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Abstract

Spin-orbit interaction (SOI) connecting an electronic spin with its momentum is crucial
for numerous fundamental physical researches and their applications, including quantum spin
Hall effect, Majorana Fermions and spin-orbit qubits. By breaking structural inversion
symmetry, Rashba spin-orbit interaction (RSOI) provides an available method for the
manipulation of spin by controlling electronic movement within external potential field. In
this study, we demonstrate the RSOl of conduction electron modulated by stress-induced
polarization field in ZnO/CdO quantum well (QW). The polarization field exactly triggers
band inversion between the electron and light hole. The peak of RSOI coefficient can reach
approximately up to 83 meV - nm, almost three orders of magnitude higher than the
conventional GaAs-based QWs. This study can be beneficial to sufficient manipulation of
spin qubits by strong RSOI quantum piezotornic effect induced, and will stimulate an intense

researching interest in low-dimensional quantum piezotronic devices.
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1. Introduction

Piezotronic and piezo-phototronic devices based on third-generation semiconductors and
two-dimensional materials have greatly advanced the rapid development of multifunctional
nanodevice applications, flexi-electronics and self-powered systems. Based on ZnO, GaN and
monolayer MoS,, various high performance devices have been developed including
nanogenerators [1, 2], piezotronic field effect transistors [3], high sensitivity piezotronic strain
sensors [4], taxel-addressable matrices devices [5] and quantum piezotronic devices [6-8]. By
the coupling of piezoelectricity, semiconductor and light excitation, the carriers
generation/recombination and transport properties can be controlled by strain-induced
piezo-charges in the interface or junction regions of heterostructure [9, 10]. High-resolution
pressure imaging devices have been fabricated by the integrated array of nanowires
light-emitting diode strain sensors [11].

Piezotronic and piezo-phototronic effects can effectively enhance the performance of
sensors, switches and actuators due to ultrahigh field in junctions and contacts. For example,
piezotronic high sensitivity oxygen sensors were developed based on ZnO nanowire [12]. The

photocurrent in ZnO/Au Schottky junction UV detector showed a 440% enhancement by the
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piezotronic effect [13]. Pressure sensor matrix based on ZnS:Mn mechanoluminescence
particles has demonstrated pressure recording and mapping from 0.6 to 50 MPa [14]. The
ON/OFF ratio of piezotronic logic nanodevices based on InN/GaN topological insulator have
reached over 10" [15].

Spin quantum bit (qubit) plays an important role in quantum information processing and
guantum computing [16, 17]. The prerequisite to produce spin qubits in the materials is
spin-orbit interaction (SOI), and its electrical manipulation is correlated with Rashba-type
SOl (RSOI) due to the breaking structural inversion symmetry. The RSOI coefficient can
enhance Rabi frequency which is a key performance indicator to estimate the manipulating
speed of spin qubits in devices[18, 19]. For example, the Rabi frequency increases linearly
with the RSOI coefficient under same external conditions and the rotating speed of spin qubit
in ZnO/CdO QW increases from 0.19 MHz to 4.05 MHz by applying stress. The coherent
transitions (Rabi oscillations) between spin-up and spin-down with 90° rotations are as fast as
~63 nanoseconds which is on the same order of magnitude as the time in GaAs quantum dot
[20].

Quantum piezotronics have great potential for designing or improving performances of
guantum materials and devices. Strain-induced piezopotential has been used to tune Rashba
spin-orbit interaction (RSQOI) in ZnO/P3HT nanowire array structure at room temperature [21].
By interplaying the electron spin and its momentum, spin-orbit interaction (SOI) plays an
important role in the fundamental researches of condensed matter physics and the novel
applications of quantum materials and devices [22, 23]. In GaAs/AlGaAs quantum dots
(RSOI coefficient ~ 0.1 meV - nm) and InAs nanowires (RSOI coefficient ~ 0.2 meV - nm)
[24, 25], spin-orbit qubits can be established by manipulating individual electron spin within
an oscillating SOI field for quantum information processing [26, 27]. The gate-controlled
RSOI coefficient in parabolic GaAs/AlGaAs is less than 0.1 meV - nm due to electric field ~1
KV/cm [28]. RSOI coefficient is ~ 0.3 meV - nm in a polar GaN/InGaN quantum wells (QWS)
due to the polarization field ~ 2.0 MV/cm [29]. Therefore, quantum piezotronics offers an
effective way for new heterostructures with large RSOI coefficients, which may overcome the
challenge of the RSOI limitation for new topological classes of materials and spin qubit

applications. Polarization-induced large RSOI coefficients also give a method for greater spin
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current in spin Hall device [30] and smaller size of spin-field-effect transistor [31]

In this paper, we explore the novel device structures of ultrahigh RSOI induced by the
polarization field in ZnO/CdO QWSs quantum piezotronic devices. Wurtzite ZnO QWSs are
important quantum materials to study integer/fractional quantum Hall effects and topological
insulators [7, 32, 33]. The QW with three layers ZnO and four layers CdO shows a record
high RSOI coefficient ~ 83 meV - nm assisted by the quantum piezotronic effect, which is
around 16.6 times higher than the reported value. Such high RSOI coefficient arises from the
combining effect of band inversion and the coupling between the electron and light hole.
These two effects also lead to an interesting peak for the RSOI coefficient, depending on the

QW width.

2. Theory and Methods

Wurtzite ZnO can be synthesized with controllable properties [34, 35]. By using the
high quality grown of metal oxides heterostructure, integral and fractional quantum Hall
effects in ZnO QWSs have been successfully observed in experiment [32, 36].
Room-temperature electron spin dynamics has also been widely studied in the thin film and
guantum dot of wurtzite ZnO [37, 38]. A big challenge for fabrication of ZnO/CdO QWs is
that the thermodynamically-stable crystalline phases of the CdO are rocksalt, not wurtzite
[39]. Defect control in ZnO is also difficult in the fabrication of ZnO/CdO QWs. High quality
ZnO gquantum well can be achieved by ozone-assisted molecular beam epitaxy and pulsed
laser deposition [32, 40], and high quality ZnO/CdO QWSs can be synthesized by
nonequilibrium laser plasma ablation when a very thin CdO is deposited on ZnO interlayers
to sustain its wurtzite phase [41]

Here, we demonstrate the RSOl modulated by the stress-induced polarization field of
ZnO/CdO QWs. The QW is selected as our studying target because polarization field can
drive a topological phase transition with a stress-dependent band inversion [42]. Band
inversion can bring in strong electron-hole coupling to obtain large SOI. In order to account
for electron-hole coupling, theoretically we start from an eight-band Kane Hamiltonian of

wurtzite material which is given by [43, 44]



[G(k) r }
H=| _ _ (1)
T G(K)

where G and I' are 4x4 matrices with the complex conjugate G and T, respectively.
The explicit expression of equation (1) can be found in Ref. [43, 44]. By solving Schrodinger
equation [H(k)+V (2)lw,(z) =E,w,(z) over a single QW under periodic boundary
condition, one can obtain band dispersion of interest subbands (here it is the first conduction

band C1 including spin). Here, w,(z) is the wave function, E, is the energy level and

V (z) is the potential arising from the polarization.
For a strained QW grown along c-axis direction, piezoelectric polarization is obtained

from P"™ =e,s,, +€,(S,+S,,), where S, S,, and S, are the strains along x, y and

z axis (c axis) direction, €,; and €, are the components of piezoelectric coefficient. The
strain comes from lattice misfit among different materials and the externally applied stress
S=C™"'.o, C is elastic coefficient, S is strain tensor and o is stress tensor. Total
polarization consists of spontaneous and piezoelectric portion
Pub = Pub +€3wbS33mb T €31 (Sizwp T Sowp) »  Where the subscript w and b

respectively label the quantity in the well and barrier layer. The polarization field can then be

given by [45] F, :[ z (Pk - P; )Wk /gk}/Lgogj Z W, /gk) , Where the subscript

k=w,b k=w,b

j=worb, W is the width, &, and &;, are vacuum and relative dielectric constants.

The potential can be obtained V(z)z{ Ry, well

W,F, +(Z—WW)F

b

~ . Notice that we here
barrier

focus mainly on the RSOI coefficient but not on the explicit spin splitting energy, which is
much more natural and widely studied in experiment [28, 29, 46, 47]. This indicates that it
does not need to know Fermi wave vector or the doping, and for the sake of simplicity we do
not consider doping in this study. The electrons can screen the polarization in quantum
devices depending on the doping concentration [48], the screening effect can also be

neglected.



Rabi oscillations are coherent transitions between spin-up and spin-down with 90°
rotations in qubits, the changing speed of this oscillations can be expressed in terms of the
Rabi frequency. The RSOI coefficient can linearly affect the Rabi frequency which is an

important indicator of qubit performance. The Rabi frequency is given as [20].

Beff

fran = (944 )/ 2h 2

where g represents the g factor, x, is the Bohr magneton, h is Planck’s constant and

Bei is  effective magnetic  field. The  effective magnetic  field
I, €/E®)I , _ : : o

B (t)‘=2|Bext|Id—°t%, with spin-orbit length I, , orbital energy splitting A,
SO

electric field |E(t)|, and the external magnetic field B, . Here, l, =A2/mA and

I =m"(aF )/ h with effective electron mass m", the reduced Planck constant 7,
Rashba spin-orbit interaction coefficient « , and Dresselhaus spin-orbit interaction

coefficient S . For the external magnetic field |B,,|=hf, /g, f, is the excitation

ac
frequency. The Rabi frequency can be derived as a function of Rashba spin-orbit interaction

coefficient;

foo = TF P el 3)

Rabi — A
where the orbital energy splitting A is a constant of materials, electric field E and

excitation frequency f,. are applied by external experiment environment.

3. Results and discussions
Fig. 1(a) shows potential profile and wave function of the first electronic subband C1 in
single ZnO/CdO QW along c-axis direction under [010] stress. The widths of ZnO barrier and

CdO well are 2.6 nm (5 layers) and 2.3 nm (4 layers), respectively. Wave function

corresponds to the C1 at the center of Brillouin region, i.e., kX = ky =0. Under different

stresses, potential profile has a tiny change and occurs mainly at the right interface between
ZnO and CdO, as seen in the insert of Fig. 1(a). This tiny change in potential is due to

stress-induced piezoelectric polarization enhancing electric field of the QW, and modifies the
6



QW asymmetry. As a result, wave function of the C1 has slight variations but, as it is shown
below that it can bring in significant influence on the RSOI. The considerable difference of
conduction effective mass between ZnO (~ 0.18m) and CdO (~ 0.15mg) and narrow band gap

makes wave functions severely deformed at the interface [49].

Knowledge of energy levels and wave functions at k, = ky =0 allows for constructing

a low-dimensional effective Hamiltonian to estimate the RSOI intensity. By using Loéwdin

perturbation method, we can obtain a low-dimensional effective 2x2 Hamiltonian H,j, =
(Eo + Bk{ )1y + a(kyo, — kyo,) under basis {|C1,1), |C1,1)}, where k; = /k§+k32,,
l,., is a 2x2 identity matrix, o, and o, are Pauli matrices, S is effective mass

parameter and « is the RSOI coefficient to measure the intensity of Rashba spin splitting.
This effective Hamiltonian is valid when the electron momentum or wave vector k is small
(ak/2m « 1 throughout this work, a=0.2 nm is lattice constant).

Fig. 1(b) shows spin-resolved band dispersion of the C1 without externally applied stress.
Spin splitting can be observed due to large SOI originated from the presence of intrinsic

polarization field. From above effective Hamiltonian, we can analytically give band

dispersion for up and down spin E, K =pk’+ak , where =137 meV - nm’ and

a =451 meV-nm. Fig. 1(b) shows a good agreement between the analytical results and
eight-band Kane model, indicating validity of the effective Hamiltonian. The insert displays
three-dimensional view of spin-resolved band structure of the C1, which exhibits the typical
feature of Rashba spin splitting (described below).

In the following, we start to turn to the case with a stress-induced band inversion. The
stress-induced piezoelectric polarization can tune the built-in electric field of ZnO/CdO QW
and further control the Rashba SOC. For intuitively illustrating RSOI coefficient, we display
three-dimensional view of band dispersion at o =4, 6 and 8 GPa in Fig. 2(a). The RSOI
coefficient is 7.9 meV-nm (o =4 GPa) in A, 13.2 meV-nm (o =6 GPa) in B and 4.0

meV - nm (o =8GPa) in C. All the cases clearly show spin splitting, and one can easily judge
spin splitting energy meeting AE, > AE > AE,, where AE , AE, and AE; are the

splitting energy at stress o =4, 6 and 8 GPa, respectively. Actually, spin splitting energy can
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be calculated from AE = 2ak”, which is 3.2, 5.3 and 1.6 meV at kH =0.2 nmtfor c=4,

6 and 8 GPa, respectively. Here, we can clearly see the typical feature of Rashba spin splitting
which is down-spin band exhibiting a non-monotonic k dependence (first decreases and then
increases with k). The minimum energy for down-spin electron occurs at wave vector
k‘| =a | . By contrast, the up-spin state displays the usual parabolic dispersion.

Fig. 2(b) shows stress-dependent polarization field in the barrier and well layer. Their
field intensity increases linearly with stress, and the slope is approximately 0.057 and -0.064
MV/cm - GPa™ for the well and barrier layer, respectively. The positive and negative sign of
polarization field stands for the opposite directions.

Fig. 2(c) shows the RSOI coefficient of the C1 as a function of stress. A striking feature

is the appearance of a peak RSOI coefficient @ =19.5 meV-nm at the critical stress

o, =6.6 GPa. This critical stress occurs at band inversion between the C1 and L1 (the first

light-hole subband) but not between the C1 and H1 (the first heavy-hole subband) although
the latter occurs first at o =5.5 GPa, as seen in the inset of Fig. 2(c). This indicates that
RSOI coefficient has direct connection with coupling between the C1 and L1. Actually,

according to the second-order perturbation theory the RSOI coefficient can be written as [50]

1 -1 . . - . .
a=¢, <l//L1|H |'//c1>|5u_5c1| , where &, is electrical field to bring in structural

inversion asymmetry, H' is perturbation Hamiltonian, v, and ., are wave functions,

&, and &, are energy levels for the C1 and L1. This expression can give a qualitative

explanation for peak behavior of RSOI. When the stress increases to tune energy level of the

C1 gradually close to the L1 [see the insert of Fig. 2(c)], RSOI coefficient grows rapidly and

reach a maximum at o,. Because the coupling between the C1 and L1 is strong at k|| =0,a

nonzero gap A= min(|gL1—gCl|) appears. This gap ensures a large but not infinite o

value. For the stress exceeding o, energy level of the C1 starts to keep away from the L1,

giving rise to a sharply decreasing RSOI coefficient, as shown in Fig. 2(c). Although the C1
can fully intersect with the H1 at o =5.5 GPa, zero coupling (y,,;|H'|wc,)=0 always

exists among them, giving rise to no contribution of the H1 to ¢ . A similar phenomenon can
8



also be presented in GaN/InN QW and the peak occurs at band inversion among the C1 and
L1, as seen in Fig. 2(d) and its insert.

Considering polarization field being strongly dependent on the QW width, we show the
max RSOl coefficient for different ZnO/CdO quantum wells in Fig. 3(a). The RSOI
coefficients in structures with band inversion are far greater than those structures without
band inversion. The RSOI coefficient at different layer number of ZnO under a fixed 4-layers
CdO has been shown in Fig 3(b). A common peak phenomenon can be seen at critical stress
of 1.1, 6.6, 10.9 and 15 GPa for six to three layers ZnO. It has been confirmed that all these
peaks appear at band inversion between the Cl and L1. Interestingly, the peak RSOI
coefficient increases with the growing of barrier width, and the maximum can reach up to
82.7 meV - nm at 3-layer ZnO width. The increasing peak is due to the decreasing of C1-L1
gap A by reducing barrier width.

We have compared RSOI coefficient of ZnO/CdO QWs with other QW systems in Table
I. ZnO/CdO QW exhibits the tremendous superiority in the modulation of Rashba spin
splitting, and its amplitude is almost three orders higher than the conventional GaAs QWs.
The latter is to use gate voltage to induce Rashba spin splitting. The results in Table | also

follows our conclusion that the amplitude of RSOI coefficient is inversely proportional to
band gap of the QWs because of ES™* > EZ™ > EF™ > EM™ > EJP.

Fig. 4 displays another case for piezotronic effect regulating Rashba spin-orbit
interaction coefficient in (a) ZnO/MgO QWs and (b) AIN/GaN QWs with a wide gap, which
are so wide that strong polarization field cannot drive band inversion. In this situation, the
manipulation of Rashba SOC coefficient by stress is extremely poor, as shown in Fig. 4.
There are two conditions under which a strong RSOI may occur in a heterostructure QW, i.e.
consisting of a material having a narrower bandgap and a material exhibiting relatively strong

strain induced polarization.

4. Conclusion
In summary, we explore the impact of stress-induced polarization field on the RSOI for

conduction electrons in ZnO/CdO QWs. The RSOI coefficient exhibits a peak phenomenon



with the increasing of polarization field. Such peak stems from band inversion among the
electron and light hole, and can reach as high as 83 meV - nm. This kind of peak phenomenon
for RSOI coefficient exists intrinsically in these systems with structural asymmetry-induced
band inversion, and has further been verified in InN/GaN QWs. This study opens an avenue
for the manipulation of spin qubits. Control of qubits spin states relies on the electric field and
AC voltage burst for quantum dot. The initialized state is a spin-blockade regime with two
same spin-state electrons and the qubit readout and initialization rely on the effect of spin

blockade [51].
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Figure captions
Fig. 1. (a) Potential profile (solid line) and wave function (dotted line) of the C1 in single
ZnO/CdO QW under different stresses. (b) Spin-dependent band dispersion of the E1 at

o =0 GPa. The wave function is calculated from eight-band Kane model, and the band

dispersion, where =137 meV - nm’, and «=4.51 meV - nm. The insert shows

three-dimensional view of band dispersion for up and down spin. In the QW, the widths of

Zn0O barrier and CdO well are 2.6 nm (5 layers) and 2.3 nm (4 layers), respectively.

Fig. 2. (@) A, B, C are subband dispersions at stress o =4, 6 and 8 GPa, respectively. (b)
Polarization field of well and barrier layer in ZnO/CdO QW versus stress. Rashba SOC

coefficient versus stress in (c) ZnO/CdO QW and (d) GaN/InN QW. Blue dashed line stands

for the critical stress in (¢) o, =6.6 GPa and in (d) o, =8.5 GPa. The inset shows

subband C1 (first conduction), H1 (first heavy hole) and L1 (first light hole) against stress at

k‘| =0. The width of ZnO barrier and CdO well are 3.1 nm (6 layers) and 1.7 nm (3 layers),

and the width of GaN barrier and InN well are 1.5 nm (3 layers) and 3.5 (6 layers) nm

respectively.

Fig. 3. (@ The max Rashba SOC coefficient for different ZnO/CdO QWs. (b)
Stress-dependent Rashba SOC coefficient at different ZnO layers. The width of CdO is fixed
at 2.3 nm (4 layers), and ZnO barrier layer varies from 1.6 to 3.1 nm (3 to 6 layers),
corresponding to critical stress of 1.1, 6.6, 10.9 and 15 GPa, respectively.

Fig. 4. Rashba SOC coefficient versus stress in (a) ZnO/MgO QWs and (b) AIN/GaN QWs.

Table I. The first-order RSOI coefficient in different QWs
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Table |

Rashba SOC coefficient ¢ (meV-nm)

GaAs/AlGaAs QW 0.05 [52]
GaN/AIGaN QW 0.15 [53]
GaN/InGaN QW 0.26 [29]

InAs QW 4.7 [47]

ZnO/CdO QW 82.7 (Present)
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Highlights:
e Rashba spin-orbit interaction (RSOIl) of ZnO/CdO quantum well (QW) has been
investigated.
e Strain induced polarization of the QW adjusts the RSOI coefficient.
e A maximum RSOI coefficient appears when varying external stress.
e Ultrahigh RSOI coefficient has been unveiled by comparing a set of heterostructural

QWs.
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