PERGAMON

Solid State Communications 119 (2001) 59-62

solid
state
communications

www.elsevier.com/locate/ssc

Electron energy state spin-orbit splitting in nanoscopic
quantum rings

O. Voskoboynikov*™*, H.C. Huang?, C.F. Shi®, C.P. Lee®

National Chiao Tung University, 1001 Ta Hsueh Road, Hsinchu 300, Taiwan, R.O.C.
Kiev Taras Shevchenko University, 64 Volodymirska st., 252030 Kiev, Ukraine

Received 26 March 2001; received in revised form 8 May 2001; accepted 14 May 2001 by H. Takayama

Abstract

The impact of spin-orbit interaction on the electron energy states in nanoscopic semiconductor quantum dots and rings is
studied theoretically. The effective one-band Hamiltonian approximation with the spin-orbit coupling potential is used. It is
shown that the spin-orbit interaction can produce a considerable spin splitting of excited electronic states at zero magnetic
fields. We investigated changes in the spin splitting when the geometrical structure is gradually changed from a dot-like shape
to aring-like one. It has been found that the completion of the quantum ring geometry leads to the reversing of the splitting sign.
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The recent advances in nanoscopic semiconductor struc-
ture fabrication has allowed us to construct nanoscopic
systems with a wide range of geometries. It produces a
genuine explosion of researches on this topic. Electron
quantum confinement effects are being under an extensive
investigation for quantum wells, quantum wires, and quan-
tum dots (see Refs. [1-4] and references therein). A new
geometry of nanoscopic semiconductor quantum rings has
been observed experimentally in recent works [5-8].
Although micro-scopic and meso-scopic metallic and semi-
conductor [1,9] quantum rings have been under a consider-
able attention for the recent decade, the recent development
in semiconductor nanoscopic rings bridges the gap between
quantum dots and meso-scopic ring structures.

The study of the electronic properties of nanoscopic
rings have attracted a strong experimental and theoretical
interests [5—8,10—14]. In contrast to the meso-scopic one
the nanoscopic rings can not be described as a quasi-one-
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dimensional structure. The ring geometry makes this nano-
structure very rich in physics including its far-infrared
spectrum and its magnetic properties [15,16]. In addition,
unusual optical and magnetic properties can be controlled
by morphological changes during the nano-structure fabri-
cation and by the number of electrons bound in a ring [5—8].
However, it can be seen from the literature that the agree-
ment between the present day nanoscopic quantum ring
theory and the experimental results is rather poor [16]. A
good understanding of the spectroscopic and magnetic
properties of the rings are still lacking.

In this study we discuss consequences of the spin-orbit
coupling [17—-19] between electron motion and the electron
spin polarization in nanoscopic quantum rings. We show
below that the spin-orbit interaction can play an important
role in the formation of electron energy states in those nano-
scopic quantum structures and lead to a significant revision
of the electron energy spectrum even at zero magnetic field.
We are particularly interested in a situation when the
simply-connected geometry of quantum dots transforms to
the multiply-connected geometry of quantum rings (a “dot
to ring” transition). Our model allows us to calculate the
electronic spin dependent energy structure of InAs/GaAs
nanoscopic quantum dots and rings gradually within the
“dot to ring” topology transition.
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Fig. 1. Radial variation of the semiconductors band parameters in
InAs/GaAs ring structures.

We describe here a quantum semiconductor structure
with radial variations of the band structure parameters, as
shown in Fig. 1. The structure is generated by the revolution
of the radial variation around the z-axis. In our calculation
we use the adiabatic approximation [20,21] and take the
advantage of the fact that the electron wave function is
strongly confined along z-direction. Obtained in experi-
ments a typical height of nanoscopic quantum rings is
about 2 nm [5,6]. The diameters of these rings are changed
within a wide range but those are always an order of magni-
tude larger than the ring height [5—8]. This allows us to
discuss only the ground energy state with respect to the
electron motion along z-direction [21].

To calculate the electron energy state we use the effective
one-electronic-zone Hamiltonian within the envelope
function approximation [22-25]. The total electron wave
function @, (z,R) for the electron energy state with the
orbital momentum / and spin s can be presented in the
adiabatic approximation as:

q’nls(zs R) =~ ‘IIO(Z)Fn,l,s(R)s

where W(z) satisfies the ground state z-component of the
Schrodinger equation and 7 is the main quantum number for
the electron radial motion. F,; (R) is an eigen-function of
the following effective Hamiltonian:
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where the coordinate and energy dependent electron effec-
tive mass can be presented as:
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E is the electron energy, E.(R), E,(R), and A(R) denote
respectively the position-dependent electron band edge,
the main band gap, and the spin-orbit splitting in the valent
band. P is the momentum matrix element that is taken to be
independent on R [22—-24]. The material parameters of InAs/
GaAs quantum structures are used for our evaluation. The
confinement potential in the conduction band follows the
well known rule V.(R) = E.(R) =0.7[E,(R) = Egpsl.
The spin-orbit interaction potential is written in the
cylindrical coordinates as:

Vo (R, E) = %l %, 3)
where the spin-orbit coupling parameter S is [23-25]:
B(R,E) =
P [ 1 B 1 ]
2| E-E R +ER E—-ER+EM®R+AR [
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and o = =1 refers to the electron spin polarization along the
z-axis. The coordinate dependence of the material band
characteristics in In,Ga;_,As quantum structures is
controlled by the composition parameter x, which is taken
to be R-dependent and follows the distribution (see Fig. 1):

_ 2
x(R) = epr:(RR—ll%) ] )

The key parameters of this model are the structure
characteristic radius R, and the width of the confinement
potential R;. This “x(R)” model allows as to investigate
the electron energy states of the structures starting from
the quantum dot configuration (R, = 0). The position-
dependent band parameters are then expressed using the
following rule [26]:

Eg(R) = x(R)EglnAs +[1 = x(R)]EgGaAs’

AR) = x(R)A a5 + [1 — x(R)]AGuas-

The above model allows us to describe within one theo-
retical approach the “dot to ring” topology transition using
one set of parameters {Ry,R;}.

The Schrodinger equation with the Hamiltonian (1) was
solved by using the nonuniform space grid method proposed
in Ref. [21]. Because of the energy dependence of the effec-
tive mass and spin-orbit coupling parameter our calculation
consists of iteration loops to reach a “self-consistent” energy
solution. A feedback nonlinear iteration scheme is as
follows: (i) set energy E = 0, (ii) compute effective mass
m and spin-orbit coupling parameter 3, (iii) solve Schrodin-
ger equation for energy E, (iv) back to (ii). The iteration is
terminated when a specified stopping criterion on energy is
reached. We have found that for the above scheme the
convergence criteria on energies (the maximum norm
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Fig. 2. Spin splitting as a function of the InAs/GaAs structure radial
parameters (Egj,4, = 0.42 eV, Appg = 0.38 eV, Eygaps = 1.52 €V,
Agaas = 0.34 eV, P? = 0.89 eV>nm? [26]).

error is less than 10~ eV) can be reached by only 8-10
iterative loops.

In this work the value of our main interest is the spin
splitting in the electron energy states:

AE, ;= E,;+1 — E, - (6)

The dependence of AE,; on Ry and R, is of primary
concern in this study and we obtain a principal result for
the lowest energy levels, when n = 0. It is clear from (3) that
the spin-orbit splitting appears for states with || = 1.The
spin-orbit interaction separates states with the same orbital
momentum and different spin directions. However, the
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Fig. 3. Zero spin splitting line for InAs/GaAs “dot to ring” transition
(parameters are the same as in Fig. 2).

states with parallel spin and / (antiparallel spin and /) remain
twofold degenerated. This is the well known Kramers
degeneracy. For instance, when d3(R, E)/dR = 0 the doubly
degenerated electron states with antiparallel directed spin
and / have the higher energy. This level hierarchy obviously
depends on the sign of the parameter d3(R, E)/dR.

Our calculation results demonstrate well-defined spin
orbit splitting in electron states with non-zero angular
momentum in small quantum dots and rings. In our model
the spin splitting is a function of the two variables R, and R;.
Consequently, in {R(,R,} plane we can investigate possible
differences in the spin-orbit splitting for dot-like and ring-
like structures. Fig. 2 presents our calculation results for the
lowest spin-split energy level |/| = 1. The result demon-
strates an observable splitting for relatively small dots
and rings. An interesting consequence of the “dot to ring”
topology transition (along the R, axis) is the change of the
splitting sign. The sign inversion takes place when the para-
meter R, is large enough to complete the ring-like potential
geometry for electrons. Starting from R, =0 (the dot
geometry) we have negative dB(R, E)/dR for all R and E
(see Eq. 3). When R, is increased a region with positive
dB(R, E)/dR appears (when R = R;). Since the spin-orbit
interaction is proportional to R~ and the positive part of
dB(R, E)/[dR becomes dominant when the ring structure
starts to take shape. So the spin splitting changes sign as
the dot changes to ring when R, increases. This is a direct
consequence of the ring-like geometry completeness for the
electron potential. In Fig. 3 we show a line on {R,R;} plane
when the splitting is zero. It follows from Fig. 3 that the
ring-like potential forming is complete when Ry = R;.

In short summary, we have presented a theoretical study
of the impact of the spin-orbit coupling on the electron
energy structure of nanoscopic quantum dots and rings.
The effective one-band Hamiltonian approximation with
the spin-orbit coupling potential were employed to describe
and evaluate this effect. Our results demonstrate that the
system energy state hierarchy can be dependent on the
electron spin polarization through the spin-orbit interaction.
We have found that the spin-orbit splitting of the electron
states can reach a considerable magnitude at zero magnetic
fields. The electron state hierarchy can drastically change
when the system geometry changes. An interesting “dot to
ring” topology transition in the spin-splitting sign has been
found. The completion of the ring-like structure leads to the
splitting sign reversing. This can lead to unusual magnetic
and magneto-optical properties of the structures.

The main goal of this paper is to demonstrate the spin-
orbit interaction effects in the “dot to ring” topology tran-
sition. In our calculation, a simple model and conventional
parameters of the semiconductor band structures are used. A
real three dimensional calculation including the multi-elec-
tron effects should be performed to complete the investi-
gation. However, the major finding: the spin-splitting at
zero magnetic field and the reversing of the splitting sing
are clear physical phenomena which are independent of the
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model. We can conclude that the spin-orbit interaction offers
not only rich physics but also possible useful device appli-
cations.
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