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Vertically coupled double quantum dots in magnetic fields
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Ground- and excited-state properties of vertically coupled double quantum dots are studied by exact diago-
nalization. Magic-number total angular momenta that minimize the total energy are found to reflect a crossover
between electron configurations dominated by intralayer correlation and those dominated by interlayer corre-
lation. The position of the crossover is governed by the strength of the interlayer electron tunneling and
magnetic field. The magic numbers should have an observable effect on the far-infrared optical-absorption
spectrum, since Kohn’s theoreiRhys. Rev123 1242(1961)] does not hold when the confinement potential
is different for two dots. This is indeed confirmed here from a numerical calculation that includes Landau-level
mixing. Our results take full account of the effect of spin degrees of freedom. A key feature is that the total
spin Sof the system and the magic-number angular momentum are intimately linked because of strong electron
correlation. ThusS jumps hand in hand with the total angular momentum as the magnetic field is varied. One
important consequence of this is that the spin blocKadenhibition of single-electron tunnelinghould occur
in some magnetic field regions because of a spin selection rule. Owing to the flexibility arising from the
presence of both intralayer and interlayer correlations, the spin blockade is easier to realize in double dots than
in single dots[S0163-182(09)04408-3

[. INTRODUCTION found from capacitance spectroscopy that Hund’s rule and
shell structures appear in the spectriAs the magnetic
Vertically coupled quantum dots have recently attractedield becomes stronger, however, the single-electron energy
much interest, since they open up the possibility of manipuievels change to ones like those of a 2D harmonic oscillator
lating electron configurations in three-dimensional spaceto Landau levels, where levels with different angular mo-
Quantum dots are generally thought of as “artificial atoms,” menta are degenerate, and electron correlation should play an
in which electrons are confined by an artificial electrostaticessential role. Ashooegt al. and Wagner, Merkt, and Chap-
potential instead of being attracted to a nucleus. Numericdik looked at the addition spectrurtenergies required for
studies of few-electron systems confined in single quantunadding one additional electrpior single dots in magnetic
dots have shown that the angular momentum and spin of thigelds, where a total-spin transition caused by the Coulomb
ground state in strong magnetic fields belong to a speciahteraction is expected.’
series values called magic numbers. For single quantum dots This reminds us of the fractional quantum Hall effect
the interval of magic number angular momenta has a one-taFQHE) in the bulk 2D electron system, a manifestation of
one correspondence with the symmetry of charge correlatiorstrong electron correlation in high magnetic fiefd$ where
This has been explained by an “electron-molecule” picturethe total spin is a sensitive function of the density of elec-
by one of the present authdr&hat is, the Coulomb repul- trons in the Landau levels. This is an effect of electron cor-
sion forces the electrons confined in a dot to take a definiteelation, i.e., the way the electrons are correlated is strongly
molecular configuratiorttriangle for three electrons, square dominated by the total spin, while the Zeeman energy, which
for four, etc) when the electron correlation is strohglf we  is few percent of the typical Coulomb energy, has only a
use a similar picture for vertically coupled dots we can en-minor effect.
visage the ground states in strong magnetic fields as three- The fractional quantum Hall effect in double laygrs®
dimensional electron molecules. has recently been under intense study. In this case the addi-
On the experimental side, recent advances in nanolithogional degree of freedom arising from the double layar
raphy and thin-film processing make it possible to fabricatgpseudospin that labels the layemnriches the physics. A
vertically coupled multiple quantum dots, where two- central issue in these systems is the interplay of electron
dimensional (2D) electrons are confined within an area correlation and interlayer electron tunneling. The competi-
smaller than 1 um across. Observable effects in the atom- tion between these effects makes the quantum Hall state
like physics of dots have been detected from measurementvolve continuously from a correlation-dominatetivo-
of the tunneling current or capacitance. In the low-magneticcomponent state to a tunneling-dominatedsingle-
field regime B<2 T), Tarucha, Austing, and Honda indeed component state within the quantum Hall regime. If we in-
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clude spin degrees of freedom, FQH states specific to a) drain b)
double-layer systems of electrons with certain specific spins R — GaAs ,_|»Gate
indeed appedr® Thus vertically coupled quantum dots are —GaAlAs

| A . . . Dot 1l =---- —GalnAs GaAlAs
also intriguing from the viewpoint of what happens if we —GaAls TR Gahs
laterally confine a double-layer FQH system. S,dD°tt2 """ “ganae ———

In the present paper we investigate the physics of double ~ =—==b)  { CaAlAs

dots in magnetic fields. While we studied the magic numbers source  02As GaAs

~ Contact Layer

and far infrared (FIR) absorption in our previous
publicationst”*® we assumed there that the system is fully FIG. 1. A deep-mesa etchégated vertically coupled quantum
spin polarizedexcept for our paper on the spin blockade, asdot is shown schematically i@) [(b)].

recapitulated here in Sec.)VWe also adopted the lowest

Landau-level approximation there. These assumptions, Nowyq jts relevance to the magic numbers is discussed in Sec.

ever, are justified o_nly fOBHOO. I|r_n|t. . . lll. The remaining sections deal with the experimental con-
One of our most important findings is that the total spin of

the ground state of the dots changes wildly as the magnet%ee(lue\zzces of our results. All the results are summarized in

field varies, where the ground state is spimpolarized even o

for a magnetic field as large &=4 T in typical conditions.

We show that this is a manifestation of electron correlation

rather than the spin Zeeman effect. That is, the electron cor-  !l- VERTICALLY COUPLED QUANTUM DOTS

relation energy is drastically affected by the total spin state

even when we ignore the Zeeman term, so that it is the Quantum dots are fabricated with a variety of techniques.

former that determines the spin. A similar phenomenon ocThe difference between these techniques lies in the way the

curs in single dots, and is explained by the electron-moleculéateral confinement potential of a two-dimensional electron

theory that takes care of spin quantum numBérhe wild  system is created. One method for obtaining lateral confine-

change in the spin can cause single-electron tunneling to b@ent is to etch away a semiconductor sample to obtain me-

blocked in some magnetic-field regimes due to spin selectiogas which contain a laterally confined two-dimensional elec-

rules, as we have recently proposédvidence that this ef- tron system. The dot structure fabricated in this way is called

fect is caused by electron correlation is the occurrence of @ “deep-mesa-etched” quantum d@Eig. 1(a)]. Another

reentrant nonblocked region which is hard to explain bymethod is to deposit a metallic gate on top of a heterostruc-

Zeeman-energy considerations. _ _ture. When biased negatively the gate will deplete electrons
We have also mvestlgated the effect' of'the difference ineom the region underneath it, thereby creating a quantum

the curvature of the confinement potential in the two layersqyq[rig. 1(b)]. Simple electrostatic considerations show that

This can be regarded as a pseudospin Zeeman energy, angd norential “felt” by an electron in a mesa-etched sample

phfarge dc;)rrelatmn caﬁster]d by the psgudosgm Zeerp{ahn ENeWYsimilar to that of a charged disk. The electrostatic potential
IS found 1o appear, which causes a depenaence of Ine magi¢ charged disk can be found in terms of elliptic integrals,

numbers on the strength of the interdot electron tunnelin . :
and the layer separation. The upper branch in the absorpti(%ﬁnd the bottom of the potential is well approximated by a

1,22
spectrum that approaches the cyclotron frequency for IBrge parabold . _ — .
has been obtained from a calculation that includes higher Recent advances in semiconductor fabrication techniques

Landau levels. We propose that the magic numbers shoul'aa"? enabled the fabrication of double dots_ in vertical, triple-
have an observable effect on both the higher and loweParrier structures on submicron scales. Figu@ &ctually
branches of the FIR spectrum. Specifically, while the generdepmts such a case: a gated field-effect-confined double dot
alized Kohn theoref! states that the electron correlation @nd a deep-mesa-etched double dot with the source gate on
cannot affect the optical-absorption spectra in single dot§op, which was studied in Ref. 23.
with parabolic confinement, this is no longer the case with As mentioned, we can assume that the confining potential
vertically coupled dots that have different confining poten-of a quantum dot is parabolic. Then the single-electron states
tials. We show that the absorption energy of the double doare those of a two-dimensional harmonic oscillator. When a
should indeed exhibit discontinuities at the magnetic fields
where th(_a total angular momentum or total spin change from Dot 1 Dot 2
one magic number to another.

Thus the purpose of this paper is twofold: to include the

spin degrees of freedom and to include the mixing of higher ~ —-coco.}-.-..] ./\\\/
Landau levels, which enables us to calculate the real ground AS?AS

state. The magic numbers in double dots are found to depend I V. O N
on the strength of the interdot tunneling and this determines

how the total spin(S changes hand in hand with the total

angular momentumL(), which can be distinct from the link L T
betweenS andL in single dots. |<—d—>|

The organization of this paper is as follows: In Sec. Il the
theoretical model of a vertically coupled quantum dot is de- FIG. 2. Schematic single-electron wave functions in the direc-
scribed. The physics of electron correlation in double dotgion normal to the layers in a double quantum dot.
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perpendicular magnetic fielB is applied, the Hamiltonian spin of a single electron, and the canonical momenttiis

for a single electron in a quantum dot is given by given by
1 1 1 - i
H= n-2+—m*wgr2+ ~9* ugBo,, (1) 7= —1hAV+eA, 2
2m* 2 2

where the vector potentid satisfiesVXA=B. For para-
bolic confinement, the Hamiltonian is similar to that for a
free electron, so that the eigenstateg,, called Fock-
g* is the effectiveg factor, o, is the z component of the Darwin state$}?® are given by

wherem* is the effective massp, is the strength of the
parabolic confinement potentiaydl,B is the Bohr magneton,

— \/ n' rllg=ite 1Nl r_Z) _i) 3)
Pailr)= am2Z e o\ 2z TR T g

Here n is the radial quantum numbetl,is the angular momentum quantum numbe,‘ is a Laguerre polynomial)
=Jh/m* () is the effective magnetic lengtk) = \/wcz+4w02, andw.=eB/m* is the cyclotron frequency. The Fock-Darwin
states are ring shaped, with a radRis A\ y2(2n+|l|+1). The eigenenergies are given by

Eno(Q)=32n+1+[IN%Q - 3lhwc+79* u Bo,. (4)

For double-quantum-dot systems, the single-electron states are split into symmetric and antisymmetric states due to inter-
layer tunneling(Fig. 2). The strength of the tunneling is characterized by the energyAgag between symmetric and
antisymmetric states. Althoughg,s dependgapproximately exponentiallyon the layer separationtl], it also depends on the
height of the barrier that separates the two layers. Experimenthiind A 55 are independently adjustable. We can see that
d controls the difference between the intralayer interactiob/y, and the interlayer interaction; 1/(r?+ d?)/2.

The Hamiltonian for interacting electrons in a vertically coupled quantum dot,

H:H0+Ht+Hc, (5)

comprises the single-electron péft and the Coulomb interactioH . In second-quantized form with a Fock-Darwin basis,
we have

HOZE E 2 Snloacglaacnloa’ (6)

n | o

ASAS
Ht:_ 2 2 El E (CEIU+Cn|U'—+Cll(r—cn|(r+)r (7)

(o8

He=3% 2 2 2 2 (niliogar,n,l,0a5|V(ri—r1,)|nglso3a5, 04l joses)

Ni~Ng l1~lg4 o1~04 a1~ay

"
nylyogay

+

Xc Cn2|21r2a2Cn4|40'4a4Cn3|30'3013' (8)

Here o is the real sping==* is a pseudospin index speci- lll. MAGIC-NUMBER STATES
fying the two Iayers,cL(m (Cnisa) are creation(annihila-

tion) operators, and is the dielectric constant of the host di
material. When the spin and pseudospin are included, thj%

energy of the single-particle states becomes

One of the most dramatic features of interacting two-
mensional electron systems confined in quantum dots sub-
cted to magnetic fields appears in their energy spectrum.
Numerical studies of finite single-layer systems have shown
that ground states only occur at certain total angular mo-
Enloa= Enio(2a), (9  menta and total spins called “magic numbers.” The reason
why magic numbers appear is that the Coulomb part of the
where E,,, is given by Eqg.(4) and Qa=(w§+4w§a)1’2, total energy is not a smooth function of the total angular
with wq, the confining potential for theth layer. Because momentum,L, but has a series of cusps caused by electron
the Coulomb interaction conserves the total angular momersorrelation?! A largerL corresponds to a larger spatial extent
tum, the many-body Hamiltonian is diagonalized numeri-(~\/L) of the charge density, which costs a higher
cally in each sector of the total angular momentumconfinement-potential energ§Fock-Darwin energy while
space?l26-29 the Coulomb repulsion tends to be reduced. What the magic
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FIG. 3. Left: Ground-state energy against the total angular mo- ’“‘“‘ﬁ?’
mentum, L, in vertically coupled dots with three spin-polarized @ ,
electrons for Agas=0.2 (0.6) meV atB=15 T in the upper S pa—t

(lower) panel. The confinement energyfign,=3.0 meV for both
layers, and the layer separationds-20 nm. Arrows indicate the
positions of the cusps. Right: Charge density per electron for
each layer fol.=5 and 7(belonging to period PandL =9 and 12
(period threg with Agas=0.2 meV.

FIG. 4. (a): Contour plot of intralayefupper panelsand inter-
layer (lower panel$ pair-correlation functions,P(r,rp), for L
=5, 7, 9, and 12. One electrdfilled circle) is fixed at the place
where the charge density has a maximum in the upper layer. Thus
the total charge ié (%) in the upper(lower) layer, since we have

. .. 2+ 3 electrons, while we fix one electron in the upper layer. An
numbers are all about is that the competition between thes&rea with a linear dimension of 12=78.5 nm @ is the effective

effects is not monotonic. Indeed, the magic numbers have gagnetic lengthis displayed. The confinement energies, the layer
one-to-one correspondence with the symmetry of charge cokeparatiom g, andB=15 T are the same as in Fig. ®) Bird's
relation, which has turned out to be the same as the symmeye view plot of(a). A white sphere indicates the position of the
try of the classical equilibrium configuration of point chargesfixed electron.

for single dots. If we further take account of the electron

spins, we have to consider, in addition to the Zeeman energynagnetic length is 6.54 nmFor L=12 belonging to the
the competition among the states having various total spineriod of 3(long dashed ling on the other hand, the density
that determines how the electrons should be correlated. i peaked at a finite. .

Magic number states also occur in double dots. For In order to identify the mechanism for the change of pe-
double dots, however, we have the pseudospin as an addid in the magic numbers, a better measure of the electron
tional degree of freedom, which makes the sequence dforrelation is the pair-correlation functid®(r,ro), which is
magic numbers for double dots different from that of Sing|eproport|onal to the conditional probability of finding an elec-

dots. We first look at how the sequence of magic numbers ion at po_sitio_rr given that there is one at positigg. This
modified by the strength of the interlayer tunneling Is shown in Fig. 4. We fixed one electron at the place where
' the charge density has a shoulder a maximum when the

density is peaked at a finitg. We can immediately see that
the ground-state electron configuration changes from one
dominated by interlayer correlation to one dominated by in-

For simplicity we start with three fully spin-polarized tralayer correlation. In particular, the correlation for=5
electrons in a double dot with the same confining potentiatorresponds to a triangular “electron molecule” developed
for both layers, while the effect of spin will be examined acrossthe two layers, with one electron at the center of the
later. We plot the ground-state ener@fyig. 3 calculated lower layer and the other two in the upper layer. In contrast,
numerically as a function of the total angular momentlm, the triangular form develops within each layer for-9 and
atB=15 T for Agas=0.2 (0.6) meV in the uppeflower)  12. TheL=7 state is an intermediate one, where the upper
panel. The confinement energy fiso,=3.0 meV for both layer has a single peak but the lower layer has two peaks.
layers and the layer separatids=20 nm. An important difference between a single and double dot

Magic numbers can be identified from the positions ofis the way a magnetic field affects the plot of ground-state
downward cusps. Fakgas=0.2 meV we have a period of 2 energyE againstL. For single dots and strong fields, such
(L=5, 7, and 9 for smallerL followed by a period of 3 that states withn=0 and =0 are dominant, the Fock-
(L=9, 12,...). For dargerAgas=0.6 meV, by contrast, Darwin energy in Eq.(4) becomesh(Q— w)l/2+#aQ/2.
the period is 3 for alL, as in the case of a single-dot con- The main effect of changing the magnetic field is then to
taining three electrons. change the coefficient of the term linearliso that once we

In the right panel of Fig. 3 we show the average chargeobtain anE— L plot for a specific value oB we can predict
densityp, which is axially symmetric. Since we assume thehow the ground state will evolve with B. In other words, a
same confinement potential for the two dagtsis the same series of cuspsmagic numbersin the E—L plot will se-
for the two dots. Fot. =5 (solid line) the density against the quentially become the true ground stateBas varied. For
lateral distance from the center has a peak at the centerdouble dots a change Biaffects not only the linear term but
along with a shoulder around 11 nm=(.7\; \: effective  also the ratio of the effective magnetic lengtland the layer

A. Three-electron double dots
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FIG. 5. The total angular momentumand the total spirg of a . ) .
double dot containing three electrons with confinement energy FIG. 7. (a): Contour plot of intralayefupper panelsand inter-
fhwo. =hwe. =3.0 meV and a layer separatiah=20 nm. Agxs ayer (lower panel$ palr-correlatlon. functionsP(r,ry), are dis-
=0.2 (0.6) meV for the leftright) panel. played for each of the magic-states in the true ground state for the

four-electron double dot shown in Fig. 6, for appropriate values of

separatiord, or equivalently, the ratio of the intralayer and B S” C‘_’”tfr_aStdt‘_) FLg. 4, Whelrs is ﬁxehd)' ?”e elictron(r\]/vhiti
interlayer Coulomb interactions. Thus we have to check? erte IS Dt(e in the u;_)r;;]er ?ﬁ/ert ‘"’tlt It ﬁpac'.s w.ert?]t € charge
which of the magic number states can become true grounfiE"S'% is at maximum. Thus the total charge i€21in the upper
states ower) layer, since we have 2- 2 electrons, while we fix one
' T . lect in th I . A ith the li di i f
We have done this in Fig. 5. Here we have also mclude{ octron In the upper fayer. An area wi © linear dimension o

. 2\ (\: effective magnetic lengjhis displayed. The confinement
the effect of spin degrees of freedom. Thus what we haV%nergies, the layer separatidnandA g,s are the same as in Fig. 6.

plotted in the figure is the total spin as well as the tOtaI(b) Bird’s eye view plot of(a). A white sphere indicates the position
angular momentum of the ground state of the three-electrof ihe fixed electron.

double dot against magnetic field fdrgas=0.2 (0.6) meV
in the left (right) panel. One finds that the magic number:4, 6, 8, 10, and 14. In this regime we can discuss the

states for [ =5 andS=3) or (L=7 andS=3) become the magic numbers without complications coming from real
absolute ground state f@&=7.2-7.5 T orB=10.2-11.0 T, spins.

respectively, forAsas=0.2 meV. On the other hand, the  The charge density in Fig. 6 is single peaked for values of
magic numberd. =5 and 7 are washed out wheXsasis | yp to 14. However, unlike the three-electron case, this does

increased to 0.6 meV. not imply that the correlation is developed within each layer.
If we look at the pair-correlation function in Fig. 7, we can in
B. Four-electron double dots fact see that the correlation is developed across the two lay-

The crossover between the dominant intralayer correlatioffs: Since we have four electrons, we have now a tetrahedral
and dominant interlayer correlation also exists in four-configuration(with two electrons in the upper layer, and the
electron systems. The total angular momentum and the totQtNer two in the lower layer in a staggered positiéor all
spin of the ground state of four electrons are shown in Fig. 61€ Magic number states. _ _

The system is fully spin polarized f@=3.2 T, where the As the magnetic field increases, the period of magic num-

magic number orbital angular momentum evolves las P€rS changes from 2L =(6+2)xintegeq to 4 [L=(6
+4)Xintegell as shown in the left panel of Fig. 6. The

14 0.3 absence of the magic humbkr=12 is strong evidence for
I . this change, becaude=12 belongs only to the sequente
8 e =(6+2)Xinteger. The change of the period of the magic
2 02 < L L=14 numbers corresponds to a crossover between dominant intra-
2 % AR layer correlation and dominant interlayer correlation by anal-
0 5 # ogy with three-electron systems, where the period of the
2 = / W magic numbers changes from 2.£5 and 7to 3 (L=9
1 ol A/ and 13, andL =11 is the missing magic number. The results
= for the pair-correlation function in Fig. 7 also show that in-
0 terlayer correlation develops ésincreases.
o 2 4 6 8 10 %5520 30 40 50 . ) )
BIT] r [nm] C. Crossover between intralayer and interlayer correlations
FIG. 6. Left: The total angular momentuimand the total spirs Intuitively the change in the correlation exemplified

of a double dot containing four electrons with confinement energy220Ve for three and four electrons can be understood by con-
hwgs =fwe_=3.0 meV. The layer separation =20 nm, and sidering the total energy. If the total angular momentuis
Agas=0.6 meV. Right: Charge density) per electron for each decreased at a fixed magnetic field, the lateral spatial extent
layer for typical ground states in the fully spin-polarized region, (L) of the wave function is compressed, so that the mean
B=32 T. electron separatiom becomes comparable to the vertical
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FIG. 8. Left: The total angular momentuimand the total spiis
of a double dot containing four electrons with confinement energy . :
hwg.—3.0 meV andhw, —3.3 meV. The layer separation is FIG. 9. Contour plot of intralayefupper panelsand interlayer
d=20 nm, andAgas=0.6 meV. Right: Average charge densities
(p) per electron for uppetlower) layer in the ground states are
displayed in the uppeflower) panel forL=6, for which the spins
are fully polarized.

(lower pair-correlation functionsP(r,ry) for the same ground
states as shown in Fig. 8. One electfaihite sphergis fixed in the
upper layer at the point where the charge density has a maximum.
An area with the linear dimension of 12s displayed. The confine-
ment energies, the layer separatidn Agpg, and the magnetic

. field B are the same as in Fig. &) Bird’'s eye view plot of(a). A
separationd of the layers. When the two layers are closeite sphere indicates the position of the fixed electron.

enoughd<a, the system is effectively one layer, so that all
the electrons are correlatédith a square configuration for
the four-electron cagavithin each layer. In the opposite case
= - . — .
e o s i ne the G o sepa. MAIC SGUr momenta nd e ot spin i s case are
U X displayed in Fig. 8. We can see that the real spins are fully
rating into two electrons in the upper layer and another two

electrons in the lower, ending up with a tetrahedral configu—pOI"’1rIZEd forB=4 T. Let us discuss this region in order to

ration across the layers. This is because the typical intralayetPCUS on the pseudospin. There the magic numbers.are

Coulomb repulsion €1/a) becomes significantly greater ;e?,ngl— éoa,m%jzi; ?j?) i]it ane\’;? .?Ioglcsei(:l:]at t.thheonzatlﬁg: nsuem:
than that of the interlayer Coulomb interaction . PP n Sy withou pseu

—— : . dospin Zeeman energy. In particular= 9 belongs to neither
(x1/Va +d.)’ SO tk,],aF the eleptro,f]_s will avoid each other BSthe L=(6+2)Xinteger norL=(6+4)Xinteger sequence.
far as possible by “sidetracking,” i.e., by developing inter-

layer correlations. Such staggered configurations have to ir{_ns_tead_ I _belongs to thd_=(6+3)>_<|nteger Sequence,
- ; ; . which implies a threefold symmetry in the charge correla-
volve the mixing of symmetric and antisymmetric sta’[estion

across the two dots via the interlayer tunneling, and costs an The average charge densities in the ground states are

energyAsas. This explains why the magic numbers tend to shown in Fig. 8 for both upper and lower layers. The densi-

emerge for smalleAgas's. Thus we can call the change in ties for L=6, 9, and 12, which belong to the sequence

the nature of the electron correlation a crossover from a_ .
dominant intralayer correlation to a dominant interlayer cor-__ (6-+3)xinteger, are peaked at the center. If we look at the

relation. Further, ifL is increaseda becomes large and the pair-correlation f‘%”C“O” in Fig. 9, thE'=9 st'ate |s_|ndeed
seen to have a trigonal coneX3) configuration(while the

interlayer and intralayer interactions become similar. Thel%__6 state may be thought of as a mixture of twofold and
the system is again effectively one layer, and this explaing. ) .
Y g y Y P rigonal configurations The L=12 state belongs to both

the tendency for new magic numbers to occur for smaller 64+ 3)int dL = (64 2)Xint

These qualitative arguments apply for any value of the ma t_;(t it ) mleger an _'(t )f n egelr sequegcte:i, S0

netic field, but the magnetic field determines the overall atits correfation 1S a mixture ot conica tal) and tetra-
hedral (2<2) symmetries.

length scale and hence thevalue of the true ground state. . . .
It would be interesting to compare our results with the

) phase diagram for the bulk bilayer FQH system obtained
D. Effect of the pseudospin Zeeman energy experimentally* or theoretically*? The picture in the bulk is
When the two layers have different confinement potenthat the quantum Hall state evolves, Ag,s is decreased,
tials, the difference plays the role of a Zeeman energy for théom a tunneling-dominated state to a correlation-dominated
pseudospirt/3° one. The former is a fully occupied symmetric stébme-
component staje while the latter is an interlayer-correlated
Enlot —Enlo—=2(2n+1+[IDA(Q,.—Q_), (100  Laughlin’s liquid, ¥33, (two-componentstate.

To compare these with the dot states, however, is not
where QtE(w§+4wgi)l/2. The layer having the smaller straightforward. The bulk phase diagram is drawn against
confinement potential tends to accumulate charge, and thisvo dimensionless quantitielf| 5 andAgas/(€%/ €l g), where
causes a charge density imbalance between the two layers las= (/m* )2 is the magnetic length. Because of the con-
shown in Fig. 8 for a 10% difference ihw,,.=3.0 meV, fining potential, the relevant length scale for dots becomes
andfw,_=3.3 meVl’ For four-electron systems, the Zee- the effective magnetic lengthn, with )\2=ﬁ/m*(w§

man effect for pseudospin leads to a magic humber which
corresponds to tetrahedral-like charge correlatiéns.



PRB 59 VERTICALLY COUPLED DOUBLE QUANTUM DOTS N.. .. 5823

+403)Y2 With the parameters we have usad=(0.91 7.0
~0.97) g for B=(5-10 T. This yieldse?/ ex=14.7 meV 6.0
for B=10 T, so thatAgas/(€*/eN)=0.01-0.04 for the

1 £ [ 1
double dots considered here. The Landau-level filling S0 S |
which is usually defined as < 4.0} n N :

é | | [ |
y=N(N-1)/2L w3ORNG i
for a dot havingN electrons, ranges from=$2 for L=5 to 20 E i .' | i
v=1 for L=12 for N=3. Although there is some attempt at o o |
extending the bulk phase diagram from the usually studied 0.0 Ll Ly L
v=1 case tov=1/(odd integer)!® the wide variation inv 6p o
and the fact that a change Balso changes complicate the - ‘21 o '
comparison. 0 | __JI-—-:—‘:J-———E
15 1 2 :
IV. FIR ABSORPTION w10} ! f :
Now we move on to the FIR absorption spectrum. In a 0.5 1 ro 5,1 ) : )
. : . ; . 0.0
single dot with a parabolic confinement potential, the 0 o 4 6 8 10
electron-electron interaction cannot affect the FIR absorp- B[T]

tion. This is dictated by Kohn's theoreth,originally con-

ceived for translationally symmetric systems and later gen- FIG. 10. FIR absorption spectru(top pane), the total angular
eralized to 2D dots with parabolic confinement in magneticmomentum (middle), and the total spin(bottom of vertically

fields2>?! That is, long-wavelength electromagnetic radia-coupled dots for N=3 electrons. Awo, =3.0 meV, hw,_

tions with electric fieldE couple to the dot via the dipole =3.3 meV, the layer separationd=20 nm, and Agag
interaction =0.6 meV. The position of each filled circle gives the energy of

the transition, while the size of the circle represents the relative

N intensity of the absorption. Vertical dashed lines are guides for the
’H'IE eE-r;, (11 eye.
i=1

which depends only on the center-of-mass coordinate. In &e relative intensities of various transitions. This should be
single dot with parabolic confinement, the Hamiltonian sepasufficient for our purpose of demonstrating that the FIR ab-
rates into center-of-mass and relatiiateraction parts even  sorption of vertically coupled dots is affected by the electron
in the presence of magnetic fields, and the latter is irrelevarorrelation.
to optical transitions. Recent optical measurements of quan- The FIR absorption spectrum consists of two branches:
tum dots indeed exhibit absorption frequencies that are indghe upper branch for inter-Landau-level transitions, which
pendent of the number of electrons and well fitted to thedpproaches to the cyclotron frequency in te- limit;
single-electron absorption spectrdfn. and the lower one for intra-Landau-level transitions. If we
In contrast, the separation of the center-of-mass and reldlot the position and intensity of the peaks in the FIR spectra
tive parts does not occur in vertically coupled dots havingalong with the ground-state total angular momenturand
different confinement potentials, even when they are bott$pin S (Figs. 10 and 1Ji we find a one-to-one correspon-
parabolic. This means that the Coulomb interaction can afdence between the magnetic fields at which the absorption
fect FIR absorption spectra. line jumps and the magnetic fields at which the total angular

To quantify the effect we have calculated the FIR absorpmomentum and/or the total spin of the ground state changes
tion spectrum of vertically coupled dots from the matrix el- from one magic number state to another. Thus the transitions
ement of the perturbation Hamiltoniak{’ between the should be directly observable in the FIR absorption spec-
ground state and all the excited states. Before discussing tH&im. The figure also shows that the absorption intensity
results, we comment on the applicability of this approach td* square of the matrix elemeris not monotonic. We have
real systems. One important question is the nature of th@lso displayed the FIR spectra for a four-electron system,
electric fieldE in small samples. Several authors have queswhich again exhibit similar jumps. The magnitudes of the
tioned the relation between the applied electric field and théumps, obtained assuming a confining potential asymmetry
internal electric field in mesoscopic systefis’ with the ~ 0f 10%, is a few tenths of a meV. We believe they should be
general conclusion that depolarization effects are importan@bservable and the effect could probably be enhanced by
Therefore, we would have to calculate the internal electridnaking a double dot with greater potential asymmetry.
field to obtain the absolute value of the absorption coeffi-
cient. In addition, a _precise calculation of the absorptic_)n V. SPIN BLOCKADE
spectrum would require us to take account of other device
properties that affect absorption, such as finite thickness of We now turn to the possibility of a spin blockade. It has
the individual dots and deviations from a parabolic potentialbeen known for some time that the Coulomb blockade occurs
about which scant information is available. We thereforein mesoscopic systems such as quantum dots. This is a com-
make the reasonable assumption that the internal electrisined effect of the discreteness of energy levels and the
field is uniform, and discuss only the absorption energy anelectron-electron interactioicharging energy Weimann,
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FIG. 11. The FIR absorption spectruttop panel, total angular FIG. 12. Top (middle: Low-lying excitation energies folN
momentum(middle), and total spin(botton) of vertically coupled =4 (N=3) double dots. Bottom: The absolute value of the differ-
dots forN=4 electrons are shown in the Igfight) panel.f wq ence,|S(4)—S(3)|, in the total spin folN=4 and 3 double dots.
=3.0 meV, fhwy_=3.3 meV, the layer separatiah=20 nm, hwo,=hwo_=3.0 meV, the layer separatiod=20 nm, and
and Agps=0.6 meV. The position of each filled circle gives the Agas=0.6 meV.

energy of the transition, while the size of the circle represents the

relative intensity of absorption. Vertical dashed lines are guides foporrelated e'eC”Of? systems .SUCh as the Hubk?ard model, but
the eye. the present case is a peculiar manifestation in strong mag-

netic fields.

: . Here we propose to utilize this electron-correlation effect
Hausler, and Kramer then suggested that, if the total spig, \o4ize 5 spin blockade. For that we can look at our results

differs by more thar; in the ground states foN and N o S0 see if the spin-blockade conditidgq. (12)] is sat-
—1) electrons, i.e., isfied in some regions @. In addition, if there are low-lying
excited states through which an electron can be transferred,
IS(N)—S(N—1)|>3, (12 the blockade will not occur except at the temperatures lower
than the excitation energy. Thus we have to study the ener-
the transport of an electron through the dot is blocked, andjies of excited states as well. We have plotted these along
this should cause missing peaks in the conductance due with |S(4)—S(3)| for double dots that contain three or four
single electron tunneling at zero temperature. This is calle@lectrons with the same parabolic confinement potential for
the spin blockadé®3® and has been studied theoretically in both layers. The total angular momentum and the total spin
the case of no magnetic field, where we can apply the Hund'§f the ground state are shown in the right panel of Fig. 5 for
coupling picturét However, we cannot satisfy the spin- N=3, and in the left panel of Fig. 6 fdi=4.
blockade condition for circular quantum dots with parabolic  The difference between the total spin of three- and four-
confinement potential in this case, so that some modification§!eCtron systems, shown in the bottom panel of Fig. 12, in-
such as an anharmonicity in the confinement poteéfitm  dicates that the spin-blockade conditig®(4) — S(3)|> is

rectangular hard-wall shape confinement potetitiahve to satisfieq fqr 2'O$B.$3'1 T and_B=3.7 T. In th"’?t region
be introduced. the excitation energiegop and middle panels o_f Fig. 1for
Now our idea here is to exploit the manifestation of ther'\lla:te?; angn? arﬁa?; tr;ﬁeor(:erigglo.oef; rl?i\r/ﬁg\r/]?;h :Sesljé}{](i:él:]
electron correlation in the total spin in the present system. y y P A .
=0.1 meV. However, it is possible to enhance the excita-

We have in fact seen that electron correlation dominates thgOn energy by tuningiwy, d, or A For instance. a
0> ’ SAS- ’

total spin (S of the ground state in a peculiar manner, aS4ouble dot With Awy=6.0 meV, d=16 nm, a”dAsA

shown in Figs. 5, 6, and 8, which comes from the fact that - S
=1.2 meV has an excitation energy of about 0.12 meV,

the magic values df andSare linked. This is in a sense no . X
surprise, since the total spin dictates, through Pauli’'s echuWhICh should .be large enough to cause an fxpenmentally
sion principle, the way in which the electrons can correlate,Obsferv‘"‘bIe spin blqckade betwebh=2 and 3! we also .
while the magic numbers ih come from the electron corre- notice a level crossing between the §econd and third ex_cned
lation as one of the authors showed from the electron molStateS ?f.OU”‘BZZ-“ T for N=3, which should appear in
ecule picture for single-layer quantum dots. the addition energy spectra.

The correlation effect in fact happens when the typical
Coulomb energy is much greater than the single-electron
level spacing. Effects of electron correlation on the spin  We have studied double-quantum-dot systems by using
states via Pauli’s principle are known to occur in ordinaryexact diagonalization including spin degrees of freedom and

VI. CONCLUSION
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higher Landau levels. We have found magic numbers spespectrum has jumps is the field where the total angular mo-
cific to double dots, and shown that they are related to thenentum and/or the total spin of the ground-state shift from
symmetry of charge correlations. In addition, we have showmmagic value to another. In the case of single-electron tunnel-
that we can change the charge correlation, total angular mang, we have shown that the tunneling is blocked because of
mentum, and total spin by varying the strength of the magthe spin-selection rule—the spin blockade, in some
netic field B. These changes have been shown to affect thenagnetic-field regions.

optical-absorption spectrum and single-electron tunneling.

For the optical-absorption spectrum, we found that because

of the breakdown of Kohn's theorem, the spectra differ from ACKNOWLEDGMENTS

that of noninteracting system with splitting and jumps in the We wish to thank Professor Seigo Tarucha and Dr. David
optical-absorption spectrum. The magnetic field where thé&uy Austing for a number of illuminating discussions.

1p. A. Maksym, Phys. Rev. B3, 10 871(1996. tific, Singapore, 1996 p. 1613.
2H. Imamura, P. Maksym, and H. Aoki, PhysicaZ89-251 214  °H. Imamura, H. Aoki, and P. A. Maksym, Phys. Rev5@ 4257
(1998. (1998.
3U. Merkt, Physica B189, 165 (1993. 20 Brey, N. F. Johnson, and B. I. Halperin, Phys. Rev4@&
4S. Tarucha, D. G. Austing, and T. Honda, Phys. Rev. L&%t. 10 647(1989.
3613(1996. 2'p. A. Maksym and T. Chakraborty, Phys. Rev. L6 108

5R. C. Ashoori, H. L. Stormer, J. S. Weiner, L. N. Pfeiffer, S. J. (1990.
Pearton, K. W. Baldwin, and K. W. West, Phys. Rev. Lég&, 22N, F. Johnson, J. Phys. Condens. MaiteB65 (1995.

3088(1992. 2D, G. Austing, T. Honda, and S. Tarucha, Jpn. J. Appl. Phys., Part
6R. C. Ashoori, H. L. Stormer, J. S. Weiner, L. N. Pfeiffer, K. W. 136, 1667(1997).

Baldwin, and K. W. West, Phys. Rev. Leftl, 613(1993. 24y, Fock, Z. Phys47, 466 (1928.
M. Wagner, U. Merkt, and A. Chaplik, Phys. Rev.45, 1951  25C. G. Darwin, Proc. Cambridge Philos. S&7, 86 (1930.

(1992. 26R. B. Laughlin, Phys. Rev. B7, 3383(1983.
8The Quantum Hall Effec2nd ed., edited by R. E. Prange and S. 273, M. Girvin and T. Jach, Phys. Rev. 2B, 4506(1983.

M. Girvin (Springer-Verlag, New York, 1990 28R. J. Galejs, Phys. Rev. 85, 6240(1987.
9Quantum Hall Effect2nd ed., edited by T. Chakraborty and P. 2°M. Stone, H. W. Wyld, and R. L. Schult, Phys. Rev4B 14 156

Pietilanen (Springer-Verlag, New York, 1995 (1992.
Operspectives in Quantum Hall Effectsdited by S. Das Sarma 3°J. J. Palacios and P. Hawrylak, Phys. Re\6B 1769 (1995.

and A. PinczukWiley, New York, 1997. 3G, s. Boebinger, H. W. Jiang, L. N. Pfeiffer, and K. W. West,
113, Eisenstein, G. S. Boebinger, L. N. Pfeiffer, K. W. West, and  Phys. Rev. Lett64, 1793(1990.

Song He, Phys. Rev. Let68, 1383(1992. 32A. H. MacDonald, P. M. Platzman, and G. S. Boebinger, Phys.
12K, Moon, H. Mori, Kun Yang, S. M. Girvin, A. H. MacDonald, Rev. Lett.65, 775(1990.

L. Zheng, D. Yoshioka, and Shou-Cheng Zhang, Phys. Rev. B3W. Kohn, Phys. Rev123 1242(1961).

51, 5138(1995. 348 Meurer, D. Heitmann, and K. Ploog, Phys. Rev. L68,.1371
137, Nakajima and H. Aoki, Phys. Rev. B1, 7874(1995. (1992.
14T, Nakajima and H. Aoki, Phys. Rev. B2, 13 780(1995. 353, A. A. J. Pernboom, P. Wyder, and F. Meier, Phys. R8p173
15y, W. Suen, L. W. Engel, M. B. Santos, M. Shayegan, and D. C.  (1981).

Tsui, Phys. Rev. Lett68, 1379(1992. 36K. Cho, Prog. Theor. Phys. Supgl06, 225 (1997).
18D, Yoshioka, A. H. MacDonald, and S. M. Girvin, Phys. Rev. B 370. Keller and T. Garm, Phys. Rev. &, 4670(1995.

39, 1932(1989. 38D, Weinmann, W. Hausler, and B. Kramer, Phys. Rev. L.
YH. Imamura, P. A. Maksym, and H. Aoki, Phys. Rev. 33, 984 (1995.

12 613(1996. 3%y, Tanaka and H. Akera, Phys. Rev.4, 3901(1996.

8p_ A, Maksym, H. Imamura, and H. Aoki, iRroceedings of the “°M. Eto, J. Appl. Phys36, 3924(1997.
23rd International Conference on the Physics of Semiconduc?H. Imamura, P. A. Maksym, and H. Aoki, Phys. Rev. B,
tors, edited by M. Scheffler and R. ZimmermafiWorld Scien- R12 808(1998.



