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We present a theoretical study of the energy levels in a parabolically confined quantum dot in the
presence of the Rashba spin-orbit interact®®]). The features of some low-lying states in various
strengths of the SOI are examined at zero and nonzero magnetic fields. It is shown that the
spin-polarized electronic states can be more easily achieved in a weakly confined dot when SOl is
greater than a critical value of the confinement strength. The presence of a magnetic field enhances
the possibility of the spin polarization and the SOI leads to different energy dependence on magnetic
fields applied. Furthermore, in high magnetic fields, the spectra of low-lying states show basic
features of Fock—Darwin levels as well as Landau levels2@4 American Institute of Physics.

[DOI: 10.1063/1.1710726

I. INTRODUCTION polarized nano-optoelectronic devices. At present, one of the
major challenges for the application of the spintronic sys-
The state-of-the-art material engineering and nanofabritems as working devices is to optimize the spin lifetimes of
cation techniques have made it possible to realize advancage carriers in the devices. It has been realized that in con-
semiconductor devices at atomic scales, such as quantufiast to the diluted magnetic semiconductors in which the
dots in which the electron motion along all directions is SQI is induced by the presence of an external magnetic field,
quantized and conducting electrons are confined within thegpin-splitting of carriers can be achieved in narrow-gap semi-
nanometer distances. In such a system, few electrons ag®nductor nanostructures even in the absence of the mag-
confined within a point-like structure so that it can behave agetic field. Experimental data have indicated that in narrow-
an artificial atom and, consequently, be used as electronigap semiconductor based quantum wells, such as in InAlAs/
and optical devices such as memory chiguantum |nGaAs heterostructures, the higher-than-usual zero-
computer,™ quantum  cryptograptfy, quantum-dot laset, magnetic-field spin-splittingor spontaneous spin-splitting
etc. In recent years, the eIeCtroniC, transport, Optical, an@an be realized by the inversion asymmetry of the micro-
optoelectronic properties of spin-degenerate quantum dolcopic confining potential due to the presence of the
have been intensively investigated. heterojunctiort? This kind of inversion asymmetry corre-
On the other hand, the progress made in realizing spingponds to an inhomogeneous surface electric field and,
polarized electronic systems on the basis of diluted magnetigence, this kind of spin-splitting is electrically equivalent to
semiconductors and narrow-gap semiconductor nanostrugne Rashba spin-splitting or Rashba effécErom the fact
tures has opened up a field of spin-electrorimsspintron-  that InGaAs-based quantum dots are normally fabricated us-
ics). As has been pointed out in a good review edited by Wolfing |nAlAs/InGaAs heterojunctions, one would expect that
and Awaschalonfi,due to the unique nature of the spin-orbit the Rashba spin-splitting can be observed in these quantum
interaction(SOI) in electronic materials, quantum transport qot systems and spin-polarized quantum dots can therefore
of electrons in a spin-polarized system differs fundamentallyye gchieved. Practically, the spin-split quantum dots can be
from that in a spin-degenerate device. Thus, the spinmade from, e.g., an InAIAs/InGaAs heterostructure with a
dependent effects can offer mechanisms and schemes for iHegative bias applied to the side gte.
formation storage and for increasing the speed of data pro- | contrast to a spin-split quantum well structure in
cessing. As a result, the electronic devices, such agpnich the Rashba effect can be easily identified by, e.g., the
spin-transistof, spin-waveguidé? spin-filter!* etc., have magnetotransport  experiments  via measuring  the
been proposed. Moreover, optical methods for injectiongppnikov—de Hass oscillatioh®the spintronic effects in
modulation and detection of spin-polarized electrons willy quantum dot cannot be easily observed using conventional
eventually become the target for the development of spingansport measurements. Normally, optical measurements,
such as optical absorption and transmissfoncyclo-
dElectronic mail: cstang@phys.cts.nthu.edu.tw tron-resonancé’ etc., can be used to determine the energy
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spectrum of a quantum dot. Although recently there are som#nian in the cylindrical polar coordinate, we find that the
theoretical work published regarding the Rashba effect irsolution of the corresponding Scliiager equation is in the
quantum dots in the presence of magnetic fiéfdé? the  form of ¥ (X,Y)=e™M%(r), wherem is a good quantum
effect of the SOI on energy spectrum of a quantum dot hasumber and is an azimuthal angle to thé axis. Thus, the
not yet been fully analyzed. It should be noted that in Refeigenfunctiony(r) and eigenvalué of the system can be
18, the SOI was taken as a perturbation. In order to undemdetermined by solving

stand how SOI affects the energy levels of a parabolically

confined quantum dot, we feel that more theoretical work is HQ_E e'’H, ‘//l(r)} -0 @
needed and it is the prime motivation of the presentwork. In | —€'’"H_ Ho—E |[#2(r)] ™

this article, we present a tractable approach to calculate ey,

ergy spectrum of an InGaAs-based quantum dots with the

inclusion of SOI induced by the Rashba effect. We would h? [o* 1o m N m

like to examine the important and interesting consequences ' '©  2m* \arZ "t ar r_z) FVEHIN)+ Eh“’c'

such as the exchange of the energy states due to SOI and the

enhancement of the spin-polarization by the presence of th@"

magnetic fields. g m r

In Sec. Il the theoretical approach is developed in calcu- H:ZQ(E“—”TJF W)

lating the electronic subband structure of a parabolically con-

fined quantum dot in the presence of SOI and a magnetitiere, o;=eB/m* is the cyclotron frequency,= (/e B)*

field. The numerical results are presented and discussed ia the radius of the ground cyclotron orbit, and(r)

Sec. Il and the conclusions obtained from this work are=§m* wgr?+Ve(r) is the effective trapping potential. It

summarized in Sec. IV, should be noted that the solution of Eg) does not depend
on 6, because the eigenfunction and eigenvalue can be ob-
tained, in principle, by solving

[(Ho—E)?*+H . H_Tyi(r)=0, ()

Il. APPROACHES

The device system under investigation is a typical quan- _ _ _ ) _
tum dot formed on top of a narrow-gap semiconductor hetWherei=1,2. Eq.(3) is a fourth-order differential equation.
erojunction (such as an InGaAs/InAlAs-based heterostruc—There is no simple and analytical solution to this equation. In
ture grown along the Z direction, and the lateral this article, we therefore attempt a tractable approach to
confinement is formed in th&Y plane. A perpendicular Solve the problem. . .
magnetic fieldB is applied along the growth direction of the ~ FOr the case of a parabolically conf|2n62,\d quantum dot, we
quantum dot. We consider the situation where the SOI i§/ave the confining potential(r) =m* wor “/2 wherew, is
mainly induced by the presence of the InGaAs/InAlAs het-the characteristic frequency of the confinement. For conve-
erojunction due to the Rashba effect. In such a case, th@ience, we defin€ = \4wg+ wg anda=(24/m* Q)2 Af-
lowest order of the SOI can be obtained from, e.gk-p  ter settingr=ax and assumingy;(r)=e"**I""2C;(x),
bandstructure calculatioi?.It should be noted that when the Ed. (2) readily becomes

SOl is induced by the Rashba effect due to the presence of ho+& —eh.][c (X)
the heterojunction and when the magnetic field is applied i Cl X) =0. (4
along theZ direction, the electronic subband structure along eh_ ho+& 2(

the growth directiorfor theZ axis) depends very little on the Here, ho=x3%ax?+ (|m|—x+1)aldx, h.=A_ X [d/dx

SOI. Therefore, under the effective-mass approximation, ther(|m| m)/2x— (1— w./Q)/2], E= E_/ﬁQ_mwc/ZQ
electronic structure along theY plane and in th& direction  — (|m|+1)/2, andA,= (a/%)\2m*/2Q. In this article, we

in a quantum dot can be treated separately. Including thgre interested in finding the energy spectrum of a quantum
contribution from SOI, the single-electron Hamiltonian de-qot in the presence of the SOI and of a magnetic field. We

scribing the electronic system in théY plane can be written  assume that the electron wave functions are in the form
as

= |m
H= e (p oAl o (pmem oV, () 007, a0

where the Zeeman term is neglected for simplicity. Herg, and
is the electron effective mass in th€Y plane,p=(px,py) *

with py=—ihd /dX is the momentum operatoA=(Y, Cz(x)zz Dm,NL‘,\"m(x)

—X,0)B/2 is the vector potential induced by the magnetic N=0

field which is taken in the symmetric gauge here for convewith L{j(x) being the associated Laguerre polynomial. Thus,
nience, andV(r) is the confining potential of the quantum introducingC;(x) into Eq. (4) and carrying out the normal-
dot along theXY plane withr = (X?+ Y?)Y2 Furthermorea  ization, we obtain two coupled equations which determine
is the Rashba parameter which measures the strength of tiige energyE and the coefficient€,, y andD, v :

SOI. Due to the Pauli spin matricas=(ox,0y,07), this 0 _

Hamiltonian is a X2 matrix. After rewriting this Hamil- (E—Enn)Cmn—ARQ 1\Dmi1n/2=0 (5)
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and 12 .
B=0T
(E—Epn)Dmn+AALQ 14\ Cime1ni/2=0, (6) V,=1meY
whereEQ, y=mAw/2+ (2N+|m|+1)%Q/2 is the energy of or
a parabolically confined quantum dot in the absence of the o
SOl 6 < {0.12].u} 7
L= (0% +1) 8y v = (0* = 1) Sy -1, 3 o1y
whenm=1 for |,, andm<0 for I,:,N and, otherwise, w s
I =(@0* —1)(N+|m|+1) 8y n oma
—(0* +1)(N+1)6\ n+1s ol vz 0.0
with w* =w./Q. These results suggest that the SOI in a —
guantum dot can result in band mixing and shifting. Using oltla S,
sequence relations given by Ed$) and (6), the electron 25 5 10 15
energyE as well as the coefficientS, y andD, y can be a (10" eV-m)

determined.
FIG. 1. Dependence of the low-lying energy statdg0,l|(l
=1,2,...7),71} and{1]1](1=1,2,3),1 |}] on the Rashba parameterat

11l. NUMERICAL RESULTS AND DISCUSSION B=0 in a weakly confined dot withV.=%Awy=1meV. Whena=a,
~10 %% eV m, all ten electrons are located in the down spin branches. The

In the present study, we examine the dependence of th@ashed and dotted lines refer to the energies with the quantum nuiMbers
energy levels and the occupation of electrons to differenfdm as indicated, to show the energy scales.
states on the strength of the SOI and of the magnetic field in
a few-electron quantum dot system. We take the Rashba pa- - _ ) _
rameter to bax~(3—4)x10 1 eVm, in conjunction with trons. With increasingy, energies of the dowrfup) spin _
recent experimental data realized in InAlAs/InGaAs states decreas(mcrea_séa and more elect_rons are located in
heterostructure&’® The size effects of the dot are also con- the lower-energy spin-down states with differert, (n)
sidered. For weakly and strongly confined dots, we take th@Umbers. _ _
typical values of the confining potential ¥%s=%w,=1 and ~_  For @ weakly confined dotsee Fig. 1, SOI plays an
10 meV, respectively. The condition of electron number conimportant role in modifying the electron energies and the
servation is applied to determine the Fermi energy of the?ccupancy of electrons to different states: It should be npted
system. For demonstration of how electrons occupy to th&hat for an InGaAs-based quantum dot with a weak confine-
different energy levels in the presence of SOI, we assum€nt, the SOI can lead to a situation where the energy of a
there are ten electrons in the dot. Moreover, in the preserittate With{N+1,m,d} or{N,m+1,d} can be lower than that
study the effect of the SOI on lifetimes of an electron inWith {N.m,u}. As a result, the stateN+1m,d} or {N,m
different states is not taken into considerattdthe inclu-
sion of the many-body effects induced by Coulomb interac-
tion in a quantum dot is a higher order effect to affect the
energy spectrum, although the Coulomb interaction can re-
sult in an exchange enhancement which may affect the re-
sults qualitatively? Later, we discuss the effect of the SOI
on energy levels of the low-lying states at zero and nonzero
magnetic fields. For convenience of the discussion, we label
the energy states with quantum numbéksm, xs}, where
xs=d or | (xs=u or 1) referring to the down(up) spin
branch of the energy states.

A. B=0

E (meV)

The low-lying energy states in weakly/{=1 meV) and
strongly (V.=10 meV) confined quantum dots are shown in
Figs. 1 and 2, respectively, as a function of the Rashba pa-
rametera in the absence of a magnetic field. B&=0, the
SOl lifts the spin-degeneracy of the electronic states with the 0 5 10 15
same orbital momenta and, as a result, a twofold Kramers o (10" eV-m)
degeneragy can be observed. In the absence of SQl or FIG. 2. Energy of the lowdying stated0Ja].113. {0J2L1L). {01311}, and
=0, energies with the same quantum numie/m() are_ de- 1,1],71}) as a function of the Rashba, p:':lrar’net’eréa%(i in, a‘ str’ongly
generate and, therefore, two electrons are located in a staggnfined dot withv, =% w,=10 meV. The dotted lines refer to the energies
with (N,m) and five lowest states are occupied by ten elecwith the quantum numbeis andm as indicated, to show the energy scales.
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+1,d} which is empty alz=0 can become occupied due to
the SOI, whereas the stafdl,m,u} which is occupied at
=0 can be empty a&+ 0. We find that there exists a critical
value of the strength of the SQ@I. above which the system
is fully spin-polarized. For example, in Fig. 1 at relatively
large values ofx=a,~10 %% eV m, all ten electrons are in
the spin-down states, which implies that the system is fully
spin-polarized. For comparison, we note that at-5
x10 ™ eVm only seven electrons are in the spin-down
branches. An important conclusion we draw from these the-
oretical results is that the SOI induced by the Rashba effect
in a quantum dot is able not only to lift the spin-degeneracy
of electrons and to alter the electronic subband energies but
also to play an important role in varying the spin-polarization
of the device system.

For a strongly confined ddsee Fig. 2, the energy gaps

- - 5 10 15

among different N,m) states are enhanced significantly and 11
these gaps are mainly determined by the confinement of the o (107" eV-m)
dot. As a consequence, wher<1.5x 10 *°eVm the SOI-  gig, 3, Energy of low-lying levels vs the Rashba parametéd=atl T and
induced strong band-mixing effects that we saw in Fig. 1 are/.=1 meV. The presence of the magnetic field reduces the spin-
significantly weakened. We find that in order to achieve gpolarization and a fully spin-polarized ten-electron dot is achieved at
strong spin-polarization in the system, a relatively Iarge>“0”7'25>< 107" evm.
value of « is required. Namely, the value, increases with

increasing the strength of the quantum confinement for a dog; higher magnetic fieldsee Fig. 4 wherex,~6.75

The results shown in Figs. 1 anq 2 indi.cate that a strong, 1o-11 ay m) so that the states with positive quantum num-
effect of the SOI and a strongly spin-polarized system can bge iy and spin-up orientation have higher energies relative
observed in a weakly confined quantum dot. to the {0,—|m|,|} states. Furthermore, after comparing the
a. values obtained in Figs. 1, 3, and 4, we note that the
presence of the magnetic field can result in a lower value of
a. and, consequently, the stronger spin-polarization can be

When a perpendicular dc magnetic field is applied to aachieved in a dot in the presence of the SOI and of a mag-
qguantum dot, the nature of the spin-dependent energy spenetic field.
trum can become even richer in terms of physics due to the In Fig. 5, we show the spectra of low-lying states as a
coupling of the magnetic field to the confining potential of function of the magnetic field at a fixed Rashba parameter
the quantum dot and to the potential induced by SOI. Ita=10 1! eV m for a weakly confined dov.=1 meV. We
should be noted that in the present study, in order to examingénd that in such a case, becaugds relatively small, the
the net contribution to the energy spectrum of a dot from the
SOOI, we have neglected the effects induced by the Zeeman
splitting. In Figs. 3 and 4 we plot the low-lying energy levels 15 B=3T
as a function of the Rashba parameter for different magnetic
fields B=1 and 3 T, respectively, at a fixed quantum dot
confinemen¥/ =1 meV. In the absence of the Zeeman split-
ting, the SOI induced by the Rashba effecBat 0 can lift
the magnetic degeneracy of electrons. Namely, the states
with the = |m| number can have different energies. We find
that in this situation, the occupancy of electrons to different
states has some unique features. On one hand, the presence
of the magnetic field can increase the energy gaps among the
states with the quantum numbe ). Thus, similar to a
strongly confined dot, the magnetic field may increase the
critical value a. above which the system is fully spin-
polarized. This effect can be seen at a relatively Byield
(see Fig. 3 wherea,~7.25x10 ! eV m is found. On the
other hand, when the magnetic field predominates the elec- 0 5 10 15
tronic energy spectra, the energy states with the negative o (10" eV-m)
magnetic quantum numben and the spin-down branches _
are more preferable for an electron to stay. As a result, thg': 4 Eneray of low-lying states vg at B=3 T andV,=1meV. In the

. . . L ower panel, thd0,—m, | 1} states are assembled in different groups and the

presence of & field can increase the spin-polarization of a gashed line refers to the energy of t@®0} level. A fully spin-polarized
guantum dot. This effect is more pronounced in the presencen-electron dot is achieved at> @,~6.75< 10" eV m.

B. B#0




6372 J. Appl. Phys., Vol. 95, No. 11, 1 June 2004 Kuan, Tang, and Xu

140 T

{©0-1u {0-2.d}

{0.0}

N R

B (T)

FIG. 6. Magnetic field dependent level scheme with=10 meV ata=1
X107 eV m. The magnetic field induced energy gaps characterize the

2 4 6 level assembles. The energy levels are just Fock—Darwin states with Rashba
B (T) SOl.

FIG. 5. Dependence of the energy levels on the strength of the magnetic

E:eld aEt a fixe(;i éonfinemem’_fll (;neV and ’ctl fixled?;: 10’t11t ev mi{ :?ge m numbers. These levels Iogvered by the magnetic field are
y , an roups Incluae respective e states wyDo,(O, 25 H H

b {i_g|m|"j”' {N+m£1’N+r;’:1‘“}’ INop(0,  Known as the Fock—Dgrvﬁﬁ levels and their basic fea-

—|m]),11}, and{N+m=2N+m=2,/1}. The higher index groups can be tUres are not affected significantly by the SOI.

generated via the rule of the least sum of the quantum numbers. The inset  The results shown in Figs. 5 and 6 suggest that at rela-

shows the results obtained at Idvfields. tively high-B fields so thatA,<1, the effect of SOI on en-

ergy spectrum of a quantum dot can be neglected. For case of

a weakly confined dot, free electrghandau)?® type levels

can be used to describe the energy spectra of the system.

When the cyclotron energy is larger than the confining po-

tential of a dot, there is a hybridization of the Landau levels

from the spatial confinement.

electronic subband energy in the hiBhfield regime is
mainly determined by the strength of the magnetic field
throughE=m# w2+ (2N+|m|+1)AQ. The energy spec-
tra at lowB fields differ slightly from this dependendeee
the inset in Fig. b Thus, similar to a spin-degenerate quan-
tum dot, in the highB field regime the energy of a state
{N,m,| 1} increases withB field and levels with positive
magnetic quantum numben>0 are always higher than In this article, we have examined how the Rashba SOI
those with negativen<0. The results shown in the inset in affects the energy levels of a parabolically confined quantum
Fig. 5 indicate that the crossover of the energy states witidot. A nonperturbative approach to deal with SOI in a quan-
different N numbers occurs wheB<1.5 T. WhenB>2 T, tum dot has been developed. The main theoretical results
these states can be assembled to the energy groufs of obtained from this study are summarized as follows.
=14, 42, 70, 96, 124 meV, etc., corresponding to the states We have demonstrated that SOI in a quantum dot can
with differentN numbers(see captions in Fig.)5and these change not only the energy levels of the system but also the
states are affected weakly by the SOI. In the presence of veigpin-polarization of the device. It has been found that there
high magnetic fieldsB>2 T in Fig. 5, the effects of the exists an critical value of the strength of the S&J above
SOl and the confinement of the dot can be largely suppressethich anN-electron system can be fully spin-polarized. In
and the energy levels are therefore determined mainly byhe absence of a magnetic fielg, increases with increasing
En=(N+1/2)hw,. Although the effect of SOI induced by confining potential of the dot.
Dresselhaus splitting is not included in the present study, In the presence of a perpendicular magnetic field, we
these features enable us to compare qualitatively our resulgnter a regime with different competing energies, where
with those obtained by Voskoboynik&%.Our analyses give magnetic potential, confining potential of the dot and poten-
an explicit expression of energy levels and our results clearljial induced by the SOI are coupled. As a result, the presence
show the effects of SOI on energy spectra for different size®f the magnetic field can result in much richer features of the
of quantum dots. spintronic properties in a quantum dot. The energy spectra
For case of a strongly confined dot with.=10 meV, and the value of in a dot depend strongly on the strength
the B-field dependence of the energy levels are shown in Figof the magnetic field. In differerB-field regimes, the energy
6 at a fixeda=10"' eV m. From this figure, we see clearly levels of spin-modified states have different dependence of
that spin-up and -down levels with the sani¢, i) number  the magnetic field.
are in pairs, where the energy difference between the up and We have found that a coefficiedt,= (a/f)V2m* /L
down states is determined mainly by the confinement potenwith ()= \/4(1)024- wcz plays a role in switching the SOI. When
tial and the strength of the SOI. It can be seen further fromA,>1 a strong effect of the SOI on energy levels can be
Fig. 6 that in the presence of SOI, a magnetic field still playsobserved, whereas the effects of SOI can be neglected when
a role in lowering the energies of those states with negativé\,<1. Thus, (1) the strong spin-polarization can be

IV. CONCLUDING REMARKS
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