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Electron spin and charge switching in a coupled quantum-dot—quantum ring system
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Few-electron systems confined in a quantum dot laterally coupled to a surrounding quantum ring in the
presence of an external magnetic field are studied by exact diagonalization. The distribution of electrons
between the dot and the ring is influenced by the relative strength of the dot and ring confinement, and the
magnetic field which induces transitions of electrons between the two parts of the system. These transitions are
accompanied by changes in the periodicity of the Aharonov-Bohm oscillations of the ground-state angular
momentum. The singlet-triplet splitting for a two electron system with one electron confined in the dot and the
other in the ring exhibits piecewise linear dependence on the external field due to the Aharonov-Bohm effect
for the ring-confined electron, in contrast to smooth oscillatory dependence of the exchange energy for laterally
coupled dots in the side-by-side geometry.
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I. INTRODUCTION tum mechanical tunnelling. The transfer of the charge be-

Coupling~4 between semiconductor quantum dtee- tween a quanum _ring and inline- as yvell as side-co_upled
sults in the formation of so-called artificial molecules. Sinceduantum dot ar;d its effect on th? pers(ljstgn_t cuhrrentsdm me-
most of the quantum dots have flat geometry, the coupling iSOSCOPIC samples was previously studed in the Anderson-

i 6
realized either by vertical stackibg or by fabrication of IMPuUrity-type modef o .
dots coupled Iateyrally on the sar‘rtlg pI%rrJrgTheoreticeﬁ‘“ We study the effect of the magnetic field on the confined

considerations and experimerial* realizations of laterally ©N€- two-, and three-electron systems using an exact diago-
coupled dots are based on the idea of dots placed side Hjfization approach. In quantum dots and rings the magnetic
side. This paper is devoted to few-electron states in an e feld mducEs grlounfd-hstatle angulalr momentum tranfsmorr:s.
: . : owever, the role of the electron-electron interaction for the
Zigﬁﬂ%déf;?rgSrtrgSr?glztrgyOfalzf;ﬁifﬁuf%;%’hn:rgﬂx’eﬁo Airansitions in these two structures is different. In quantum

barri ting both parts of th tem. Th f rings the interaction is of secondafy® importance for the
arner separating both parts of the system. The con 'n.eme'%gular momentum transitions which are mainly determined
potential considered in this paper can be obtained using

, : ! 3y the Aharonov-Bohm effect. In spinléé2° few-electron
atomic force microscope to locally oxidiZethe sample sur- systems the ground-state angular momentum is not influ-

face which results in the depletion of the two-dimensionalenced py the Coulomb interaction, and for electrons with
electron gag2DEG) underneath it. Alternatively one can ap- spin the angular momentum of the ground state differs from
ply split gates with a central cap gate surrounded by a thifhe noninteracting case by at mdst® On the other hand, in
collar gate on top of a planaAlGaAs-GaAs heterostructure quantum dots the Coulomb interaction influences strongly
containing a 2DEG. A proper geometry of split gates for thethe values of the magnetic field at which the angular momen-
fabrication of the confinement potential considered in thistum transitions appear. Moreover, in two- and three-electron
paper was applied in the studhof effects related to electron systems these transitions are absent if there is no electron-
localization on local fluctuations of the confinement potentialelectron interaction. In this paper we study the hybrid
in the low electron density regime. The system studied in thenagnetic-field evolution of the electron spectra in the dot-in-
present paper would require a sufficiently strong confinemerthe-ring geometry.
which is less perturbed by fluctuations. The effect of local The magnetic-field along with the angular momentum
perturbations can be largely diminished by optimizatfasf  transitions induces a redistribution of the electron charge in
the size of electrodes for the strength of the electrostaticuantum dotg2-2° Here, we will show that in the considered
confinement potential. geometry the magnetic field can be used to transfer the elec-
Phase effects appearing in electron transport througtrons from the dot to the ring or vice versa. We will also
quantum dots were studied in the Aharonov-Bohmaddress the problem of the magnetic-field-induced trapping
interferometef®?' The potential geometry studied in this pa- of electrons in local potential cavitiés.
per is a two-dimensional counterpart of quantum-dot The spins of a pair of electrons localized in laterally
quantum-well structure®:2® Impurity effect on the single- coupled dots have been propo%ad a possible realization of
electron states in a three-dimensional quantum ring focoupled qubits. A universal quantum gate requires the possi-
strong in-plane confinement has been studfeRelated to  bility of application of single-qubit as well as two-qubit ro-
the present work is the magnetic coupling of a superconductations. For this purpose one should be able to address each
ing disk surrounded by a superconducting rfAdn contrast  of the electrons individually as well as to control the state of
to the work of Ref. 25, in the system considered here thdéhe pair, which requires the spatial separation of electrons
coupling between the ring and the dot occurs through quarand a tunable coupling between them. We studied the singlet-

1098-0121/2004/102)/12531@9)/$22.50 70125310-1 ©2004 The American Physical Society



SZAFRAN, PEETERS, AND BEDNAREK PHYSICAL REVIEW B0, 125310(2004)

triplet splitting energy for the two-electron system with one o T T ]
electron localized in the dot and the other in the ring. We 251 -
show that the angular momentum transitions, appearing for 2ol ]
the ring-confined electrons as a consequence of the § : .
Aharonov-Bohm effect, lead to a simple piecewise linear de- = B[ R ]
pendence of the exchange energy on the external magnetic £ 10F =
. : : e . 2 Ly TRRAL ]
field. Since the unitary evolution in quantum computation 8 gt e ]
needs precise control of the underlying qubit interaction this - \/ 1
simple dependence makes our system a good candidate for 0 a ]
the realization of the magnetic field controllable pair of spin B 20 20 e 80 100
qubits. Recently, it has been establistatiat the spin relax- p[nm]

ation time in quantum dots defined by electric gates in two- FIG. 1. Confinement potentiicf. Eq. (3) for iw =5 meV
. . . . . . . . i~ )
dimensional electron gas is much longer than the qubit redﬁwO=lo meV, Vo=-5 meV, b=30 nm, and the GaAs effective

out time in spin-to-charge conversion technique. _ massm’ /my=0.067. The dot oscillator length=2%/ma; is equal
This papers is organized as follows: In the next section, 2133 nm and the oscillator length for the rilg=15.08 nm
the present approach is explained, the single electron spegmnich gives the ring radiuR=66.4 nm.

trum is described in Sec. lll, the results for two and three

eIectron.f, are given in Secs. IV and V,_respectlvely, and SeQ/vithin both the quantum dot and the quantum rikg,is the
VI contains the summary and conclusions.

depth of the dot confinement with respect to the bottom of
the quantum ring potential. The confinement poter(@alis
shown in Fig. 1 for Aw;=5 meV, fw,=10 meV, V,
=-5 meV, andb=30 nm. A model potential parametrized
We study two-dimensionall-electron systems confined in similarly to Eq(3) was used previously for the
circular potentials using the effective mass Hamiltonian  descriptiod®!! of side by side quantum dots. The cusp

Il. THEORY

present in simple potentials of this typef. Fig. 1) is rather
N N N &2
_ . " unphysical and cannot be realized in real structures, however
H= gl hi + 2‘1 j=i2+1 Ameef;; *+BS9 e, (1) this shortcoming is of secondary importance since the cusp

. appears in a region of space where the barrier potential is
wheree is the dielectric constang” is the effective Landé |argest and the wave functions of the lowest energy levels are
factor, ug is the Bohr magnetorg, is thez component of the  small. In the weak coupling limitfor large barrier thicknegs
total spin, B is the magnetic field, andy stands for the approximate formulas for the dot- and ring-confined states as
single-electron Hamiltonian, which written in the symmetric functions of the magnetic field can be givesee below.

gaugeA=(-By/2,Bx/2,0) has the form In the present paper the single-electron eigenfunctions for
42 1 1 Hamiltonian(2) and definite angular momentum are obtained
h=-—=V2+=m wZp?+ Zhod,+ V(p), (2)  numerically on a radial mesh of points using the finite-

2m 8 2 difference approach. Eigenstates of the two- and three-

electron Hamiltonian(1) are calculated using the standard
configuration interaction methétwith a basis composed of
Slater determinants built with single-electron wave func-
tions. The Coulomb matrix elements are evaluated by a

with m" the electron effective mask, the z-component an-
gular momentum operatow.=eB/m" the cyclotron fre-
quency, and/(p) the confinement potential. We adopt mate-

fial parameters for GaAs, i.em /my=0.067,e=12.9, and two-dimensiond’ numerical integration. The few-electron
g '=-0.44. The last term of Eql), i.e., the spin Zeeman : gration.
splitting energy is independent of the distribution of elec—States are described by the tOtal spiand angL_JIar momen-
trons between the different parts of the system as well as otFm L quantum numbers. In th|s_paper we _d_|scuss only the
the Coulomb interaction energy. Moreover, the value of thetWO' and three- glectron states \.N'th nonpositive total angular
g' factor can be tuned by the admixtures of Al substitutingmomenta' We will therefore omit the minus sign for the an-
Ga2® We have therefore decided to neglect the Zeeman e'gular momentum quantum number
fect in most of the results presented in this paparless
explicitly stated otherwise I1l. SINGLE-ELECTRON STATES
We model a strictly two-dimensional cylindrically sym- i i =
metric potential of a quantum dot placed within the quantum- Jhnie\?jr\]/%lfoeflz(;t{j%n: 3%p§§r?smsh?vﬁr? 'in6|:rig’_a\(g)_h|:a())or
ring with the following confinement potential: this relatively large barrier thickness, the low part of the
— i 2 2 X 20 52 energy spectrum is essentially a sum of the spectra of an
Vip) =min[m /2 +Vo,m wqlp = R1/2], ® electron localized in the dot and in the ring. The solid lines in
wherefiw; andfiw, are the confinement energies of the dotFig. 2 correspond to states localized in the ring and dashed
and the ring, respectively, and the radius of the ridds  lines tos (lowest dashed lineand p states localized in the
determined by the sum of oscillator lengths for the dot anddot. The ring part of the spectrum exhibits Aharonov-Bohm
ring potential and the barrier thickne@s) according to for-  oscillations. The angular momentum of the lowest-energy
mula R=2A/mw;+ 2%/ mw,+b. This potential is parabolic ring-localized states takes on the subsequent values 0,-1,
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FIG. 2. Single-electron spectrum férw;=6 meV, w,=11 meV, V=0, andb=30 nm (R=63.85 nn). The solid lines correspond to
states localized in the ring and the dashed lines to states localized in the dot. Lowest of the dashed lines correspansisite dmel the
two higher top states. Inset shows the low-field and low-energy part of the spectrum-enlargement of the fragment surrounded by thin solid
lines corresponding to anticrossing of 0 angular momentum dot- and ring-confined energy levels. Dotted (Imemh(c) shows the
confinement potentigleft scalg for the parameters applied {). Solid and dashed curves {h) show the radial probability density|4|?
and in(c) the wave functions of the lowest statessodind p symmetry, respectively.

-2, etc.[in A units] when the magnetic field increases. The confined states. However, f&;=0 and w,~ 2w; the mag-
period of these oscillations is 0.337 T. This period corre-netic field can induce oscillations of the ground state local-
sponds to a flux quantum passing through a strictly oneization from the dot to the ring, which results from the local
dimensional ring of radiu®;,=62.51 nm which is in good deviations of the lowest ring-confined energy level from the
agreement with the radius of the ring in the present modetmooth envelopgcf. Fig. 2a)]. On the other hand, the mag-
R=63.85 nm. The energy of the states localized in the dohetic field favors localization in the deep but smghin)
change with the magnetic field more slowly than the energyguantum do{ring). This effect is illustrated in the following
of the ring-localized states. States with the same angular mdigure.

mentum change their order in anticrossings due to quantum Figure 3 shows the energy spectrum fofi@, which is
mechanical tunnel coupling between the dot and the ringincreased with respect to Fig. 2 from 6 to 20 meV and the
Anticrossing fors states appears fd around 0.65 T[see  bottom lowered byy=-14 meV. ForB=0 the low-energy
inset of Fig. 2a)]. A much wider anticrossing fop states is  part of the spectrum is the same as in the case shown in Fig.
visible around 2.4 T. 2(a). However, the energy of the dot-localized state grows

Figure 2b) shows the confinement potential for the pa- more slowly than the envelope of the ring-localized states. In
rameters applied in Fig.(8) as well as the radial probability consequence, the dot-localized state becomes the ground
densities for the lowest and p-symmetry states. The radial state forB=3.3 T. When the radius of the Landau orbit be-
densities for the ring-localized states do not depend on theomes smaller than the size of the local potential cavity, the
angular momentum. However, Fig.(@@ shows that the electron can enter inside the dot without an extra increase of
s-wave function penetrates the dot region in a much strongethe kinetic energy due to the localization. Similar effects of
way than thep-type wave function. It will have an important trapping of electrons in local potential cavities at high mag-
consequence for the singlet-triplet splitting of the two- netic fields are probably at the origin of the bunching of the
electron stategsee the next sectignNote that the angular charging lines observed in single-electron capacitance spec-
momentum has an opposite effect on the strength of the tun-
neling of the dot-localized states to the ring part of the po-
tential. Barrier thickness is effectively smaller for the dot-
localized states of higher angular moment[oh Fig. 2b)].

The dependence of the energy of the lowest dot-localized
state can be very well approximated by the expression for the
lowest Fock-Darwin state, i.€Egy=Vo+\(hw)?+(hawd/2).
Without the magnetic field the lowest energy ring-localized
level is approximately equal thw,/2, i.e., to the energy of
the single-dimensional harmonic oscillator in the radial di-
rection. In the external field the envelope of the lowest-
energy ring-localized level can be quite well approximated R P
by Ejing=\(hw,/ 2)*+(fiw./2)2. These two formulas can be B[T]
used in order to roughly determine whether the ground state F|G. 3. Single-electron spectrum fofiw;=20 meV, fw,
of a single electron is localized in the dot or in the ring. For=11 meV,V,=-14 meV, andi=30 nm(potential is plotted in the
equal depth of the ring and the ddf,=0) the magnetic field insey. The solid lines correspond to states localized in the ring and
does not change the order of the lowest-energy dot- and ringhe dashed line to the lowest-energy state localized in the dot.

) p Inm] 100
3 4

125310-3



SZAFRAN, PEETERS, AND BEDNAREK PHYSICAL REVIEW B0, 125310(2004)

15.2

151
150 W

E
@ 149

angular momentum [#]

charge in the dot [e]
I
o
1]
n
o
3
DK,
S
°3
2

charge in the dot [e]

148

(=]

120 —(b)'

both electrons

A =
£
he d o g
in the dot
Eisol g
5 % z
§'° 1481 g
40 )
14,7 — : : g
both electrons | 0.0 0.5 1.0 15 2.0
in the ring BT
03 ' 1'3 ! 2'3 ; 3'3 : FIG. 5. Two-electron energy spectrurtieft scalg for b
o, [meV] =30 nm, V=0, hw;=6 meV, andiw,=14 meV (spin Zeeman ef-
1

fect neglecteyl Singlets(triplets) plotted with solid(dashedl lines.
Numbers close to extrema of the lines denote the absolute values of
the angular momentum ifa units. The dotted line shows the abso-
lute value of the angular momentum of the ground state sihgle
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FIG. 4. Charge accumulated in the dot as a functioh of for
different values of the barrier thickness ahg=0. Inset in(a)
shows the charge accumulated in the dot as functioWgofor b
=30 nm,iw;=6 meV, andhw,=20 meV.(b) Phase diagram for the
distribution of two electrons foB=0, V=0, andb=30 nm. Solid  gpin zZeeman effect included. Only the lowest energy level of the
lines in (b) divide regions of different electron localization in the gpjit spin triplet is plotted.
two-electron system. Above the dotted line the ground state of a
single electron is localized within the dot. which shows the charge accumulated within the dot as a

function of V, for the potential parametertw;=6 meV,
troscopy of large quantum dots.The opposite effect, i.e., fiw,=20 meV,b=30 nm, i.e., corresponding to the central
the change of the ground-state localization from the dot tlateau of the solid curve in the main part of Figay
the ring under influence of the external magnetic field is also Figure 4b) shows the phase diagram for the spatial dis-
possible if the ring is thin but with a bottom deeper than thetribution of electrons in the two-electron system in the ab-
dot. sence of the magnetic field for barrier thickndéss30 nm.
Borders of regions corresponding to different electron distri-
IV. TWO ELECTRON SYSTEM butions are marked .with solid Iines_. Abovg the QOtted line the
ground state of a single electron is localized in the dot and

For B=0 the ground state of the electron pair correspondgelow it-in the ring. The dotted line can be very well ap-
to zero total spin and angular momentum independently oproximated byw,=2w;, which is in agreement with the ap-
the electron distribution between the two parts of the conproximate formulas for the lowest-energy dot- and ring-
finement potential. The electron distribution in the systemlocalized states given in the preceding section. In the
can be illustrated by the charge accumulated within the dotoninteracting case this line would divide the regions in
This quantity is calculated as the integral of the radial probwhich both of the electrons are localized in the dot or in the
ability density from the origin to the cusp of the confinementwell. In the presence of interaction a third region in which
potential (cf. Fig. 1). Figure 4a) shows the dependence of one of the electrons is localized in the dot and the other in
the charge accumulated within the dot as a function of thehe ring appears. This region of electron distribution starts
ring oscillator energy for different barrier thickness, the dotslightly above the dotted line. This results from the fact that
confinement energfw;=6 meV and equal depth of the dot the Coulomb interaction, smallest for both electrons local-
and ring(V,=0). Forb=30 nm the dependence of the chargeized in the ring, stabilizes the ring-confined ground state for
accumulated in the dot on the ring confinement energy isarger#w, than in the noninteracting case. The central region
almost stepwise and it becomes smoothened for thinner baof the phase diagram for which one electron resides in the
riers for which the separation of electrons between the twalot and the other in the ring is particularly interesting from
parts of the system is less distinct. The transition of electronghe point of view of potential spin quantum gate
between the ring and the dot can also be provoked by changpplications
ing the relative depth of the confinement potentials for fixed Let us now look at the magnetic field dependence of the
oscillator energies. This is illustrated in the inset to Fi@4 two-electron energy spectrum for the potential parameters
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FIG. 6. Exchange energy, i.e., the energy difference of the low- FIG. 7. Energy spectrum of two electrons for30 nm, %o,
est triplet and the lowest singlet energy Ievgls for two electrons an(l6 meV, andhw,=26 meV (spin Zeeman effect neglectedrhe
Vo=0, fiwj=6 meV, andhiw,=18 meV for different values of the onqr0y evels of states in which baine electrons are localized in
barrier ‘_N'dth and spin Zeeman SP"'_[t'ng is neglected. Th_e daShfhe dot are plotted with dashedolid) lines. The inset shows the
dotted line shows the Zeeman splitting between states %o ground state angular momentum. The dotted line corresponds to
andj. twice the lowest Landau level energy.

corresponding to one electron in the dot and the other in théowest triplet is large(smallep thanL of the lowest singlet.
ring, i.e., for Vy=0, b=30 nm, Ziw;=6 meV, and iw, When the angular momentum of both singlet and triplet
=14 meV presented in Fig.(®. For this potential the one- states exceed 2, the exchange energy vanishes. The exchange
electron ground state is localized in the dot. The angulaenergy is a piecewise linear function of the magnetic field in
momentum of the lowest excited ring-confined one-electrorcontrast to smooth oscillatory dependence of the exchange
state is plotted with a dotted lir@ight scalg. Comparison of interaction on the magnetic field for side-by-side dath
this line with the ground-state energy crossings in the twoFig. 4 of Ref. 1}. In side-by-side dots the magnetic field
electron spectrum shows that the angular momentum transinduces a continuous decrease of the overlap of the wave
tions in the two-electron system are due to the Aharonovfunctions of electrons confined in different dots. For the dot
Bohm effect for the electron confined within the ring. All the in the ring geometry this decrease is discontinuous due to the
angular momentum of the system is therefore carried by théharonov-Bohm effect for the ring confined electron. Since
ring-confined electron while the electron confined in the dotthe Aharonov-Bohm magnetic period is inversely propor-
remains in thes state. Singlet-triplet splitting of the ground tional to the square of the ring radius one can largely reduce
state[cf. the distance between the dashed and solid lines ithe range of the magnetic field in which the exchange energy
Fig. X@)] disappears at larger angular momentum. This efis nonzero by a mere increase Rf
fect can be understood if we look back at Figc)2showing The magnetic field can change the distribution of the elec-
that the dot penetration of the ring-localized single-electrortrons between the coupled cavities. Consider the cade of
states decrease with their angular momentum. In Hg) 5 =30 nm, V=0, Zw;=6 meV andZw,=26 meV. For these
above 14.9 meV the energy band corresponding to both eleparameters in the absence of the magnetic field both elec-
trons confined within the ring appears. Since in this bandrons are localized within the d@tf. Fig. 4b)], but the state
both ring-confined electrons are subject to the Aharonoveorresponding to one electron in the ring is close in energy.
Bohm effect the angular momentum of the lowest state in théigure 7 shows the magnetic field dependence of the two-
band grows roughly twic€ as fast as in the ground state. electron energy spectrum for this potential. Energies of states
The energy levels of eveln correspond to spin singlets and corresponding to both electrons localized in the dot are plot-
of oddL to triplets. Around 0.6 T we observe an anticrossingted with dashed lines. The lower of these two energy levels is
of L=3 triplets corresponding to one and two electrons in thea spin singlet ofs symmetry. The upper dashed line corre-
ring. The Zeeman effedicf. Fig. 5b)] for large B lifts the  sponds to a spin triplet op symmetry, i.e., to the two-
ground-state degeneracy with respect to the spin. electron maximum density dropl&. Spin singlet of
The energy difference between the lowest spin singlet ang-symmetry with both electrons localized in the dot lies
triplet states, i.e., the exchange enérgsan important quan- higher in energy beyond the range presented in this figure.
tity for the coupled spin qubit operations is also a very ad-The energy levels plotted with solid lines correspond to one
equate measure of the strength of the tunnel coupling beelectron localized in the dqin the lowests state and the
tween the dot and the ring confined wave functions. Figure &ther in the ring. FoB=1.44 T an avoided crossings appears
shows the exchange ener@ggeeman energy neglectetbr  for the L=1 spin triplets. FoB=3.74 T the energy level of
different values of the barrier thickness f&f;=0, Aw; the dot localized state crosses the energy level of the state
=6 meV, andhw,=18 meV, i.e., for the central point of the with L=10 corresponding to one electron in the dot and the
plateau corresponding to one of the electrons localized in thether in the ring. Note that beloB=3.74 T in the ground-
dot [cf. Fig. 4@)]. The exchange energy is nearly indepen-state the electrons are in the singlet state while above this
dent of magnetic field when the lowest singlet and the lowesfield singlet and triplet states are nearly degenerate. Decou-
triplet possess the same angular momentum and it distinctlgling of spins, in the sense of vanishing exchange energy
decreaseggrows with the magnetic field when thie of the  appears abruptly after crossify=3.74 T. ForB=4.35T, a
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FIG. 9. Solid line (left scalg: the external potentialiw;
0 1 2 3 =50 meV andhw,=6 meV,b=20 nm,Vy=-66 meV. The ground
B[T] state forB=0 corresponds to the=0 singlet with one electron in

the dot and the other in the ring. Radial density of this state plotted
with dotted line(right scalg. The first exciteds singlet state corre-
sponds to both electrons in the daeshed ling

FIG. 8. Two-electron ground-state energieft scalg for b
=30 nm, V=0, Zw;=6 meV, andiw,=13.65 meV(spin Zeeman
effect neglected Energy of states corresponding to one electron in
the dot and the other in the ring plotted with solid line. Energy of

states in which both the electrons are localized in the ring are plot- The magnetic field can induce opposite transitions of the
ted by the dotted curve. The thin solid step-like line gives the totals|actrons from the ring to the dot if the dot is small but deep.
angular momentum which is referred to the right axis. Consider the following set of parametefao, =50 meV,
hw,=6 meV,b=20 nm, andVy=-66 meV. Figure 9 shows
crossing of dot-localized singlet and triplet states appearshe confinement potential and the radial probability density
The dotted line shows twice the lowest Landau energy levekor the lowest two-electron singlet states with total angular
ForB>4 T the envelope of the energy levels with one elec-momentum equal 0. For zero magnetic field in the ground-
tron in the dot and the other in the ring as well as the doitate one electron is localized in the ring and the other one in
localized maximum density droplet run approximately paralthe dot. In the first excited singlet state both electrons re-
lel to the lowest Landau levetotted ling. Figure 7 shows  side within the dot. Note that in this case the ground state is
that the magnetic field can change the electron occupation ghore extended than the excited state as a consequence of the
the dot and the ring. Generally, fop=0 such an effectis not  electron-electron interaction preventing the second electron
observed for a single electron. The appearance of this effe¢gtom entering the dot. The magnetic field energy dependence
for two electrons is due to lowering of the Coulomb interac-js displayed in Fig. 10. The magnetic field has only a small
tion energy when one of the electrons is transferred from théhfluence on the energy of the singlet with both electrons
dot to the ring. Recentlf it was shown that in the infinite |gcalized in the dot. Aroun®=2 T, singlets corresponding
magnetic field limit the ground-state electron distribution cano different electron distribution change their energy order
be identified with the lowest energy configuration of with a pronounced anticrossing. F&=5.725 T the dot-
classical” point charges. Fov,=0 the lowest-energy classi- |ocalized singlet becomes the ground state. In this structure
cal configuration corresponds to both electrons localized ifhe Aharonov-Bohm oscillations are interrupted by the mag-
the ring. One should therefore expect that at higher magnetigetic field which removes the second electron from the ring.
fields the second electron should also be transferred to thgs a consequence a giant singlet-triplet energy difference
ring. However, the magnetic fields at which this effect couldappears foi8>5.725 T. This transition appears in spite of
appear are beyond the reach of our numerical calculationsthe Coulomb interaction energy which is increased when the

For Vp=0, b=30 nm,%w;=6 meV, andfiw,=13.65 meV  second electron is trapped in the central cavity.
[the left end of the central plateau in the Fighy for B

=0 one of the electrons is localized in the dot and the other
in the ring, but the state with two electrons localized in the
ring is not much higher in energy. Figure 8 shows the
ground-state energy and the ground-state angular momentum -9
as functions of the magnetic field for this set of parameters.
The state with one electron in the dot remains the ground
state up to 1.6 T. BetweelR=1.6 T andB=3.1 T the state
with two electrons in the ring is almost degenerate with the
state with one ring-confined electron and as a consequence
the localization of the ground state changes several times as
the magnetic field is increased. Ground-state ring- 12
localization becomes established above 3.1 T. The period of

the angular momentum transitions becomes halved with re- FIG. 10. Two-electron energy spectrum for the potential param-
spect to the low magnetic fields, for which the ring is occu-eters of Fig. 9. Dotted lines show the energy levels ainglets.
pied by a single electron. The dashed line corresponds to theiplet.

-10

E [meV]

-1
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FIG. 11. Phase diagram for the electron distribution in(the;,
fiwy) plane forVo=0 andb=30 nm in the absence of the magnetic
field. Solid lines separate regions of different electron distributions. 0 1 2 3 4 5
Numbers denote the ground-state total spin and total angular mo-
mentum quantum numbés,L).

FIG. 12. Energy spectrum foN=3, V=0, b=30 nm, % w;
=6 meV, andhw,=37 meV. The soliddashegllines show the low-
est energy levels with the two dot-confined electrons V@tHl /2
Distribution of electrons in the three electron system with-and oppositgS=3/2 and the samespin and one electron in the
out the magnetic field fo,=0 andb=30 nm is plotted in  ring. The states with the two dot-confined electrons of parallel spins
Fig. 11. Regions of different electron distribution are sepa#re almost degenerate with respect to the spin orientation of the
rated by the solid lines. For large dot confinement en(_}rgyt,electron in the ring. The on_wly exceptlon_ls the state viith2. The
i.e., ;> w, all the electrons reside in the ring and the ground©Wer of the dash-dotted line shows this state $or1/2 and the
state corresponds to total sgF3/2 andzerd®angular mo- upper forS=3/2. Dotted lines correspond to all electr(_)ns_ confln_ed
mentum. In the single-particle picture this state correspond|$ the dot. Quantum numbett, S of these states are indicated in

to electrons having parallel spin and occupying states wit e_flg_ure._ Only nonpositive angulgr momenta are shown. The thick
! . . . solid line in the lower part of the figure shows the the ground-state
angular momenturh=-1,0, and 1(in A units). For increas-

. . fi t the elect ter the dot b angular momentum quantum numlggght scalg. The panel above
Ing ring confinement the electrons enter the dot one by ong,, upper axis shows the number of electrons in thengandS for

In states Wi,th two electrons of OPpOSiFe spins occupying th(ifhe ground state in formay(S), “deg” stands for degeneracy of the
dot or the ring(cf. two central regions in Fig. 11 the ground -1, and 3/2states.

state corresponds ®=1/2 andL=0. When the ring confine-
ment energy is much larggiive times or morgthan the dot  field due to the interaction of the magnetic field with the
confinement all the electrons occupy the lowest dot-confineehagnetic momentum of the electron. This decrease results
energy levels forming the state of spB¥1/2 andangular in an anticrossing of the=1 energy levels corresponding to
momentumL=1. two and three dot-confined electrons arolwll T. Another

In the preceding section we showed that for equal deptltonsequence of this anticrossing is a visibly increased region
of the ring and the dotV,=0) the electron-electron interac- of L=1 ground-state stability between 0.15 and 0.7 T. Sub-
tion triggered the magnetic-field-induced transitions of elecsequently forB=1.7 T, the state with three electrons in the
trons from the dot to the ring. We found that in the three-dot andL=1 becomes the ground state. The transition of the
electron system the magnetic field can also induce théhird electron from the ring to the dot happens in spite of the
opposite transition from the ring to the dot. This is illustratedelectron-electron interaction which is not strong enough to
in Fig. 12 which shows the energy spectrum f&=0, b  prevent it.
=30 nm,Aiw;=6 meV, andiw,=37 meV. Solid lines in Fig. ForB=0, the energy of the lowest spin polarized siafe
12 show the energy levels corresponding to two electrons aflashed lineswith L=1 is equal to about 44.25 meV. In this
opposite spins in the dot and one electron confined in thatate the two electrons confined in the dot have the same spin
ring. All these states hav®=1/2. Dashed lines correspond and occupy & and Ip energy levels, while the ring-confined
to spin-polarized states witB=3/2 in which the two dot- electron occupy the orbital with=0. Note that level cross-
confined electrons occupy the &nd Ip states. Energy levels ings appear at the same magnetic fields as in the lower
corresponding to three electrons localized in the dot aréranch withS=1/2 where two electrons are in the brbital
shown by dotted curves. Quantum numbers of the doteonfined in the dotcf. solid lines in the Fig. 18 The angu-
confined states are given in the figure. Thick solid steplikdar momentum quantum number of these states is equal to
line at the bottom of the figure shows the absolute value ofhe ring confined electron pul - the angular momentum of
the ground-state angular momentum which is referred to théhe dot-confined subsystem. For the adopted large barrier
right axis. AtB=0, the energy of the state in which all three thicknessb=30 nm the states of this band wi8=3/2 are
electrons are localized in the dot with=1 is 1 meV higher almost degenerate witB=1/2 statesiomitted in the figurg
in energy(cf. dotted line above 42 meVabove the ground i.e., the energy of the system is not influenced by the orien-
state with two electrons in the dot and one in the ring. Thigation of the spin of the ring-confined electron. The only
energy level decreases initially with increasing magneticexception appears for the=2 state. The loweruppe)

V. THREE ELECTRONS

125310-7
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T T 720 coupling between the dot and ring wave functions is negli-
39l . 1 gible [cf. Fig. 8 and the spin of the dot confined electron
118 does not influence the energy. Therefore, the states with trip-
= I ;,,:E:J;Zﬁ”:"" 1 let configuration of spins in the ring subsystem correspond to
£ 38 -10 -~ S=1/2 andS=3/2 degeneracy.
w 1 The envelope of the lowedt=3 energy levels with three
s electrons and two electrons in the ring run almost parallel to
oo - each other as a function of the external field. One should
L0 expect® that for equal depth of the ring and the dot at very
BT large magnetic field the three-electron ground state corre-

FIG. 13. Ground-state energleft scalg and the absolute value s_ponds tp electrons_ forming an _equilateral triangle in the
of the ground-state angular momenturight scalg for N=3, V, ring, but in Fhe stud|§q magnetic field range we did not ob-
=0, b=30 nm,/iw,=6 meV, andiw,=27 meV. The dotted vertical S€TVe @ distinct transition of the last electron from the dot to

line marks the magnetic field for which the electron distribution is the ring.
changed. The vertical arrows on thestaircase correspond to triplet

state of the ring subsystem. VI. SUMMARY AND CONCLUSIONS

We have considered a quantum dot inside a quantum
ring—a unique example of lateral coupling realized with con-

fact that the energy of the state with=2 and S=1/2 is servation of circular symmetry of the confinement potential.

pushed downward by the anticrossing with the dot-confinedls‘ simple model for the potential was used. The model as-

state of the same quantum numbers, similarly as the abovcéumes_parabolic confinement in poth the dot and the ring so
discussed.=1, S=1/2 energy level in the lower part of the a_pproxmate formulas can be given for the lowest-energy
spectrum ' single-electron dot- and ring-confined states. One-, two-, and

The angular momentum of the ground state with three_'three-electron systems were studied using the exact diagonal-

electrons confined in the dot changes from 1 to 2Bat ization approach. We have investigated the distribution of
=4.3 T(cf. the crossing of the dotted lineéAbove 4.5 T the electrons between the dot and the ring. This distribution de-
grdund stéte corresponds again to two electroné in the d ends not only on the parameters of the confinement poten-
and one in the ring like foB=0 T, but now the dot-confined lal but it can also be altered by an external magnetic field,

subsystem is spin-polarize@f. the crossing of the dashed which therefore can be used as a driving force to transfer the
and dotted lines ' electrons from the dot to the ring @ice versaThe passage

; f an electron from the dot to the ring should be detectable
Figure 13 shows the ground-state energy for the sam . ;
parameters as studied in Fig. 12 but with the ring confine-gy a change of the Aharonov-Bohm magnetic period. The

ment energy reduced from 37 to 27 meV.B& 0 the ground present model also allows for simulation of the magnetic
state still corresponds to two electrons in the dot and one irqeld mduged electron trapping in Ioc;al potential cavities. We
the ring, but the state with two ring-confined electrons ishave studied the exchange energy in the two electron system

higher in energy by less than 1 meV. The envelope of thé"’ith one electron confined in the dot and the other in the
lowest energy level with one electron in the ring grows with fing. Due to the angular momentum transitions resulting

the magnetic field faster than the envelope of the energ]c om the Aharonov-Bohm effect for the ring-confined elec-

levels with two ring-confined electrons which results in the ron, the singlet-triplet splitting eXhit.’itS. a piecgwise linear
change of the ground-state electron distribution Bt dependence on the external magnetic field. This should be a

in thdnore elegant method for the control of the spin-spin cou-
pling than the smooth oscillatory dependence predicted for
side-by-side coupled dot$.

dashed-dotted line shows the energy of the state witl2
andS=1/2(3/2). The reason of the lifted degeneracy is the

electron distribution. Left of this line the ground state has
S=1/2, the twodot-confined electrons are in the spin singlet,

and the spin of the ring confined electron is arbitrary. Right ACKNOWLEDGMENTS
of this line the spin-configuration of the ring-confined sub-
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