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Vertical diatomic artificial molecule in the intermediate-coupling regime
in a parallel and perpendicular magnetic field

F. Ancilotto? D. G. Austing>®* M. Barranco®' R. Mayol? K. Muraki,? M. Pi.® S. Sasakf and S. Taruct'
Listituto Nazionale per la Fisica della Materia and Dipartimento di Fisica, UniversitdPadova, 1-35131 Padova, Italy
°NTT Basic Research Laboratories, 3-1 Morinosato Wakamiya, Atsugi, Kanagawa, 243-0198, Japan
3Departament ECM, Facultat de’$ica, Universitat de Barcelona, E-08028 Barcelona, Spain
“Departament of Physics and ERATO Mesoscopic Correlation Project, University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo, 113-0033, Japan
SInstitute for Microstructural Sciences M23A, National Research Council, Montreal Road, Ottawa, Ontario K1A OR6, Canada
(Received 8 July 2002; published 15 May 2003

We present experimental results for the ground-state electrochemical potentials of a few electron semicon-
ductor artificial molecule made by vertically coupling two quantum dots, in the intermediate-coupling regime,
in perpendicular and parallel magnetic fields upBle- 5 T. We perform a quantitative analysis based on
local-spin density functional theory. The agreement between theoretical and experimental results is good, and
the phase transitions are well reproduced.
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[. INTRODUCTION oped to handle configurations without any spatial symmetry.
This work is organized as follows. In Sec. Il we describe
Semiconductor quantum dof®D’s) are widely regarded the experimental setup; in Sec. lll we outline the method
as artificial atoms with properties analogous to those ofised to implement LSDFT in our QM system and in Sec. IV
“natural” atoms. Furthermore, systems composed of twowe give the experimental and theoretical results. The inter-
QD's, “artificial” quantum molecule$QM'’s), coupled either pretation of these results, and a short summary is presented
laterally or vertically, have recently been investigatedn Sec. V.
experimentally and theoretically~® Transistors incorporat-
ing QM’s (Ref. 7) made by vertically coupling two well de- Il. EXPERIMENT
fined and highly symmetric QD'6Ref. 8 are ideally suited _
to study QM properties. We recently reported the “addition ~ The molecules we study are formed by coupling, quantum

energy” spectra at zero magnetic field for such QM’s as gnechanically and electrostatically, two QD’s which individu-
function of interdot coupling strengfh. ally display clear atomiclike featuré$.For the materials we

In this work we present experimental and theoreticaltyp'c"jIIIy use, the energy splitting between the bonding and

ground state electrochemical potentials for a diatomic QM inannbondmg sets of single particles.p) molecular states
. . . ! . . Agpgcan be varied from about 4.5 mg¥trong coupling to
the intermediate-coupling regime corresponding to an inter-

) < e about 0.1 meMweak coupling.®” In this paperb, the thick-
dot distanceb=3.2 nm for magnetic fieldéB) up .to about 5 ness of the central barrier separating the two dots is fixed at
T. We assume here that the quantum mechanical coupling

. $2 nm (Asas—3 meV). Because this corresponds to inter-
sufficiently strong that the QM can be regarded as a symmets o jiste coupling, we can reasonably neglect a small mis-

ric “homor_luclear" diatomic QM® We consider twg different ‘match(of energy< Asxd) between the two dots, i.e., the QM
configurations, one corresponding to an applied magnetis assumed to be symmetric “homonucledr.Figure 1
field parallel B)) to the drain current flowing through the  shows(a) a schematic section of a submicron circular mesa,
constituent QD's, and the other corresponding to an appliediameterD, containing two vertically coupled QD’s arft) a
magnetic field perpendiculaB() to |4 (see Fig. 1 The
latter has received relatively little attentior®=*We note
that the QM physics we discuss in both magnetic field con-
figurations is particularly relevant to the subject of solid-state
quantum computing®

The interpretation of the experimental results here is
based on the application of local-spin density-functional
theory (LSDFT).%***%In the B case it follows the develop- o] A .
ment of the method thoroughly described in Ref. 6, which I 3 o
includes finite thickness effects of the dots, and uses a relax- A e
ation method to solve the partial differential equations aris- GATE METAL
ing from a high order discretization of the Kohn-Shéks)
equations on a spatial mesh in cylindrical coordindtesal FIG. 1. (a) Schematic diagram of mesa containing two vertically
symmetry is assumedTo describe the less-commds, coupled quantum dots an) scanning electron micrograph of a
case, a three-dimension@D) LSDFT code has been devel- typical circular mesa.
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300 , . , . - T ' 0.4 As is well known, within LSDFT the ground statg.s) of
I l the system is obtained by solving the Kohn-Sh#8) equa-
250 - tions. In theB case the problem is greatly simplified by
0.3 e explicitly using the axial symmetry of the system. The addi-
= 200 i 1 ‘TE tional terms in the KS equations due to the presence of an
2 150k lon & arbitrary magnetic field are given below. The inclusion of
) A - b w ’ < these terms crucially does not break the axial symmetry of
> 100 - 1 F the KS Hamiltonian in thé3 case.
- 0.1 In the symmetric gauge the vector potenMF) corre-
30 L/ ] sponding to a constant magnetic fieBl is written asA
" J/ T Al G \\ " =(B/\r)/2, and its contribution to the KS Hamiltonian is
-20 -10 0 10 20
z(nm) eh . . € . -
Hp==—DB-L+ A%+g* ugB-S, )
FIG. 2. Double quantum well potential used in the calculations. 2mc 2m¢e?

The electronic density(z) corresponding to th&él=6 QM for B ) . . R R

=0 is shown.n(z) has been obtained by integrating the electronicwheregs is the effective gyromagnetic factdr, andS, re-
densityn(x,y,z) over thex andy coordinates. The energy of the spectively, are the orbital and spin angular momentum opera-
occupied upper lying s.p. level is also represented by a horizontaprs, and ugz is the Bohr magneton. Writing B

solid line. =B(sin#g,0,cosfg) and introducing the cyclotron fre-

_ _ ) quency w.,=eB/mc, it can be easily checked thdt,,
scanning electron micrograph of a typical mesa after gate- 3 +iH,,, with
R |

metal deposition. The starting material, a special triple bar-
rier resonant tunneling structure, and the processing recipe
are described elsewhefe®*'Drain currentl 4 flows through %, = §mw§[X2C05203+y2+ z%sir? 9y — 2xzsin fgcosbg ]
the two QD’s between the substrate contact and grounded top

contact in response to voltayk applied to the substrate and 1

gate voltageV, on the single surrounding gate. The one +§g;‘,u37708, (2
structure we describe her® ¢ 0.5 microng is cooled to
about 300 mK or less.

J 1%
+cosfg| Xx— — :

) d d
smaB(yE—z— ay ya

1
Hm=_§ﬁwc t?y

lll. THEORY
wheren,=+1(—1) for o=1(]) with respect to the direc-
ion of the applied magnetic field.

We have used effective atomic unifs=e?/e=m=1,

To analyze the experiments we have modeled the QM b
two identical QD'’s stacked in thedirection(parallel tol ).

In this direction the QM is confined by two identical quan- . X . .
tum wells of Widthwgnd depthv sepa)llrated by distanqdce wheree is the dielectric constant amd the electron effective
p mass. In units of the bare electron mass, m=m*m,. In

=3.2 nm. We have takeVy=225 meV andw=12 nm, hi he | h unit is the effective Boh .
which are also appropriate for the actual experimental det'!S system, the length unit is the effective Bo r radags
=age/m* with ag=#A</m.e*, and the energy unit is the

vice. To improve on the convergence of the 3D calculations, ! ey :
the somewhat ideal sharp double-well profile has beeffftective Hartreed™ =Hm*/e”. For a QD in GaAs, we take

slightly rounded off, as shown in Fig. 2. Given that the en-the following values: g3 =—0.44, e=12.4, and m*
ergy profiles of real structures are never abruptly sharp, this0.067. This yields a5 ~97.94 A andH* ~11.86 meV.
rounding off is actually not unrealistic. From now on we will write the equations in these units.

In the remaining two directions perpendicularztthe QM Equation(2) reduces to the case whergz=0, and to
is confined by a harmonic oscillator potentM}=mw?(x?>  the B, case whergg=m/2. In the former, sinc¢x(d/dy)
+y?)/2 of fixed strengthtiw=4.42 meV. This lateral con- —Y(d/dx)] is proportional toL,, the problem remains
finement energy has been determinedNer 6 electrons us- axially symmetric. A detailed description of how the KS
ing a law'® that quantitatively describes the phases of QM'seéquations have been solved in this geometry can be found
in the strong, intermediate and weak coupling regimes as # Ref. 6. _
function of B for a number of electronl between 12 and In 3D the KS equations read
36. Lacking a better prescripticat smaller N 7w has been
kept fixed for allN analyzed hereN<7) instead of obscur-
ing the results by further introducing ad hoc Ndepen-
dency determined by a fitting proceddreln the following
we will denote byV(x,y,z) the total confining potential
obtained by adding the double well profile to the harmonic +WCn,+Hn
oscillator potentiaV, . We stress thaV(x,y,z) is axially
symmetric around the axis. 3

1 ¢ 9* &

-~ —=+—=+—|+ +VH4 e
2((9)(2 (9y2 (922 VCf(X!yIZ) V V

V,(X,Y,2)= €,V ,(X,Y,2).
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The expression in the brackets is the KS Hamiltoritge, TABLE |. Comparison between two-dimensional CSDFT and
and V"(x,y,z) is the direct Coulomb potentialV*° LSDFT, and three-dimensional LSDFT results for one single QD.
= 5gxc(n,m)/5n|g_s_' and W= 5gxc(n,m)/5m|g_s_ are, re- L(R) denotes the leftight) border of the MDD phase in thd-B
spectively, the variation of the exchange-correlation energy!ane.

density &(n,m) in terms of the electron g.s. density

n(x,y,z), and of the local spin magnetizatiom(x,y,z) 2D-CSDFT 2D-LSDFT 3D-LSDFT

=n'(x,y,2)—n'(x,y,z). The exchange-correlation energy Lm RrRM LM RO LO RM

has been taken from Perdew and Zundemdé,(n,m) has  5q 56 6.3 54 65 5.4 6.4
been constructed as indicated in Ref. 6. It is worth noticing,g 56 6.1 55 6.2 55 6.1
that if B#0 then the s.p. wave function¥ ,(x,y,z) are a4 5.6 5.9 5.5 6.0 5.6 6.0
complex, with their real and imaginary parts being coupled

by Hy,.

The KS and Poisson equations are solved on a 3D mesh

after discretizing them using seven-point formulas, and usin%On equations from random number wave functions. As in
a two-grid version of the one-way multigrid method de- ef. 6, we have also used as a test the comparison between

scribed in Ref. 20. The Poisson equation is solved using '€ total energy calculated from a straightforward integration
first order relaxation schenfé.The required value of the Of the energy density with the expression in terms of the s.p.
Coulomb potential at the mesh boundary is obtained by &nergies derived from the KS equations. Finally, we have
standard multipole expansion up to eighth order. The Kgesteda posteriorithe validity of the multipole expansion of
equations are solved using an imaginary time method, inthe Coulomb potential comparing the results with those ob-
volving the third-order expansion of the forward solution of tained using fast Fourier transform techniques to evaluate it.
the imaginary time diffusion equatiéh The accuracy of LSDFT for th8 values of interest has
been assessed by comparing the results for a single QD with
those obtained using the current spin-density functional
theory (CSDFT),22~2" which in principle is better suited to
high magnetic fields than LSDFT. Since CSDFT is a two-
dimensional(2D) theory>® we have also compared our LS-
V(r+67)— V(1) =AW (1) DFT results with those obtained using the 2D-LSDFT which
522 is implicit in any implementation of CSDFT, in particular see
_ T 2 that of Ref. 24. The low and high field borders of the
=~ 0r(Hks= V(1) + 5 (His—€) maximum-density dropletMDD) phase using strictly 2D-
573 LSDFT and CSDFT, as described in Ref. 24, have been ob-
X\P(T)——T(HKS— €)3W(7), (5) talned for QD’s WltthZO, 2_8 and 36 el_ectrons laterally
6 confined by a harmonic oscillator potential of eneryy

— -1/4 izati ini -
wheree= (W (7)|Hkg/¥(7)). To further accelerate the self- _7t'.6'\|| . th('mT_\QIII)IS:#Ch pargmetrlzt?]tmn of the cotnfllnll\?%qgo
consistent solution of both the KS and Poisson equations, thn 1al wi it n h reproTuglesl te eﬁﬁerlmetrrl] ih I.
use the preconditioning smoothing operation described i € results are shown in faple i, together wi € vaues
Ref. 22. In the KS case, this means theW¥ () has been obtalln.ed by using the present 3D-LSDFT for the same lateral
smoothed as proposed in this reference. The performance Spnﬁnlng potential. From Table | we can see that the overall

the code has been further improved by adding a “viscositfgreemem between the three calculations is clearly good, and
term,” i.e., Eq.(5) has been changed into thus we can confidently use LSDFT in the present calcula-

A4
o= (Hs— T, @

i.e.,

tions.
V(r+67)— V(1) =AV(7)+ ay[V(7)— V(7= 57)].
(6)
A viscosity term has also been included in the solution of the V- RESULTS AND DISCUSSION
Poisson equation. We have used ax4Bx 67 mesh with The experimental ground state electrochemical potentials

spatial stepsAx=Ay=5.67 nm andAz=0.89 nm. The for N=3 to 6, as a function oB, are shown in Fig. 3 fo(a)
large asymmetry between the spatial meshes is motivated hijie parallel case an@) the perpendicular case. What is ac-
the sharpness of the confining potential in thelirection.  tually shown is theB-field dependence of the third, fourth,
The heuristic viscosity parametex, is fixed to a value of fifth, and sixth currentCoulomb oscillatioh peaks measured
0.8, and the time stepr to the value of Az)? in effective by sweepingV, in the linear conductance regime for a small
atomic units. The stability of our results against the increas&/;=0.1 mV. It is clearly evident that the dependencies for
of the number of mesh points and of the order of the formu-parallel and perpendicular cases are very different—in par-
las used to discretize the partial derivatives has beeticular the former is stronger than the latter. We now attempt
checked, and @ =0 we have used the results of the axially to explain the general appearance in both cases and, in par-
symmetric code to test the results obtained with the 3D codeticular, the features marked by the different symbols, by us-
This is a rather stringent test, since in the 3D case we haviag the computational methods described in the previous sec-
started the iteration procedure for solving the KS and Poistion.
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() B n(N)=U(N)=U(N-1), 7
E) i\ y N6
é'.'A whereU is the total energy of th&l electron QM g.s., as a
o N=5 function of By up toN=6. To label the g.s. configurations
R\@ Y we have used the usual notation of molecular physics for s.p.
ER—— electronic orbital$® Upper case Greek letters are used for
%ﬂ\m N=4 the total orbital angular momentum. We have also used the
LRI — adapted versioh of the ordinary spectroscopic notation
I\ o3 2T, with S being the totallS,| and L being the total
——— |L,|. The superscript (—) refers to everfodd states under
' ) reflection with respect to the=0 plane bisecting the QM.

0 6 Even states are bondingymmetri¢ states, and odd states

are antibondingantisymmetri¢ states. The subscrig(u)

FIG. 3. ExperimentaB-field dependence of the third to sixth refers to positivenegative parity states. All these are good
Coulomb oscillation peaksg.s. electrochemical potentials for 3 duantum numbers in th| case and can be used to label the

i 2 3 4 5
Magnetic field (T)

12 3 4 5
Magpnetic field (T)

<N=6) in (a) Bj case andb) B, case. different g.s.’s(“phases”). Following Refs. 4,27 we have
also calculated the “isospin” quantum numbgne bond or-
A. The By case der in molecular physicd defined asl,=(Ng—Npg)/2,

with Ng(ap) being the number of electrons in bondifanti-
bonding s.p. states. This is an exact quantum number for
homonuclear QM’s in a parallel magnetic field.

Given the complexity of real vertical QM structures and
the challenge in modeling thei;>?”a comparison between
Figs. 3a) and 4 reveals a rather good agreement between
theory and experiment. As a guide, and consistent with the
—— calculated states and the obsen&ddependence, we indi-
S\t MDD, ] cate in Fig. 3a) in simple box styl&’ the dominant g.s. con-

g figurations at or neaB=0, and others at higher field which

are stable over a relatively wide rangeR)f. Up and down

arrows indicate spin-up and spin-down electrons, and black
(gray) arrows represent electrons in bonditantibonding
s.p. state$>*°ForN=3, 5, 6, neaB=0, because the g.s.’s
are close to each other, i.e. stable over a fairly narrow range,
we show two configurations which in practice are hard to
resolve. Some of these involve the population of the lowest
antibonding state with a single electron, so isospin is non-
maximal. AboveB=1 T, however, all the antibonding states
are depopulated so isospin is maximbl=€ N/2), and filling
of the QM resembles that of a single QD. The identifiable
g.s. transitions in Fig. @) are marked by black triangles. As
expected, most appear as upward kinks. A couple, see first
kinks forN=5 and 6, appear as downward kinks because of
the g.s. transitions which occur at almost the sdpen N
=4 and 5, respectively.

Looking further at other details in Fig. 4, fd&f=2, the
singlet-triplet transition occurs at about 4.6 T which is close
to the experimental valdéof ~4.2 T (not shown. We have
found from the calculations a MDD configuration made of
electrons filling just bonding s.p. states (MBPD which has
R e a total angular momentunh,=N(N—1)/2, and extends
250 1 2 3 4 3 6 from ~4.9t0 ~9.5 T forN=3, from ~5.1 to~9.0 T for

B (T) N=4, from ~5.4 to ~8.8 T for N=5, and from~5.6 to
I ~8.3 T forN=6. These results are at variance with those of

FIG. 4. Theoretical ground state electrochemical potentials ifR€f. 27, where an MDPp g.s. was found foN=3, but not
the B case(doty for N<6. The lines have been drawn as a to for !argerva_llues oN. The reason of this dlscrepancy may be
guide the eye. The vertical ticks along theN) lines indicate  attributed either to the strictly 2D model used in their calcu-
phase boundaries. The various states are identified by standal@tion to represent the constituent QD’s, or more likely to
spectroscopic notation discussed in the text. their particular implementation of CSDFT.

As in single QD’s, at lowB fields, upward kinkgcusp$
in the experimentaN electron g.s. QM electrochemical po-
tentials as a function dB are interpreted as changes in tiie
electron g.s. configuration of the QM which arise from s.p.
level crossing§:22°We have plotted in Fig. 4 the calculated
g.s. electrochemical potentigl(N), defined as

55

30

k
z
’l

~J]
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FIG. 5. Single particle energy levels as a functionl é6r dif- ) ) ) _ )
ferent values oB; at N=6. Upwarddownward triangles denote FIG. 6. Energies of the nine lower-lying noninteracting s.p. lev-

1(1) spin states. Opésolid) triangles correspond to antibonding- €Is as a function 0B, . Asxsandf« are marked. For each symbol,
(bonding states. The horizontal lines represent the Fermi level. Thdhe direction ofs, is indicated in the box.
value of By is indicated in each panel.
=2 phase corresponding to thié; configuration B=3 T
In Fig. 4 we can see that for the largiirvalues studied Pan€)- From this phase on, the spin polarization steadily

here, the increase in angular momentum of the QM g.s. as [pcreases until the QM reaches the Mpphase B=6 T

evolves fromB=0 towards the MDR is accompanied by Pane}.
two isospin flipé’ caused by electrons jumping from anti-
bonding to bonding states and vice versa. Phase transitions B. The B, case

from — to + g.s.’s involveAl,=1 flips, whereas those from |y the B, case, even if the experimental device is axially
+ to — g.ss involveAl,=—1 flips, and both are clearly symmetric about the axis and the constituents QD’s are
seen in Fig. 4 foN=5 and 6. Interestingly, they only hap- identical, the magnetic Hamiltonigf) breaks the axial sym-
pen forBj<2 T. We can see that after reaching he=2  metry and the reflection symmetry about the0 plane. As
g.s.(i.e., afilling factor 2 QM state made of just bonding s.p. a consequence, the s.p. states no longer have a well defined
stateg, which corresponds to theA ; phase foN=4, tothe  orbital angular momentum nor parity, and the bonding or
2Fg phase folN=5, and to thellg+ phase folN=6, only  antibonding labels strictly do not make sense. Crucially,
bonding s.p. states are occupied, and as a consequence thighin LSDFT, the only good quantum number is the spin
QM reaches the MDP state in a similar way to how a single projectionalong the direction of the applied magnetic field,
QD reaches the MDD state, namely, by populating bondingvhich we calls, , and the g.s. electrochemical potentials as
s.p. states of higher and higher s.p. orbital angular momera function ofB, are expected to be much smoother than in
tum | values® In general, these isospin flips can produce athe B case.

complex pattern in the s.p. spectrum as a functioBafAs The situation of &8, field>'°~**unlike theBy case, lacks

an example of this complexity, we present in Fig. 5 the s.pan analytical solution even for the case of noninteracting
levels forN=6 as a function of for differentB values. It  electrons. We show in Fig. 6 the calculated noninteracting
can be seen in this figure that Bsncreases, the QM under- s.p. spectrum as a function Bf . At B=0 (and only in this
goes isospin flips. First, the=071 antibonding s.p. state be- case, the energy difference between the bonding and anti-
comes occupied, as shown in the panels correspondiBy to bondingl =0 s.p. states is jushgag (likewise for thel =1
=0.5 and 1.2 T. After another isospin flip caused by thestates. Also, the energy difference betweka 1 and 0 bond-
depopulation of the same s.p. state, the QM reachegghe ing (or antibonding states is justiw. Similar results have

205311-5
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SOI'I'I'I'I'II'I'I'I'I'I54

45 | | ) " "
0 2 3 5 0 1 2 3
B (T) B (T)
FIG. 7. Single particle energy levels as a functionBgf for N
=5 (left pane) and 6(right pane). For each symbol, the direction
of s, is indicated in the box. States twofold degenerate are indi-
cated byx2 symbol. Solid and open symbols are discussed in the
text.

been reported elsewheté® The small splitting between spin
up and down states that originate from a common s.p. state
with well defined orbital angular momentum B0 is due

to the Zeeman term.

As already noted, the evéhonding or odd(antibonding
character of the s.p. levels defining a QM state is strictly lost
when a magnetic field perpendicularltpis present. Intrigu-
ingly, however, the bonding/antibonding character present at
B=0 is sometimes retained to a large degree by the s.p.
states at finiteB, values. We have indeed found that the
expectation value of the— — z reflection operator

S
(]
E40
=.
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FIG. 8. Theoretical ground state electrochemical potentials in
the B, case(doty for N<6. The lines have been drawn as a to
guide the eye. The vertical marks along théN) lines indicate

phase boundaries. The value®f in each phase is given. We have

<HZ>=J dF«If*(F)HZ«lf(F)=f dr U*(x,y,2)¥(x,y,—z)
(8)

is very close to+ 1, as it should be for bona fide bonding/

indicated by vertical arrows downward kinks arising from s.p. level
crossings in theN—1 electron ground state that do not produce
phase transitions in thi electron ground state.

antibonding states, in many cases even for relatively largingly, in spite of the lack of any spatial symmetry in the

values ofB, .

system when a perpendicular field is applied, the s.p. levels

As an example of this, we show in Fig. 7 the energies ofare still clearly distributed into shells as in the noninteracting

the occupied s.p. states as a functiorBoffor N=5 and 6.
Solid triangles represent “quasibonding” states witH ,)

case>!® Notice also the different splitting betwednand |
states. For saturateg@ero spin (N=6 caseg, this is essen-

=0.95. Note that at 0 T foN=5 the s.p. bonding state at tially due to the small Zeeman term, whereas for nonsat-
€~48.2 meV is twofold degenerate, and likewise for two of urated spin =5 case the splitting is mostly du# to the
the N=6 s.p. bonding states at-52 meV. Open triangles spin-dependent part of the exchange-correlation endéftfy

represent “quasiantibonding” states wi¢hl ,)< —0.95. Ac-

term in Eq.(3), and this effect is larger the higher the value

tually, there is only one such occupied antibonding s.p. statef the g.s. spin. This explains the sizable splitting between

for N=5 atB=0, and none foN=6. All other open sym-

the two lower lying s.p. levels fal=5 up toB, ~0.5 T and

bols(circles and squargsorrespond to s.p. states with nega- the splitting of all the s.p. levels fdd=6 aboveB, ~3.5 T
tive (I1,) values larger than-0.95, i.e., cannot really be (see also Fig. B

regarded even as quasiantibonding states.
The figure also shows that states that evolve fioaD

The calculated g.s. electrochemical potentials are shown
in Fig. 8 as a function oB, . Comparing with Fig. &) it

s.p. states @ =0 retain a quasibonding character up to quitecan be seen that the agreement with experiment is good for
high values ofB, (at least up to 5 J, whereas other states, 3<N=6. We have indicated the value of the to&l for all

that atB=0 arel=1 s.p. states, do not. The quasibondingthe relevant g.s. phases. In tBe=0 to 5 T range, there are
robustness of the lower-lying s.p. states may be due to theomeB, induced changes i, , and these give rise to up-
small effect that the applied magnetic field has on states thavard kinks [also marked in Fig. &) by solid down tri-

arel =0 s.p. states @&=0. TheB, evolution of whatat0 T angleg. Some downward kinks, identified by vertical arrows

are the  states is rather similar foN=5 and 6 with a
change from solid to open symbols néar=4 T. Interest-
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in theN=5 and 6 g.s. electrochemical potentials do not cor-
respond to changes in tiNeelectronS, . They are associated
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with s.p. level crossings between s.p. states of diffefEn} sider the strong influence of the confinement on the actual
value of theN—1 electron system. This is the case fdr g.s. QM phases. Large values(compared taAgpg) obvi-
=5atB, ~1.5TandN=6 atB, ~0.75 T, as can be seen in ously favor the occupation of antibonding states. Conse-
Fig. 8[also marked in Fig. ®) by solid circle3. Because of quently, decreasings might “wash-out” phase transitions
the lack of spatial symmetry in the system, we do not, ininvolving antibonding states. For example, see tHé
general, attempt to identify thedominani g.s. configura- ~ —2A " transition forN=5 or the 'Y ; —°I1; transition for
tions. The configurations shown in simple box style in Fig.N=6 in Fig. 4. We have checked that this is indeed the case
3(b) are the dominant g.s. configurations at 0 T and they ar@uhen theN dependent confining potentidlw=5.7aN~Y4
expected to remain so for small values®f . The singlet-  (mev) of Refs. 3,27 is used. The same is true for &,
triplet transition forN=2 in Fig. 8 appears at-4.7 T, @ 21+ transition forN=3 (these two states are practically
value comparable with that found in tf& case. TheB,  gegenerate aB=0). Thus, a comparison between theory
mduced singlet-triplet transition in the experimental data isyq experiment may help to find accurate and realistic values
discussed elsewhet®.It can also be seen that fod=4, for the effective lateral confining potential.

Hund-first-rule-like filling occurs foB, < 1.5 T, even if the Analysis of theB, case has shown that the=2 singlet-
g.s. configuration is not strictly axially symmetric. Nonethe-iyjet transition sensibly occurs at a simiwalue to that in
less, forN==6 atB=0 we have found an axially symmetric o g case. In spite of the absence of the strong Landau
configuration corresponding to a 2D harmonic oscillatory antization inherent to th#y situation, the s.p. levels are, to
shell-like filling. a large extent, still distributed into shells. We have also found
that spin effects arising from the spin dependence of the
V. SUMMARY exchange-correlation energy can dominate those caused by

We have thoroughly discussed the ground-state eIectrc}—he small Zeeman term as is also the case for a single QD.
chemical potentials of a few-electron semiconductor artificial
QM in the intermediate coupling regime. A detailed compari-
son between experimental data and LSDFT calculations This work was performed under Grants No. BFM2002-
shows overall a good agreement for both parallel and perper1868 from DGI and No. 2001SGR-00064 from Generalitat
dicular magnetic fields. The agreement is even more remarlof Catalunya, and by the Specially Promoted Research,
able since the frequenay of the lateral confining potential Grant-in-aid for Scientific Research, and by DARPA-QUIST
has not been used here as a fitting parameter, but rather it hprogram (DAAD 19-01-1-0659. F.A. was funded by
been derived from a law strictly valid for larger valueshof ~ CESCA-CEPBA Large Scale Facilities through the program
Had we used an even smaller value ©f the agreement “Improving the Human Potential,” Contract No. HPRI-
would have been even better. 1999-CT-00071. We are grateful for the assistance of T.

Any sensible comparison with the results of otherHonda with processing the samples, and for useful discus-
calculationd?’ and with the experimental data should con- sions with A. Emperador, E. Lipparini, and Y. Tokura.
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the s.p. orbital angular momentum is actuaty.



