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Abstract The Rashba spin-orbit splitting of a hydrogenic

donor impurity in GaAs/GaAlAs quantum wells is inves-

tigated theoretically in the framework of effective-mass

envelope function theory. The Rashba effect near the

interface between GaAs and GaAlAs is assumed to be a

linear relation with the distance from the quantum well

side. We find that the splitting energy of the excited state is

larger and less dependent on the position of the impurity

than that of the ground state. Our results are useful for the

application of Rashba spin-orbit coupling to photoelectric

devices.

In the framework of effective-mass envelope–function

theory, excluding the relativity effect, the electronic states

have been studied for a hydrogenic donor impurity in

quantum wells (QWs) [1–5] and its important application

in the photoelectric devices. The relativity effect introduces

evidence of Rashba effects in the semiconductor materials.

In recent years, spin-dependent phenomena was also pro-

posed using spin field-effect transistor based on the fact

that spin precession can be controlled by an external field

due to the spin-orbit interaction [6]. Gvozdić et al. studied

efficient switching of Rashba spin splitting in wide mod-

ulation-doped quantum wells [7]. They demonstrated that

the size of the electric-field induced Rashba spin splitting

in an 80-nm wide modulation-doped InGaSb QW depends

strongly on the spatial variation of the electric field.

The interplay between Rashba, Dresselhaus, and

Zeeman interactions in a QW submitted to an external

magnetic field was studied by means of an accurate ana-

lytical solution of the Hamiltonian [8]. Hashimzade et al.

presented a theoretical study of the electronic structure of a

CdMnTe quantum dot with Rashba spin-orbit coupling in

the presence of a magnetic field. The multiband k � p theory

was used to describe electrons in Rashba spin-orbit cou-

pling regimes and an external magnetic field[9]. However,

most importantly, many researchers anticipate that Rashba

effects can introduce spin splitting of electron energy levels

in zero magnetic field.

The Rashba term is caused by structural asymmetry,

which is a position dependent quantity in a QW, significant

near the interface but quickly falling to zero away from the

interface. The electron position in the well can be modu-

lated by the impurity center and will sensitively change the

Rashba spin-orbit splitting energy.

In this letter, we will introduce a linear Rashba spin-

orbit coupling module dependent on the electron position

in a QW and study the change in spin-orbit splitting energy

as the impurity position and the QW width change.

For a hydrogenic donor impurity located at r0 = (0, 0,

z0) in a GaAs/GaAlAs QW, the electron envelope function

equation in the framework of the effective-mass approxi-

mation is

4� 2

jr � r0j
þ aRðzÞðr � pÞ þ VðrÞ

� �
wnðrÞ ¼ EnwnðrÞ;

ð1Þ

where 4 ¼ �d2=dx2 � d2=dy2 � d2=dz2; r ¼ ðx; y; zÞ; r ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ z2

p
; and jr � r0j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ ðz � z0Þ2

q
: The

third item in Eq. 1 is the contribution of the Rashba spin-

orbit effect to the single electron Hamiltonian. aRðzÞ, r, and
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p, respectively, are the Rashba parameter, the Pauli

matrices, and electron momentum operator, respectively.

The subscript n = 0, 1, 2, . . . corresponds to the ground-,

first excited-, second-, . . . excited states. The units for

length and energy are in terms of the effective Bohr radius

a� ¼ �h2�=m�
ee2 and the effective Rydberg constant

R� ¼ �h2=2m�
ea�2, where m�

e and � are the effective mass and

dielectric constant of an electron.

We adopt the square potential energy model as

VðrÞ ¼ 0 for jzj �W=2;
V0 for jzj[ W=2;

�
ð2Þ

where W and V0 are the width of the QW and the band

offset of the electron, respectively.

We introduce a linear Rashba spin-orbit effect model

aRðzÞ ¼
a0ð1 � j j2zj

W � 1jÞ for jzj �W ;

0 for jzj[ W ;

(
ð3Þ

where a0 is the maximum value of the Rashba spin-orbit

effect at the side of the QW. The Rashba parameter is a

function of z and is dependent on the size of the QW, which

is demonstrated in Fig. 1.

In the following sections, using the normalized plane–

wave expansion method [10–12], we give numerical results

for the Rashba spin-orbit splitting energy of a hydrogenic

donor impurity in a GaAs=Ga0:65Al0:35As QW. We take the

effective mass parameters of [13] and the Rashba param-

eter a0 ¼ 10�12 eV m [14].

The spin-orbit splitting energy C is defined by the dif-

ference between the two splitting energy levels. Figure 2

shows the change in spin-orbit splitting energy C as the

GaAs QW width increases for a hydrogenic donor impurity

at the QW center under the linear Rashba model along the z

direction. The Rashba spin-orbit splitting energy is very

small for the narrow QWs. As the well width increases

from zero, the splitting energy of the ground state increases

first, then reaches a maximum value before decreasing

monotonously. This is because the wave function of the

ground state is localized at the QW center for the impurity

at the QW center and the Rashba effects is very small at the

QW center for the wide QWs. However, for the excited

states, the wave functions are spread in space and the

Rashba effects can affect the excited states for the wide

QWs. So the spin-orbit splitting energies of the excited

states decrease more slowly than that of the ground state.

The spin-orbit splitting energy C of the ground state

decreases when the impurity moves to the QW side and the

α(z)
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Fig. 1 The Rashba parameter as a function of z. The horizontal and

vertical dashed lines indicate the value of a0 and the borderline of the

QW, respectively
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Fig. 2 The change in spin-orbit splitting energy C as the GaAs QW

width increases when the hydrogenic donor impurity is at the QW

center under the linear Rashba model along the z direction. The low to

top lines correspond to the ground state (n = 0), the first excited state

(n = 1), the second excited state (n = 2), and the third excited states

(n = 3), respectively
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Fig. 3 The change in spin-orbit splitting energy C as the position of

the impurity under the linear Rashba model along the z direction

changes, when the GaAs QW width W equals 5 nm. The low to top

lines correspond to the ground state (n = 0), the first excited state

(n = 1), the second excited state (n = 2), and the third excited states

(n = 3), respectively
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impurity positions in the QW do not sensitively affect the

spin-orbit splitting energy C of the excited states. This is

because the ground state is more localizing than the excited

states in QWs. These changing trends are found in Fig. 3.

In summary, we proposed a linear Rashba model along

the z direction and calculated the splitting energy of a

hydrogenic donor impurity in a GaAs/GaAlAs QW. We

found that the Rashba spin-orbit splitting energy of the

ground state is more sensitively dependent on the QW

width and the center position of the hydrogen donor

impurity than those of the excited states.
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