SO interaction (Ap = 0.01) is presented. Nearly
parabolic structure and subband coupling in higher levels leap
out. Simultaneous contribution of both SO interaction terms
in strong regime (Ar = 0.2 and Ap = 0.1) results in stronger
deviation from parabolicity of the subbands and downward
shifting of energy. As seen in Fig. 2(b) more complex sub-
band structure and more pronounced anticrossings comprise
between subbands of different levels in the vicinity of k, = 0 in
comparison with the previous case (Fig. 2(a)). Unique feature
comes up in a particular situation for equal strengths of Rashba
and Dresselhaus SO interactions in zero magnetic field case.
Parabolic energy dispersions with no avoided crossings*3! can
be seen in Fig. 2(c). To elucidate the interplay between SO in-
teraction and magnetic field, in Fig. 2(d) we show the energy
subband structure for characteristic SO energies AR = Ap =
0.1 at magnetic field of 3 T orientated along the wire axis.
The zero-field crossing point becomes an anticrossing, called

(151 and the first subband presents double min-

a spin—orbit gap,
imum structure that plays an important role in the explanation
of anomalous steps in the conductance.

Next, we want to illustrate dependence of the spin—orbit
gap on the strength of Dresselhaus SO interaction. In Fig. 3(a)
we present the lowest and first-excited spin-split subband of a
quantum wire subjected to magnetic field of 5 T oriented along
the wire confinement for a fixed strength of Rashba SO inter-
action (Ar = 0.05). In the case of a weak regime where both
SO couplings are small, asymmetric double minimum struc-
ture in the odd spin-split subbands is visible. Increment in Ap
results in a downward energy shift at degeneracy point &k, = 0.
Moreover, for the even energy levels a local extremum in the
vicinity of k, = 0 comes up. Note that due to the combined
effect of increasing Dresselhaus SO interaction and in-plane
magnetic field the k-splitting increases nearly linearly with Ap.

Dependence of the energy subbands on the orientation of
the magnetic field is considered in Fig. 3(b). We assume that
the wire is under the influence of external magnetic field of
5 T applied along different directions. SO coupling parame-
ters are chosen as AR = 0.2 and Ap = 0.1 and solid, dashed,
and dotted lines in the figure correspond to 6 = 0,7/4,7/2,
respectively. Combined effect of SO interaction and magnetic
field removes degeneracies at all k, independently of the di-
rection of magnetic field.[*?2%! In Ref. [1] where only Rashba
SO coupling is taken into account, it has been reported that
a gap between two spin-split bands appears at k, = 0 only in
the case of 6 =0 or 6 = m/4. In the present study we ob-
serve the subband gap for all orientations of magnetic field.
Magnetic field induces k-asymmetries in the subband energy
spectra. When the field is chosen along the wire axis (60 = 0)
the minimum energy point is observed at negative k, values,

whereas for & = 7/2 this minimum shifts to positive k,. We
note that when the field is oriented with an angle 6 = /4, a
symmetric double minimum energy structure is observed.

Agr =0.05

1 /
o /
3 /
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3
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Fig. 3. (color online) Dispersion relations of the lowest subbands. (a)
Variation of the energies for weak Rashba SO coupling Agr = 0.05 and
magnetic field B =5 T described with an angle 6 = /2. Solid line
presents Ap = 0.01, dashed line corresponds to Ap = 0.1, and the dotted
line stands for Ap = 0.3. (b) Dependence of the first spin-split subband
on the orientation of external magnetic field for strong SO regime char-
acterized by Ag = 0.2 and Ap = 0.1. Solid line corresponds to 6 = 0,
the dashed line presents 6 = /4, and the dotted line is 6 = /2.

When SO coupling is ignored, the states are exact eigen-
spinors even in the presence of in-plane magnetic field.!!! But
whenever the typical SO interaction energy scale becomes
comparable to the subband splitting, emergence of a sizable
spin z-component due to anticrossings between neighboring
subbands precludes a definition of common spin-quantization
axis.!?*! This situation results in occurrence of spin textures
across the wire with the spin direction depending on k, and
the wire transversal coordinate y. In the following part of the
study, we illustrate the effects of SO interaction and magnetic
field on the modification of the spin orientation. In this re-
spect, we calculated spin expectation values (o;) = 'f{fkc,,%k,

where n = x,y,z.l"}
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In Fig. 4, we plot spin projections of eigenstates for the
lowest spin-split subbands. For a fixed value of Rashba SO
coupling (Ar = 0.05) k.lyp-dependence of (o) and (o)) is in-
vestigated considering different strengths of Dresselhaus SO
coupling. Preferred direction of magnetic field of 5 T is cho-
sen along the wire axis. The local z-magnetization in real
space (0;(y)) is antisymmetric in y and therefore integrated
(o) is equal to zero. In the presence of pure Rashba SO
coupling (blue-dashed line) at kylp = O the value of (oy) is
equal to a constant as seen in Fig. 4(a). Despite that, for
larger values of k, asymptotic eigenstates of oy are clearly
seen in Fig. 4(b). With addition of Dresselhaus term, signif-
icant change in the behavior of (o) is observed, even for a
weak interaction regime. On the other hand, the general at-
titude of (o,) does not change remarkably. We also observe
that stronger Dresselhaus SO contribution acts in an opposite
manner on (Oy) and (0oy).

—~ — — -
£ 0
(a)
-5 0 2
krnl()
1 —
AR =0.05 -
B=5T Il
0=
o
_ 7 (b)
1y 0 2
k«nlO

Fig. 4. (color online) Spin projections of eigenstates in the lowest spin-
split subbands. (a) Variation of (oy) for different strengths of Dressel-
haus SO coupling where red, green, and magenta lines corresponds to
Ap = 0.01,0.1,0.3, respectively. (b) The same as (a) but for (y). In both
figures the blue-dashed line presents the case of pure Rashba SO interaction.

We have investigated the local spin components for the
lowest subband for the strong SO coupling regime charac-
terized by AR = 0.2 and Ap = 0.1 in the presence of mag-
netic field B = 1 T chosen along the wire orientation. In

Figs. 5(a)-5(c), the local spin components at three differ-
ent propagation momenta are presented. The vector plot
shows the in-plane spin whereas the solid line corresponds
to the z-component. As seen in Figs. 5(a) and 5(c), the lo-
cal spin components present opposite spin accumulations at
kxlp = —0.76 and klp = 0.76. At the point k.lyp = 0, the
spin components have the maximum amplitude and almost
all local spins are aligned along the direction of transport. In
the presence of pure Rashba SO, the local z-component is
equal to zero for k,Jo = 0,!”! but with an inclusion of Dres-
selhaus SO coupling, this component becomes different from
zero. This can be interpreted as Dresselhaus SO interaction
causes a rise in the spin component. We should note that
considering weak Rashba SO coupling (Ag = 0.02) when the
other parameters are kept the same, the magnitude of spin
components decreases. In Fig. 5(d), we plot the spin ex-
pectation values in the lowest subband where blue and red
lines denote o, and oy, respectively. The dotted line repre-
sents the case with no SO interaction, the dashed line shows
the pure Rashba SO interaction case and the solid line stands

1.0

0.5

y(lo)

—0.5

—1.0

—-0.2 0 0204

1.0

0.5

(02), (o)

Obmmmmmmmmm=m T ST m s
—0.5.—//JL
————————— - d
~1.0 - - - (4)
1.0 05 0 05 1.0
kl'l()

Fig. 5. (color online) Upper panels display the spin texture for three selected
propagation momenta: Panels (a)—(c) correspond to k.ly = —0.76,0,0.76, re-
spectively where arrow length is proportional to the spin density. We set
AR = 0.2 and Ap = 0.1 and assume magnetic field of 1 T applied parallel
to the wire. Lower panel (d) presents the dependence of spin expectation val-
ues in the lowest subband on k,ly. Blue lines indicate (0,) whereas red lines
represent (o). Dotted lines stand for the case with no SO interaction, dashed
curves are for Ag = 0.2 and B = 1 T case, and the results when both SO inter-
actions taken into account are given by solid lines.
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for the case in the presence of both SO interactions. It is clear
that (oy) and (oy) are constant for all k/y considering only
the influence of magnetic field. By inclusion of SO coupling
the expectation values show variation with kly. In the pres-
ence of both a magnetic field and spin—orbit interactions, states
with large k, values approach to asymptotic states of (o,) and
(oy). Intriguing spin textures arising due to the interplay be-
tween SO coupling and magnetic field have also been reported
in mesoscopic ring systems. 44!

In Fig. 6, we plot spin textures across the wire and the spin
expectation values for the second level of the lowest spin-split
subband using the same parameters as in Fig. 5. The SO inter-
action is more notable than in the lowest subband as shown in
upper panels. Spin textures contain a noncollinear distribution
and the local z-magnetization is greater than the lowest sub-
band. Its magnitude exceeds the in-plane components while
giving rise to large spin accumulations at the wire edges. For
the minimum gap point, all local spins are again aligned in the
direction of transport. Lower panel in the figure reveals the re-
markable change in the spin expectation values (o) and (oy)
for the second spin-split level. Subband anticrossings in the
presence of both SO interactions evoke the smooth behavior
of (o,) and (o).

i

i

—

y(lo)

=

—-0.2 0 0.2 04

1.0

(02), {oy)

—1.0 !

—-0.5 0 0.5 1.0
kxlO

—1.0

Fig. 6. (color online) The same as Fig. 5 for the second subband. Panels
(a)—(c) display the spin texture for three selected propagation momenta
and panel (d) presents the spin expectation values.

In order to clarify the relation between the spin expecta-
tion value and the orientation of magnetic field, in Fig. 7, we
present the variations of (o) and (o) as a function of linear
momentum k,ly. This chromatic scale reveals the fact that spin
expectation values are opposite for left and right movers. For
higher values of k,lp, monotonous variation of spin expecta-

tion values with increasing 0 is evident.

90 0.8
0.6
0.4
60
s 0.2
N 0
30 —0.2
—-0.4
0 —0.6
-0.3 —-0.2 —-0.1 0 0.1 0.2 0.3
kmlo
90 \ 0.6
(b)
0.4
.2
60 0
D 0
<
© —0.2
30 —0.4
—0.6
0
-0.3 —-0.2 —-0.1 O 0.1 0.2 0.3
kzlﬂ

Fig. 7. (color online) The expectation values of oy (a) and oy (b) in
chromatic scale for strong SO regime defined by Ar = 0.2, Ap =0.1.
We chose magnetic field of B =5 T. The color bar indicates values of
expectation value of the spin projections.

4. Conclusion

In this study, we have investigated the energy subband
structure and spin texturing of quantum wire in the presence
of Rashba and Dresselhaus SO interactions and in-plane mag-
netic fields. We have found that, the interplay between the SO
coupling and magnetic field affects strongly the energy dis-
persion of the wire. Our numerical calculations show that the
spin textures in the local magnetization can be modulated by
SO interactions as well as the orientation and the magnitude
of the external magnetic field. We expect that these results can
assist in understanding the crucial role of Rashba and Dres-
selhaus couplings for the spin injection across realistic quasi-

one-dimensional systems.
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