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H I G H L I G H T S

� Size effect on RKKY interaction in a
quantum well with spin–orbit cou-
pling is shown.

� RKKY interaction depends on con-
fined width and positions in con-
fined direction.

� RKKY interaction in a quantum well
with spin–orbit coupling is tunable.

G R A P H I C A L A B S T R A C T

Quantum size effect on the Ruderman–Kittel–Kasuya–Yosida magnetic interaction mediated by spin–
orbit coupled electrons in a quantum well.
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a b s t r a c t

By taking into account the quantum confinement, we calculated the Ruderman–Kittel–Kasuya–Yosida
(RKKY) magnetic interaction between two magnetic impurities mediated by electrons with Rashba and
Dresselhaus spin–orbit couplings in a quantum well. The RKKY magnetic interaction of the present
system consists of conventional RKKY magnetic coupling, anisotropic magnetic couplings and Dzya-
loshinsky–Moriya magnetic interaction. The above magnetic interactions strongly depend not only on
the spin–orbit coupling strength, but also on the confined width and the absolute positions of two
localized spins in the direction perpendicular to the plane of the layered structure due to the quantum
size effect. It provides a potential way to control the RKKY magnetic interaction and its components in
the quantum well with Rashba spin–orbit coupling by both the applied gate voltage and the
nanostructure geometry.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The conventional Ruderman–Kittel–Kasuya–Yosida (RKKY)
interaction between nuclear spins or between localized spins in
metals is mediated by conduction electrons [1–4]. In recent years
the RKKY interaction has been a renewed interest in giant magne-
toresistance in multilayer structures [5], ferromagnetism in diluted
magnetic semiconductors [6] and the emerging field of spintronics
[7] and quantum information process [8]. The controllable RKKY

interaction plays an important role in the above novel physics and
applications. For example, the gate-controllable RKKY interaction
between the localized spins in two quantum dots, each in contact
with two-dimensional electron gas, was demonstrated in experi-
ment [9]. The extended nature of the controllable RKKY interaction
between the coupled local spins of two quantum dots has the
potential application in large-scale spin-based quantum computing
and spintronic nanodevices. It has stimulated to search the con-
trollable RKKY interaction and fully understand its properties in
different nanostructures.

The Rashba and Dresselhaus spin–orbit interactions in low-
dimensional electron systems are currently attracting considerable
attention due to their ability in controlling and manipulating the
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electronic spin and charge degrees of freedom. The Rashba spin–
orbit coupling originates from the inversion asymmetry of the
confined potential in semiconductor heterostructures [10,11] and
the Dresselhaus spin–orbit coupling is due to the inversion asym-
metry of the zinc-blende crystal structure of the bulk host material
[12,13]. In the background of the exploration of the controllable
RKKY interaction, the RKKY interaction mediated by the spin–orbit
coupled electrons was analyzed in detail and intensively [14–18].

Another motivation of understanding of the spin–orbit coupling
induced magnetic interaction is the Skyrmion spin structure observed
experimentally in bulk magnets [19,20], thin films [21,22] and one-
atomic-layer film on the surface [23]. As a special magnetic interaction
originating from the spin–orbit coupling, the Dzyaloshinsky–Moriya
magnetic interaction is mainly responsible for the above three-
dimensional and two-dimensional Skyrmion spin structures.

Recently we developed a theoretical formalism to investigate
the quantum size effect of the RKKY interaction mediated by the
normal electrons in a semiconductor nanostructure [24]. Since the
spin–orbit interaction was achieved in a semiconductor quantum
well, such as the inverted In0:53Ga0:47As=In0:52Al0:48As quantum
well [25], the quantum size effect is expected to have significant
influence on the properties of the RKKY interaction between two
localized spins mediated by the spin–orbit coupled electrons. In
this paper we mainly focus on the quantum size effect on the
RKKY magnetic interaction mediated by electrons with Rashba and
Dresselhaus spin–orbit couplings in a quantum well. It provides a
potential way to control the RKKY magnetic interaction in the
quantum well with the Rashba spin–orbit coupling by both the
applied gate voltage and the nanostructure geometry.

The paper is organized as follows. In Section 2, the RKKY
interaction mediated by the spin–orbit coupled electrons confined
in a quantum well is derived. In Section 3, we present and discuss
the properties of the RKKY interaction. Finally we conclude with a
brief summary in Section 4.

2. Formalism

We consider two magnetic impurities with the localized spins
Si ði¼ 1;2Þ embedded in a semiconductor quantum well, where
there exists the Rashba spin–orbit interaction. The electrons in the
quantum well are itinerant along x and y directions and confined
in the z direction with the width d. The localized spins interact
with the itinerant electrons via the well-known s–d coupling. The
Hamiltonian describing the above basic physics is written as

H¼H0þHs�d; ð1Þ

H0 ¼ ∑
N

i ¼ 1
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Hs�d ¼ �2J ∑
i ¼ 1;2

Si � si; ð3Þ

where the first term of the Hamiltonian H0 represents the electron
moving along x and y directions and the second term is the Rashba
spin–orbit interaction. The third and fourth terms of the Hamiltonian
H0 describe the electrons confined in an infinite square well potential
UðziÞ in the z direction. Hs�d is the interaction between the electrons
and the localized spin.mn is the effective mass of the electrons in the
quantum well. ki is the wave vector of the electron moving along x
and y directions. σix and σiy are the components of the Pauli
matrix vector σ i. α is the Rashba spin–orbit interaction strength. si
represents the electron spin density at the position ri given by
si ¼∑jδðri�rjÞ12 σ i, where rj is the electron position. J is the s–d

coupling strength and it has the following dimensionality: (energy)
(length)D, where D is the dimension of the system considered.

The eigenvalues and eigenfunctions of the single-particle
Hamiltonian for the electron with the Rashba spin–orbit interac-
tion in the quantum well are given by
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where ωðkÞ ¼ αðikxþkyÞ, n is the subband quantum number, A is
the area of the plane of the layered structure. μ is the energy level
quantum number, μ¼ 71.

In the second quantization representation, the H0 and Hs�d in
the Hamiltonian H¼H0þHs�d are given by

H0 ¼ ∑
nkμ

Enkμc
†
nkμcnkμ; ð7Þ
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A

∑
i ¼ 1;2
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where c†nkμ and cnkμ are the creation and annihilation operators of
the electron with subband index n, wave vector k and quantum
number μ, respectively. ri is the position of the ith localized spin
along x and y directions and zi is the position of the ith localized
spin in the z direction.

Using the second-order perturbation theory of many particles
[26], we derive the RKKY interaction of the present system. The
effective Hamiltonian of the RKKY interaction is expressed as
follows [26]:

HRKKY ¼∑
Γ

〈Γ0jHs�djΓ〉〈ΓjHs�djΓ0〉

EΓ0
�EΓ

; ð9Þ

where jΓ〉 is the excited state with the energy EΓ , and jΓ0〉 is the
ground state with the energy EΓ0

. As usual, the excited state is
taken as one particle–hole excited state jΓ〉¼ c†n1k1μ1

cn2k2μ2
jΓ0〉.

The quantum states n1k1μ1 and n2k2μ2 in the expression of the
state jΓ〉 satisfy En1k1μ1

4EF and En2k2μ2
oEF , respectively, where EF

is the Fermi energy. From Eqs. (7) to (9), we obtain the effective
RKKY interaction Hamiltonian
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where the magnetic coupling strengths are given by
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