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Effect of a step quantum well structure and an electric-field on the Rashba
spin splitting∗
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Abstract: Spin splitting of conduction subbands in Al0.3Ga0.7As/GaAs/AlxGa1−xAs/Al0.3Ga0.7As step quantum
wells induced by interface and electric field related Rashba effects is investigated theoretically by the method of
finite difference. The dependence of the spin splitting on the electric field and the well structure, which is controlled
by the well width and the step width, is investigated in detail. Without an external electric field, the spin splitting is
induced by an interface related Rashba term due to the built-in structure inversion asymmetry. Applying the external
electric field to the step QW, the Rashba effect can be enhanced or weakened, depending on the well structure as well
as the direction and the magnitude of the electric field. The spin splitting is mainly controlled by the interface related
Rashba term under a negative and a stronger positive electric field, and the contribution of the electric field related
Rashba term dominates in a small range of a weaker positive electric field. A method to determine the interface
parameter is proposed. The results show that the step QWs might be used as spin switches.
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1. Introduction

It has been shown that the Rashba spin-orbit coupling can
be controlled by a gate voltage, which offers the possibility of
altering the symmetry of the quantum well (QW)[1−3]. This
provides an effective way to realize the so-called spin field ef-
fect transistor[4, 5] and other spintronic devices[6, 7]. However,
it is proposed that the contribution of the potential jump at
the well barrier interfaces to the Rashba spin-orbit coupling is
larger than that of the vertical electric field in the well, which
can be varied by the gate voltage[8−10], and the spin splitting
is underestimated if the interface contribution is neglected[11].
In order to investigate the contribution of the band disconti-
nuity to the Rashba spin splitting, many researchers focus on
the asymmetrical QW with different barrier materials[12, 13].
However, the electron confinement is diminished in the asym-
metrical QW compared with the symmetrical QW. In order
to overcome the weakness, we focus our attention on the
Al0.3Ga0.7As/GaAs/AlxGa1−xAs/Al0.3Ga0.7As step QW, which
provides a good probe for the interface contribution to the
spin splitting. The step QW contains a built-in structure in-
version asymmetry (SIA), which is introduced by inserting
the AlxGa1−xAs step into the Al0.3Ga0.7As/GaAs/Al0.3Ga0.7As
symmetrical QW. The merit of the step QW is that it possesses
an internal SIA, which induces a Rashba effect without any
electric field or magnetic field as opposed to the case of the
symmetrical QW, and the effect of the confining electrons is
better than that of the asymmetrical QW. Applying an elec-

tric field, which is controlled by the gate voltage, to such a
step QW may affect the SIA of the step QW. It has been re-
ported that the introduction of an InP layer above the QW
affects the spin-orbit interaction by the effect of the doping
position[14]. In this paper, we will show the effect of the ex-
ternal electric field and the structure of the step QW, weighed
by the well width and step width, on the spin splitting of the
Al0.3Ga0.7As/GaAs/AlxGa1−xAs/Al0.3Ga0.7As step QW com-
posed of intrinsic semiconductor materials. Moreover, we will
give a method to determine the interface parameter, which is
very important for the spin splitting of the asymmetrical struc-
ture.

2. Theory

For the [001]-grown step QW, the Hamiltonian describ-
ing the SIA contribution to the conduction subbands can be
written as

H = − ~
2

2m∗
∇2 + V0 + eFz + Hso, (1)

where m∗ is the electron effective mass, V0 is the band offset,
eFz is the potential induced by the external electric field, and
Hso is the Rashba Hamiltonian containing the interface and
electric field related Rashba terms, which can be written as

Hso = (αF + αI)(σxky − σykx), (2)

∗ Project supported by the State Key Development Program for Basic Research of China (Nos. 2006CB921607, 2006CB604908) and the
National Natural Science Foundation of China (No. 60625402).

† Corresponding author. Email: yhchen@red.semi.ac.cn
Received 15 December 2008, revised manuscript received 16 January 2009 c⃝ 2009 Chinese Institute of Electronics

062001-1



J. Semicond. 30(6) Hao Yafei et al.

where kx and ky are the wave vectors, σx and σy denote the
spin Pauli matrices, and αF and αI are the electric field and
interface related Rashba coefficients, respectively.

The electric field related Rashba coefficient αF, which is
proportional to the external electric field, depends on the con-
stituting materials, which can be described by[15, 16]

αF =
~2

2m∗
∆

Eg

2Eg + ∆

(Eg + ∆)(3Eg + 2∆)
eF, (3)

where Eg is the band gap, ∆ is the spin-orbit splitting energy,
e is the electron charge, and F is the external electric field.

The interface related Rashba parameter αI, which is de-
termined by the materials at both sides of the interfaces and
the well structure, should have a form of

αI = Pδ(z − z1) − x
x0

Pδ(z − z2) − (1 − x
x0

)Pδ(z − z3), (4)

where P is the interface parameter for the Al0.3Ga0.7As/GaAs
interface, x and x0 = 0.3 are the Al concentrations in the step
and the barrier material, respectively, and zi (i = 1 , 2, 3) is the
position of the ith interface. The δ function clearly shows that
the Rashba effect is localized at the interfaces[10, 17].

The Schrödinger equation, Hψ = Eψ, is solved by the
method of finite difference, which can solve the interface and
the electric field related Rashba effect in the same model si-
multaneously. We simulate the results of Refs. [12, 18] to ex-
tract the value of P and obtain P ≈ –30 meV·nm2 for the
Al0.3Ga0.7As/GaAs interface. In the following calculations, the
center of the GaAs layer is set to be 0; for simplicity, we let ky

= 0, and the parallel wave vector is labeled by kx = 2.0 × 106

cm−1.

3. Results and discussion

By altering the Al concentration in the AlxGa1−xAs
step, particularly large spin splitting is obtained for the
step QW with an Al0.15Ga0.85As step; so, we take an
Al0.3Ga0.7As/GaAs/Al0.15Ga0.85As/Al0.3Ga0.7As step QW as
an example to show how the electric field and the well struc-
ture, which is controlled by the well width and the step width,
affect the spin splitting of the step QW. The electric field and
interface related Rashba terms play different roles on the spin
splitting of the step QW. In Fig. 1 we show the total spin split-
ting of the ground subband and the spin splitting induced by
the interface and external electric field related Rashba terms,
respectively, as a function of the well width and the step width.
The interface induced spin splitting is opposite to the electric
field induced spin splitting no matter whether the electric field
is positive or negative. The magnitude of the interface induced
spin splitting is much larger than that of the electric field in-
duced spin splitting when the electric field is strong enough.
So, the contribution of the electric field is canceled out by the
interface contribution. As a result, the total spin splitting is
mainly controlled by the interface contribution. This result

Fig. 1. Overall spin splitting (I+F) of the ground subbands and
spin splitting induced, respectively, by interface (I) and electric
field (F) related Rashba effects as a function of [(a), (b)] the
well width (stepwidth = wellwidth/2) and [(c), (d)] the step width
of the Al0.3Ga0.7As/GaAs/Al0.15Ga0.85As/Al0.3Ga0.7As step quantum
well with an electric field of 60 and –60 kV/cm.

Fig. 2. Spin splitting of the ground subbands as a function of the step
width of a 10-nm-wide Al0.3Ga0.7As/GaAs/Al0.15Ga0.85As/Al0.3Ga0.7As
step quantum well with different electric fields.

agrees with some other experimental results[8, 9], in which it is
discussed that the main contribution to the Rashba parameter
originates from the interfaces of the quantum well rather than
from the electric field.

In Fig. 2, we plot the overall spin splitting of the ground
subbands as a function of the step width of a 10-nm-wide QW
with different electric fields. Without an external electric field,
the SIA of the step QW is controlled by the well structure, i.e.,
the step width. So, the spin splitting is caused only by the inter-
face related Rashba term. Obviously, the step QW with a 0 or
10-nm-wide step is symmetrical, resulting in no spin splitting,
and the degree of the SIA of the step QW with a 7.5-nm-wide
step is most distinct, resulting in the largest spin splitting. For
the situation of an electric field being applied to the step QW,
the Rashba effect can be strengthened or weakened, depending
on the direction and the magnitude of the electric field as well
as the step width. For the step QW with a 0 or 10-nm-wide
step, the Rashba effect appears due to the SIA induced by the
electric field. Besides the two extreme cases, when a weaker
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Fig. 3. Spin splitting of the ground subbands as a function of
the well width of the Al0.3Ga0.7As/GaAs/Al0.15Ga0.85As/Al0.3Ga0.7As
step quantum well at different electric fields.

positive electric field less than about 33 kV/cm is applied to the
step QW, there exist two step widths for which the spin split-
ting is 0; so, the Rashba effect induced by interface is com-
pletely canceled out by the effect induced by the electric field.
When the electric field is bigger than 33 kV/cm, the spin split-
ting is always positive, and the contribution of the interface to
the Rashba effect is large enough and cannot be canceled out
completely by the contribution of the electric filed. For a nega-
tive electric field, the spin splitting increases to more negative
values when the electric field becomes more negative. So, the
negative electric field can always strengthen the Rashba effect
of the step QW.

In Fig. 3, we plot the spin splitting of the ground sub-
bands as a function of the well width at different electric
fields, where the step width is half of the well width. With-
out an external electric field, the spin splitting, which is con-
trolled by the interface related Rashba effect, presents a neg-
ative maximum as a function of the well width. When a neg-
ative electric field is applied, the spin splitting is still nega-
tive and the magnitude of it increases with an increase of the
electric field; in a large electric field, the spin splitting will
saturate when the well width is larger than a critical value.
If a positive electric field is applied to the step QW, sim-
ilar to the spin splitting changing with the step width, the
sign and the magnitude of the spin splitting depend on the
magnitude of the electric field as well as the well width. An
electric field between 0 and 37 kV/cm may result in zero
spin splitting for two extreme well widths and electric fields
larger than 37 kV/cm induce a positive spin splitting, which
increases with an increase of the electric field. Therefore, for
the Al0.3Ga0.7As/GaAs/Al0.15Ga0.85As/Al0.3Ga0.7As step QW,
a weaker positive electric field, which can completely suppress
the built-in SIA, must exist, and the magnitude of the electric
field can be controlled by the well width and the step width
of the step QW. The fact that spin splitting appears due to the
built-in SIA without an external electric field and disappears
under a weaker positive electric field may be applied to spin
switches.

In Fig. 4, we plot the overall spin splitting of the ground

Fig. 4. Overall spin splitting of the ground subbands (F+I) and spin
splitting induced, respectively, by interface (I) and electric field (F)
related Rashba effects as a function of the external electric field of
10-nm-wide step QW with a 5-nm-wide step.

subband and the spin splitting induced by the interface and
the electric field related Rashba terms of the step QW as a
function of the external electric field. The results show that
the spin splitting induced by the external electric field related
Rashba term is proportional to the electric filed, and the spin
splitting induced by the interface related Rashba term can be
tuned by the electric field by changing the electron probabil-
ity density in the well. A negative electric field increases the
electron probability density difference at three interfaces, re-
sulting in a large interface related spin splitting. A weak pos-
itive electric field decreases the electron probability density
difference at three interfaces until it becomes zero. Then, with
an increasing of the positive electric field, the electron proba-
bility density difference at three interfaces is increased again,
but with opposite sign, resulting in a sign change of the inter-
face related spin splitting. The overall spin splitting, which is
the sum of the two contributions, disappears when they have
equal magnitude and opposite sign, which corresponds to the
symmetrical confinement potential. Under negative and strong
positive electric fields, the spin splitting induced by the inter-
face and the electric field related Rashba terms are opposite
to each other, and the contribution of the interface dominates,
which is consistent with the result in Fig. 1. However, what
should be noticed is that a small range of weak positive elec-
tric fields exist, in which the spin splitting induced by the elec-
tric field related Rashba term is larger than that induced by the
interface related Rashba term.

The value of P has an important effect on the total spin
splitting. The exact value of it still needs to be determined by
some experiments. Figure 5(a) presents the spin splitting with-
out an external electric field; i.e., the spin splitting induced by
the interface related Rashba effect. If the Rashba spin splitting
can be extracted by some methods, e.g., the spin photocur-
rent or the Kerr rotation, the value of P can be determined by
comparing the experimental results and the calculated results
in Fig. 5(a). We have mentioned above that the electric field
induced spin splitting can completely cancel out the interface
induced spin splitting when applying an external electric field
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Fig. 5. (a) Spin splitting of the ground (e1) and the first excited (e2)
subbands induced by the interface related Rashba term as a function
of the interface parameter; (b) Electric field, which results in no spin
splitting, as a function of the interface parameter.

to a given well structure. By determining such an electric field,
the value of P can also be determined. In Fig. 5(b) we plot the
electric field, which results in no spin splitting, as a function
of P for the 10-nm-wide step QW with a 5-nm-wide step.

4. Conclusions

We have theoretically investigated the spin splitting
of the Al0.3Ga0.7As/GaAs/AlxGa1−xAs/Al0.3Ga0.7As step QW
induced by the interface and the electric field related
Rashba terms. Without an external electric field, the spin
splitting can be induced by the interface related Rashba
term due to the built-in SIA, which is caused by the in-
troduction of the AlxGa1−xAs step into the symmetrical
Al0.3Ga0.7As/GaAs/Al0.3Ga0.7As QW. When an external elec-
tric field is applied to the step QW, the SIA can be changed
depending on the direction and the magnitude of the electric
field. For the ground subbands, the negative electric field can
lead to a more pronounced SIA, which results in a stronger
Rashba effect. A weaker positive electric field weakens the
SIA until it becomes a symmetrical confinement potential,
and zero spin splitting appears for certain well widths or step
widths. With the increase of the positive electric field, the SIA
increases again. It is shown that the spin splitting of the step
QW is mainly controlled by the interface related Rashba term
under negative and stronger positive electric fields, and the
contribution of the electric field related Rashba term domi-
nates in a small range of weaker positive electric field. Such
a step QW might be used in spin switches. We also proposed
a method to determine the value of the interface parameter,
which has an important effect on the spin splitting of the asym-

metrical structure.
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