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Electronic structure and optical properties of coupled quantum dots
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We calculate the electronic structure of quantum dots coupled along the growth direction with one or two
electrons in magnetic fields. We examine the spin transitions of the ground states and the optical transitions
between the energy levels, which are associated with far-infrared absorption. Because of the dot-dot and
electron-electron interactions, the coupled quantum dots exhibit rich electronic structures. We suggest that the
effects of these interactions on the energy spectra are observable by optical measurements because the transi-
tion energies exhibit discontinuous changes for a vertically polarized light as the magnetic field increases.

Recent advances in nanostructure semiconductor technadf magnetic field in calculating the energy levels. From the
ogy make it possible to tailor quasi-zero-dimensional elecexact diagonalization of the Hamiltonian matrix, we find that
tron systems, i.e., quantum dots, at semiconductor interfacdbe dot-dot and electron-electron interactions strongly affect
by patterning isolated metallic gates or etching verticallythe ground state of the coupled quantum dots, which can be
quantum wells:? Since the size of a quantum dot is compa-measured by optical experiments. For the light polarized
rable to the effective Bohr radius of a host semiconductor@long the growth direction, several resonance frequencies are
the quantum dot gives rise to discrete energy levels and i€und, exhibiting blueshift and sharp drops with the increase
referred to as an artificial atom where the number of elecOf magnetic field, while independently of the magnetic field
trons and confinement potential are controlled artificially.tiS behavior cannot be seen in the absence of the Coulomb
Usually, one considers two-dimensional or disklike quantunintéraction. We also present the phase diagram for the singlet
dots with the lateral size much larger than the extent in thé@nd triplet transitions of the ground state as a function of
growth direction. Then, the electronic energy levels of theagnetic field and barrier width. _ _
disklike quantum dot are mainly determined by the lateral A coupled quantum dot is characterized by a parabolic
motion. Most theoretical and experimental studies have beeROtential with the confinement frequenay on thexy plane,

so far focused on the electronic structure and the transpo}‘i:’hiCh .iS 1‘8";—'1” accepted as a quel pf the realistic confi'ning
behavior of a single disklike quantum dof potential:*~*Along the growth direction, we use the vertical

A coupled quantum dot that could be considered as a||;,>otential'\/(z), which consists of two square weIIs.with the
artificial molecule has attracted much attention recehfly. €qual width of w,,=150 A a barrier with a width of
In contrast to the single disklike quantum dot, one must conWs=50 A, and two buffer layers with a thickness of 350 A.
sider another degree of freedom along the growth directiofVe choose the barrier height of 147 meV to represent the
for a vertically coupled quantum dot, while the circular sym-Al 0./Ga gAs/GaAs system, and the effective mass
metry is lost for a laterally coupled quantum dot. The mainmM* = 0.0665m,. L o
feature in this system is the effects of dot-dot and electron- FOr an external magnetic field=Bz, the Hamiltonian
electron interactions on the electronic structure. Several thedor the coupled quantum dot with a single electron is written
retical and experimental studies were done to investigate th@ cylindrical coordinates,
effects of electron-electron and dot-dot interactions on the
electron tunngling in coupled quantum détéDiscrete reso- °=i*(§+e,&)2+ L* w§p2+V(z), 1)
nance peaks in the current-voltage curves were observed, and 2m
each resonance peak was attributed to the quantum tunneling I
between the electronic energy levels. However, since tunnelvhere A=BX p/2 is the vector potential. Since the vertical
ing experiments are strongly influenced by contacts, it isand lateral motions of a single electron are decoupled, the
very difficult to extract only the effect of electron-electron €igenvalues and eigenfunctions of the single particle Schro
interaction. dinger equatiorH%y°(p,¢,2) =E%°(p,¢,2) are easily cal-

In this work we study the electronic structure of a verti- culated,
cally coupled quantum dot in magnetic fields and calculate

the oscillator strength for optical transitions to see the effects o _ r z_ H 1 L z
of dot-dot and electron-electron interactions. A structural pa- Encc=Bniteisho| N® 5o+ 5+ Shocteg,
rameter such as the barrier width is varied over a wide range 2
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iﬂo(p,(p,z)=XN’|_(p,gD)¢k(Z), where p, is the lateral component of p{—p,)/2,
w=m*/2, andA,=BX p/4. Since our system is rotationally
_ Ny ey I symmetric about the axis, the angular momentum is a good
xnL(p @)= Z2an VINFILDE e (), quantum number. Writing the wave function i, as
3)  ¥ni=€"9R(p,z1,2,)/\2m, the equation foR(p,z;,2,) be-
mes

. .. co
where ¢ (z) and yy | denote the solutions for the vertical
and lateral motions, respectively= p?/\, A\=A/m* », and

Ly is a Laguerre polynomial. Here, the frequency B h? 10 i_ﬁ ﬁwch_*wz )

o=+ ws+4w; indicates a measure of hybrid effects be- 2m* | papPap p? 2 T

tween the magnetic and electric confinements with the cyclo-

tron frequencyw,=eB/m*. It is noted that the energy levels h [ 9?5

EX. for the lateral motion depend on both the radial C2m* (9_2§+(9_z§ TV(21)+V(22)

(N=0, 1, 2, ...) andazimuthal L = 0, =1, =2, ...)

guantum numbers because our system is symmetric about the e?

z axis. The effect of the dot-dot interaction appears only in + > 5 |Ru=EqRn (8)
AmeqeNp+ (21— 2,)

the energy levelsg;) associated with the motion. As the

separation between two square-well potentials decreases, t\r)v?th the eigenvalue&’ and the azimuthal anaular momen-
dot-dot interactionv induces two states, i.e., the bonding 9 nl 9

(s2=¢%—v) and antibonding £2=¢°+0) states, where® tum#l. Then, we expan®,, in terms ofy, | and ¢; in Eq.

is the energy of an isolated single quantum dot. For dipole@)' which are the eigenfunctions for the lateral and vertical

transitions that are associated with far-infrared absorptionmouons' respectively, for the single-particle case,

two resonance frequencies, w,=(w+w:)/2 and

ow_=(w—wy)/2, exist for a laterally polarized light due to Roi(p121.,25) = E C i pI2N2,0) i (21) di(25) (9)

parabolic lateral confinemeft! For the z-polarized light, NP EL:22) T ey B miXmiPIER LB Piler) 9yl 22

the dipole transitions are allowed between the bonding and

antibonding states, i.e., between #eand ¢}, states; how-  with A\=#/uw.

ever, the transition energy is independent of magnetic field. The energy level€, | are calculated for both the single
If two electrons are confined in a coupled quantum dotand coupled quantum dots. For a single quantum dot with

the Hamiltonian is given by w,,= 150 A and% w,=4 meV, the electronic structure is very
2 . similar to that of the disklike quantum ddf.In this case,
H=HO(1)+H°(2)+ e_) 4 9 MB§-§, (4) since the energy difference between the first and second low-
A1ege|r,—ro| h est states for the motion is larger than that for the radial

o I . L motion #w, the lowest-ener states mainly result
whereH®(i) is the Hamiltonian of a single particle in Eq. from the hybridization of the gryadial motions, v)\//ith the

i ; . o .
(1), € is the dielectric constant of GaAg; is the effective wave function approximated as Ru(p.21.2))

g factor, ug is the Bohr magneton, arfslis the spin angular =¢,(21) ¢1(Zz)2anm|Xm,|(P/27\2.0)- Since R(p,z;,2,) is
momentum. To solve this many-body Hamiltonian, we ransynyariant under particle permutation, the symmetry is deter-
form the coordinates{p;,p,,21,2,} into {n=(p1+p2)/  mined by the angular momentum; i.e., the wave functions
2,p=(p1—p2).21,Z5}. Then, the Hamiltonian of Eq4) be-  with even(odd quantum numbers have a singlettriplet)
comes spin state.

For a coupled quantum dot, the energy difference between
the two lowest states for themotion is comparable to that
for the radial motion. The symmetry of the wave function for
H, depends on both the and lateral motions. If electron-
electron interactions are excluded, one can describe the
lowest-energy leveEy, for a given orbital angular momen-

—(Bieh 2 2.2 tum by|l,b,b); i.e., two electrons occupy the bonding state
Her=(P+eAs)"/2M+Mawon/2, © for the z moti>on. In this case, the second lowest levels de-
whereP is the lateral component gf; +p, with M=2m*  noted as|l,a,b) and|l,b,a) are degenerate, while in the
and '&R=|§><;7- The energy levels and eigenfunctions of third level |I,a,a) two eIectrons_ occupy the antibonding
Hg have the same forms a&R, and yn., except for states. When eleptron—eleptron interactions turn on, the en-
\=%/Mw. The HamiltoniarH. is written ergy Ievel§ are shlﬁed to higher energies due to the repulswg
;
Coulomb interaction and the degenerated second levels split

*
g h“ B5. 8, 5)

Here Hy represents the lateral component of the center-of
mass motion,

H=Hg(7)+H(p,21,2,) +

1 . . B2 [ 92 92 into the symmetric and antisymmetric states for particle per-
Hrzz_(pr+eAr)2+%Mw§p2— o (P'f' -2/ tV(z)  mutation, approximately),m)=|1,1)~(|l,a,b)+|l,b,a))/2
# 1 2 and |I,2)~(|l,a,b)—|l,b,a))/2. Here each occupation of
e? two electrons is represented by the quantum numiber

(7 |l,m)y=]1,00=~|I,b,b) and |I,3)~|l,a,a). Because of the

+V(z,) + ,
dmegeNp’+ (21— 25) Pauli exclusion principle, thgl,2)~(|l,a,b)—|l,b,a))/2
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FIG. 1. The total energies of two electrons are drawn as a func-
tion of magnetic field for th€a) single and(b) coupled quantum
dots withzwy=4 meV. The spin singlet and triplet states are de-
scribed by solid and dotted lines, respectively,gd= 0. The quan-
tum numbers Ii§,L,I,m) represent théN,L)|I,m) states.

state is regarded as a spin triplet state for even angular mo-
mentums#l, while it is a spin singlet state for odd angular
momentums.

The magnetic-field dependences of the total energies
Eot= EE,DL E| . are plotted for the single and coupled quan-
tum dots in Fig. 1. For the single quantum dot, the ground
state exhibits the orbital angular momentum change as the
magnetic field increases, similar to the disklike quantum
dot3#12 These ground-state transitions are understood in
terms of the Coulomb and kinetic energies. As the magnetic
field increases, both the kinetic and Coulomb energies for
low angular momentum states increase more rapidly than for
higher angular momentum states. Thus, the angular momen-
tums of the ground state follow the sequence of
[=0,—1,—2,... with the increase of the magnetic field.
However, the magnetic fiel8. at which the ground-state
transition occurs is larger than that found in the disklike
guantum dot because the finite size of the vertical motion
reduces the Coulomb enertfyFor the coupled quantum dot,
the ground-state transitions exhibit somewhat different be-
havior[see Fig. 1b)]. For barrier widthsv,<55 A, the tran-
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FIG. 2. The phase boundaries of the ground state for the coupled
quantum dot are drawn as a function of barrier widthvigr=150
A andg*=0.44.

functions of the ground state change abruptly while the or-
bital angular momentum remains the same, i.e., the transition
occurs from|l,m)y=|0,0) to |[I,m)=]0,1). Since the energy

of the second lowest staté,m)=|0,1) with S,=—#% de-
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FIG. 3. The transiti
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on energies and associated oscillator

sition of the ground state occurs in the same way as thetrengths for the coupled quantum dot are plotted as a function of
single quantum dot. However, for large barrier widthsmagnetic field. The transition fromjN,L)|l,m)=]0,0)|I,0) to

(wp=60 A), a different mechanism for the ground-state tran-|0,0)|1,2) is denoted by the solid line. See the text for the dotted and
sition is found, where the radial, vertical, and spin wavedot-dashed lines.
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creases by* ugB as the magnetic field increases, this stateabruptly = changed from |I,m)=|0,0)~|0b,b) to
becomes the ground state at high magnetic fields. This resylt-1,00~|—1b,b) state. Three resonance energies in Fig. 3
indicates that as the barrier width increases, two electrons asgrongly depend on the dot-dot and electron-electron interac-
less correlated and easily spin polarized; &= —#, even tions, and are attributed to the transitions frgigb, ,b;) to

for low magnetic fields. In this case, the transition figidis ~ (|l,a1,b1) +[1,b1,a1))/2,  (|l,a1,b2)+|l,bz,81))/2, and
strongly influenced by the value gf and the energy differ- (|1,a2,01)+[,b1,8,))/2, which are represented by the
ence between the first and second states, which reflect t®lid, dotted, and dot-dashed lines, respectively. Here,
dot-dot and electron-electron interactions. If the barrie(bi) represents the bondin@ntibonding state splitted from
width increases to reduce the dot-dot interaction, the energi'® ith sublevel of thez motion in the single quantum dot.
difference between the first and second lowest states fdro" large barrier widthsw,>60 A), we also find discontinu-
g* =0 becomes smaller, resulting in a smaller valuBgf ~ °US changes of the resonance energies and the associated

L illator strengths as the magnetic field increases. Thus, we
For g* = 0.44, the ground-state transition fields are plottedOSCI o !
as a function of barrier width in Fig. 2. suggest that the transition of the ground states and the dot-

The opcal response i the couple quartum dot it i) 1€ E1CIOT-election eractons ca be observed wih
electrons is different from that of the one-electron case fo yp gnt. '

the vertical polarization because of the electron-electron in_sensmve to the choice of the lateral confining potential be-

teraction. From the generalized Kohn theorEndjpole ab- c?use 'g is m?‘”'{d‘?”g”.‘ated from the square-well potential
sorptions by a laterally polarized light can only probe the?'°N9 the }/er_tlca |rer::t|on._ . d the el .

center-of-mass motion in a strictly parabolic potential, thus it In conc usion, we have Investigated the electronic struc-
is inadequate for seeing any effect due to electron-electro pre and the optical properties of the vertically coupled quan-

interactions. However, for the vertically polarized light, it um dot in magnetic fields. Because of the dot-dot and

may be possible to observe the effect of eIectron—eIectroﬁvlvitg:lo?Hzlerﬁgozelgée;cé'oerllzc?rsi’cwfcl)ln%igr]:emsnsheﬁffg; bl(:d
interactions on the electronic structure. In Fig. 3, we ShOV\} g ' b

the calculated oscillator strength and the transition frequenguantum dot exhibits rich electronic structures. We find that

cies excid from the ground sate of th coupled quantunf < 21ECS f he sectorelcton and dotdot eracions
dot withw, =50 A. As the magnetic field increases, the reso- ay 9

) . ) X olarized along the growth direction.
nance energies are blueshifted and show discontinuous droBs
at about 8 T, while independently of the magnetic field this This work was supported in part by the Korea Research
behavior is not found in the absence of the Coulomb interfoundation, by the Ministry of Education, by the SPRC of
action. The discontinuous drops are originated from the spideonbuk National University, and by the CMS of Korea Ad-
transition of the ground state at which the ground state ivanced Institute of Science and Technology.
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