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Spatial electron-spin splitting in single-layered semiconductor
microstructure modulated by Dresselhaus spin—orbit coupling

Jia-Li Chen([%:3% 1), Sai-Yan Chen([4%&#{t)*, Li Wen(#1N), Xue-Li Cao(# F[lf), and Mao-Wang Lu(/5 JIHE)
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Combining theory and computation, we explore the Goos—Hénchen (GH) effect for electrons in a single-layered
semiconductor microstructure (SLSM) modulated by Dresselhaus spin—orbit coupling (SOC). GH displacement depends
on electron spins thanks to Dresselhaus SOC, therefore electron spins can be separated from the space domain and spin-
polarized electrons in semiconductors can be realized. Both the magnitude and sign of the spin polarization ratio change
with the electron energy, in-plane wave vector, strain engineering and semiconductor layer thickness. The spin polarization
ratio approaches a maximum at resonance; however, no electron-spin polarization occurs in the SLSM for a zero in-plane
wave vector. More importantly, the spin polarization ratio can be manipulated by strain engineering or semiconductor layer
thickness, giving rise to a controllable spatial electron-spin splitter in the field of semiconductor spintronics.

Keywords: semiconductor spintronics, single-layered semiconductor microstructure (SLSM), spin—orbit cou-
pling (SOC), Goos—Hiénchen (GH) effect, electron-spin polarization

PACS: 85.75.—d, 72.80.Ey, 71.70.Ej, 72.25.Dc

1. Introduction

Unlike in existing semiconductor devices, in spintronics
devices digital information ‘0’ and ‘1’ is encoded by electron
spins.!!l However, this encoding scheme cannot be realized
by utilizing conventional semiconductors owing to the spin
degeneracy of electron states.?! The generation and control
of spin-polarized electrons in traditional semiconductors are
critical issues in semiconductor spintronics.’! In general, ei-
ther the Zeeman effect!*! or spin—orbit coupling (SOC)! can
be employed to achieve spin polarization of electrons in or-
dinary semiconductors, as both these mechanisms can effec-
tively remove spin degeneracy from semiconductors.®) Based
on these principles, some effective methods for realizing spin
polarization have been proposed, for example injecting highly
spin-polarized electrons into semiconductors from magnetic
materials,!”! producing magnetic semiconductors, such as di-
luted magnetic semiconductor,®! and reasonably utilizing var-
ious quantum effects in semiconductor microstructures such
as spin filtering,[°! spatial spin splitting!'’! and temporal spin
filtering.['!]

Recently, the creation and manipulation of spin polar-
ization by the spin filtering effect has received much atten-
tion for electrons in layered semiconductor microstructures
(LSMs).!1?! Resorting to modern materials growth technol-
ogy, such as molecular beam epitaxy!'3] and metal organic
chemical vapor deposition,!'*l LSMs can be obtained by as-
sembling micro-thick semiconductors along the direction de-

sired in experiments. In a LSM, structure inversion symmetry
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is broken, which makes electron spins interact with the spa-
tial motion, i.e., SOC appears. There are usually two different
types of SOC: Rashba and Dresselhaus types. Rashba SOC
comes from structural inversion asymmetry induced at inter-
faces or surfaces, and its strength can be controlled by an ex-
ternal electric field;!">! Dresselhaus SOC, with a strength that
is tunable by strain engineering, originates from bulk inversion

[16] These valuable types of SOC can effectively

asymmetry.
remove spin degeneracy of electrons from semiconductors, in-
duce zero-field spin splitting and create an electron-spin polar-
ization effect, giving LSMs great potential for applications in
semiconductor spintronics devices.!!”]

Selecting the semiconductor InSb, He et al.1'81 and
Lu et al.l' theoretically explored the spin filtering effect
for electrons in single-layered semiconductor microstructures
(SLSMs). Either Rashba SOC or Dresselhaus SOC was found
to create evident spin filtering; however, their contribution to
electron-spin polarization was not equivalent. In addition, the
spin polarization ratio depends on the electron energy, the
in-plane wave vector and the incident direction. In particu-
lar, both the magnitude and sign of the spin polarization ra-
tio can be manipulated by an externally applied electric field,
strain engineering and semiconductor layer thickness. Based
on such a SLSM, a tunable electron-spin filter was obtained.
Combining InSb and GaSb, Lu et al.?>?!] investigated the
Rashba and Dresselhaus SOC-induced spin filtering effect and
spin polarization for electrons in a double-layered semicon-
ductor microstructure and a corresponding electron-spin fil-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

118501-1


https://doi.org/10.1088/1674-1056/ad6b83
mailto:maowanglu@glut.edu.cn
mailto:sychen02@126.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 33, 118501 (2024)

ter device was achieved. Assembling InSb, In,Ga;_,As and
GaSb, Cao et al.?>?3] proposed a three-layered semiconduc-
tor microstructure and investigated the electron-spin filtering
effect. They further explored the influence of §-doping!?*23]
and found that electron-spin filtering can be controlled by
changing the weight or position of §-doping, leading to a
structurally manipulable electron-spin filter. The impact of an
applied bias on the spin filtering effect in this LSM was stud-
ied and an electrically controllable electron-spin filter was de-

[26] Motivated by the above research, in

veloped theoretically.
the present work we theoretically explore the Goos—Hénchen
(GH) effect for electrons in a SLSM modulated by Dresselhaus
SOC. Due to the wave nature of light, a light beam totally re-
flected at an interface between dielectric media undergoes a
lateral shift from the position predicted by geometrical optics,
known as the GH effect.[!°] Because of the quantum mechan-
ical nature of the wave, the GH effect also occurs for elec-
trons traversing a SLSM. It was found that GH displacement
of electrons across a SLSM depends obviously on spins thanks
to Dresselhaus SOC. As a result, electron spins can be sepa-
rated in the space dimension by the spin-related GH shift and
a spin polarization effect appears in the SLSM. Moreover, the
spin polarization ratio is tunable by the lattice strain or semi-
conductor layer thickness. Based on these interesting findings,
a controllable spatial electron-spin splitter (SESS) is proposed

for the field of semiconductor spintronics.

2. Theory and method
Figure 1 schematically shows a GaSb-based SLSM, a

structural model and GH displacement of electrons. Here, the
semiconductor layer grows along the z direction, while the co-
ordinates (x, y, z) are assumed to be parallel to the cubic crystal
axes ([100], [010], [001], respectively). The physical parame-
ters d and V are semiconductor layer thickness and the equiv-
alent potential of electrons in GaSb, m, o and k| = / k2 +k)2,
represent mass, incidence angle and in-plane wave vector of an
electron and S; and S| are the GH displacements for spin-up
and spin-down electrons, respectively. Note that the incidence
angle is related to the momentum or wave vector through the
relationship k| = ksin o, where k = kﬁ + k2 is the wave vec-
tor of electrons. In the framework of the effective mass ap-
proximation, the Hamiltonian for an electron in this SLSM
reads

n? 92

H=-—_ 2
2m* 072 + 2m*

fik)? PE
( ”) +V+77D(o-xkx_o-yky)TZ27

(1

where m*, Np and ¢ = (0y, 0y, 0;) stand for effective mass,
Dresselhaus SOC strength and the Pauli vector, respectively.

Taking spin quantization z-axis, the above Hamiltonian can be

diagonalized by

K2 2m* 22 (ﬁku)z
2 (1~ T OOk 55+ 50

where 6, = +1/—1 or T/ | stands for spin-up/-down elec-

H=—

+V, 2)

trons. For convenient numerical calculation, all involved quan-
tities are undimensionalized, such as E — EEy and x — x{,
where Ey and ¢y = h/\/mE, are basic units of energy and
length, respectively, for example ¢y = 0.86 nm for Ey = 0.1 eV.
Because electrons are free in the semiconductor-layer plane
in the SLSM, the electron wave function is expressed by
@(x)%Z) — eikH~r
position vector in the semiconductor-layer plane and the z-

y(z), where r = (x,y) and y(z) are the

component of the wave function. Substituting the stationary
Schrodinger equation H® = E® with electron energy E, we
have

ﬁ2

*
2m63

V' (2) + Uetr(V,d k| )y (2) = Ey(2), 3)

2

k
where m}z = (r% — ZGZT]Dk”)71 and Ueff(V,d,kH) = ;nml +V
can be viewed as spin-dependent effective mass and the effec-

tive potential experienced by electrons in the SLSM device,

respectively.
(a)
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Fig. 1. (a) GaSb-based SLSM growing along the z||[001] direction,
(b) physical model and (c) GH shift for electron across the SLSM, where
d is the layer thickness, V means the equivalent potential of electron
in semiconductor, Sy, represents spin-related GH displacement and o
stands for the incident angle.

We utilize the improved transfer matrix method!?’! to ex-
actly solve the Schrodinger equation (3) of electrons in the
SLSM. Wave functions for electrons in incident and outgoing
regions can be written by Yi,(z) = exp(ikiz) + yexp(—ikiz),
z < 0and Wou(z) = Texp(ik:z), z > d, respectively, where kj =

118501-2
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ke =

amplitude. In this SLSM device, the wave function of elec-

2E — kﬁ and ¥/t stands for the reflection/transmission

trons is Y(z) = Cexp(ikz) + Dexp(—ikz), 0 < z < d, where

k= \/20m* fm)(E~V — o.neky — k)

_ cos(kd)
M= ( [k(m” /m —20_Mpk))] sin(kd)

is known as the transfer matrix. Implicitly solving for Eq. (4),
we get a transmission wave amplitude T = 2k;/w, where w =
|w|exp(i@) is a complex number and ¢ is also the phase shift
for electrons traversing the SLSM. According to the stationary
phase method,”®! GH displacement for electrons across the
SLSM device as presented in Fig. 1 can be calculated by

. (5)
Ik |

So.(E k|, Mp)
The degree of the spin polarization effect for electrons in the
SLSM device can be characterized in the so-called spin polar-

ization ratio as!!%

PS(Eak”anD) EST_Siv (6)

where S; and S| stand for GH displacements for spin-up and
spin-down electrons across the SLSM device, respectively.

3. Results and discussion

The partial physical quantities for our considered semi-
conductor GaSb are m* = 0.041m, V = 0.52 eV and np =
0.187 eV-nm>.1?°! To begin with, in Fig. 2 the GH displace-
ment (Sg,) as the function of the incident energy (E) is pre-
sented for spin-up (up-triangle curve) and spin-down (down-
triangle curve) electrons traversing the GaSb-based SLSM de-
vice as indicated in Fig. 1, where k, = 0.4 nm~ !, d =6.0 nm,
V =0.52 ¢V, and np = 0.187 eV-nm?>. For the calculated en-
ergy range, negative GH shifts can be observed clearly for
both spin-up and spin-down electrons across the SLSM de-
vice. Moreover, GH displacement of spin-down electrons is
larger and shifts to the high-energy direction with increas-
ing electron energy compared with that of spin-up electrons.
Therefore, an evident difference in GH shifts between spin-up
and spin-down electrons appears in the SLSM device. Clearly,
this discrepancy of GH displacement stems from Dresselhaus
SOC since the SOC can effectively remove spin degeneracy
of electrons from semiconductor materials. At the same time,

this also implies that the electron-spin polarization effect can

and C/D is pending constant. In light of the continuity of these

wave functions at boundaries (z = 0, d), one readily gets

11 1 eikd  o—ikd .
<ik1 —ik1> (y) M<ikreikrd _ikreikrd) (O)’ “4)

where

—sin(kd)/ [k(m* /m — 201k )] )
cos(kd)

be realized by separating spins in the space dimension utiliz-
ing spin-related GH shifts for electron across the SLSM de-
vice. Additionally, when the incident energy is approximately
0.68 eV, GH displacement reaches a maximum. This can be
understood by the resonance, i.e., when the incident energy is
exactly equal to the bound energy level, which can be obtained

by solving the Schrodinger equation for electrons in the SLSM

device.
0
~
& =5
)
)
=}
Q
£
g —10
E
o}
-’-(g k) =0.4 nm~!
o 15+ V=0.52 eV, d=6.0 nm
o np =0.187 eV-nm?
.
—v— Spin-down
—20 ! .
0.3 0.6 0.9 1.2

Incident energy E/

Fig. 2. GH displacement varies with incident energy for spin-up (A-
curve) and spin-down (V-curve) electrons in the SLSM device, where
equivalent potential, in-plane wave vector, Dresselhaus-SOC strength and
semiconductor-layer thickness are V = 0.52 eV, k = 0.4 nm~!, b =
0.187 eV-nm?, and d = 6.0 nm, respectively.

In Fig. 3, we show the variation of the spin polariza-
tion ratio (Ps) with incident energy (E) for in-plane wave vec-
tor k| =0 nm™" (squares), 0.2 nm~"' (circles), and 0.4 nm™!
(stars), respectively, where other physical parameters are cho-
sen to be identical to those in Fig. 2. It is true that an evi-
dent electron-spin polarization effect can be observed clearly.
Nevertheless, no spin polarization effect occurs in the SLSM
device for a zero in-plane wave vector (i.e., the normal inci-
dence), which is because the Hamiltonian (1) of an electron
in the SLSM is now unrelated to the spins. When increasing
in-plane wave vector, the electron-spin polarization effect be-
comes stronger. Moreover, the spin polarization ratio reaches
its maximum and alters its sign at the resonance, for exam-

ple for k” =0.4 nm™! (stars) resonance occurs at E ~ 0.63 eV.
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This anisotropy of the spin polarization effect pertaining to the
in-plane wave vector is attributed to the k| -dependence of both
the effective potential (U.sr) and the spin-related effective mass

(m*c,z).

V=0.52 eV,

d=06.0 nm
rnp=0.187 eV-nm?®
1

=]

—-—kH:O nm-

—o—kH =0.2 nm™!

I

i ——k; =04 nm~!

Spin polarization ratio Pg/

Y

3.3 0.6 0.9 1.2
Incident energy E/

Fig. 3. Spin polarization ratio changes with the incident energy for in-
plane wave vector kH =0.0nm™ !, 0.2 nm™ !, and 0.4 nm~!, where other
physical parameters are the same as those in Fig. 2.

So far, one can conclude that the GaSb-based SLSM, as
plotted in Fig. 1, can be designed as an effective SESS device
and is an excellent spin-polarized source for semiconductor
spintronics device applications. As we all know, a controllable
spin-polarized source is particularly important in semiconduc-
tor spintronics. *°! In the following, we investigate how to ma-
nipulate the SLSM GaSb-based SESS device in order to obtain
a tunable spin-polarized source for semiconductor spintron-
ics devices. The effective potential (Ugg) of electrons in the
GaSb-based SLSM is dependent on the strength of Dressel-
haus SOC (np) modulated by strain engineering. This SESS
device can therefore be controlled by strain. In Fig. 4 we
present the spin polarization ratio (Ps) versus electron energy
(E) for a Dresselhaus SOC strength of np = 0.187 eV-nm?
(squares), 0.287 eV-nm?> (circles), and 0.387 eV-nm?> (stars),
where k” =04nm!,d=6.0nm, and V =0.52 eV. Fora spe-
cific k|, the spin polarization ratio increases in an oscillatory
manner if the Dresselhaus SOC is enhanced. As a result, one
can manipulate the SLSM-based SESS device by adjusting the
strain, simultaneously meaning that a strain-controllable spin-
polarized source can be achieved for semiconductor spintron-
ics device applications.

Actually, the effective potential (Ug) felt by an elec-
tron in the GaSb-based SLSM device still depends on semi-
conductor layer thickness (d) in addition to Dresselhaus SOC
strength (1p). Therefore, it is expected that the semiconduc-
tor layer thickness will affect the performance of the GaSb-
based SLSM SESS device. Figure 5 shows that the spin po-
larization ratio (Ps) varies with electron energy (E) for semi-

conductor layer thickness d = 6.0 nm (squares), 9.0 nm (cir-

cles) and 12.0 nm (stars), respectively, while other physical
quantities are taken as kH =0.4 nm !, np = 0.187 eV-nm?,
and V = 0.52 eV. When the semiconductor layer thickness in-
creases the spin polarization ratio obviously increases, and its
magnitude and sign vary in an oscillatory manner with increas-
ing electron energy. As a result, one can control this SESS

device by appropriately fabricating the semiconductor layer

thickness.
14.0 k=04 nm~!
V=0.52 eV,
d=6.0 nm s

~ —=—1p=0.187 eV-nm"
= 10.51 "o .
D: 0.5 —e— 1 =0.287 eV-nm?
k] —+— 7np = 0.387 eV-nm?
2

<

= 7.0

g

9]

2

§
s 3.5
=

o

o
= 0

o
n
_3.5 . .
0.3 0.6 0.9 1.2
Incident energy E/
Fig. 4. Spin polarization ratio varies with the incident energy for

Dresselhaus-SOC strength np = 0.187 eV-nm3, 0.287 eV-nm>, and
0.387 eV~nm3, where other parameters are the same as those in Fig. 3.

24

k:H =0.4 nm™},
V=0.52 eV

np =0.187 eV-nm?
16F —=— 4=6.0 nm

——d=9.0 nm
—*—d=12.0 nm

Spin polarization ratio Pg/

—16

0.6 0.9 1.2

Incident energy E/
Fig. 5. Spin polarization ratio changes with incident energy for

semiconductor-layer thickness d = 6.0 nm, 9.0 nm, and 12.0 nm, where
other parameters are the same as those in Fig. 4.

4. Conclusion

In conclusion, considering intrinsic Dresselhaus SOC in
a GaSb-based SLSM, the GH effect of electrons is studied the-
oretically. We find that GH displacement for electrons across
the GaSb-based SLSM depends evidently on spins because of
Dresselhaus SOC. Thus, electron spins can be separated in the
space dimension by spin-dependent GH shifts and the GaSb
SLSM can act as a SESS device. We also find that this SESS

device can be effectively manipulated by strain engineering
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or semiconductor layer thickness, giving rise to a controllable

spin-polarized source for semiconductor spintronics.
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