PHYSICAL REVIEW B 69, 235326(2004)

Electron-electron interactions in isolated and realistic quantum dots:
A density functional theory study

Hong Jiang;22 Denis Ullmo?* Weitao Yang'* and Harold U. Barangéf
1Department of Chemistry, Duke University, Durham, North Carolina 27708-0354, USA
2Department of Physics, Duke University, Durham, North Carolina 27708-0305, USA
3College of Chemistry and Molecular Engineering, Peking University, Beijing, China 100871
4Laboratoire de Physique Théorique et Modeéles Statistiques (LPTMS), 91405 Orsay Cedex, France
(Received 6 January 2004; revised manuscript received 5 April 2004; published 29 Jupe 2004

We use Kohn-Sham spin-density-functional theory to study the statistics of ground-state spin and the spacing
between conductance peaks in the Coulomb blockade regime for both two-dimensional isolated and realistic
guantum dots. We make a systematic investigation of the effects of electron-electron interaction strength and
electron number on both the peak spacing and spin distributions. A direct comparison between the distributions
from isolated and realistic dots shows that, despite the difference in the boundary conditions and confining
potential, the statistical properties are qualitatively the same. Strong even/odd pairing in the peak spacing
distribution is observed only in the weake interaction regime and vanishes for moderate interactions. The
probability of high spin ground states increases for stromgerinteraction and seems to saturate around
~4. The saturated value is larger than previous theoretical predictions. Both spin and conductance peak
spacing distributions show substantial variation as the electron number increases, not saturatihg until
~150. To interpret our numerical results, we analyze the spin distribution in theNwase using a simple
two-level model.
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[. INTRODUCTION quantitatively or even qualitatively in many aspectseeé
interactions effects. The numerical studies for small
The interplay of quantum mechanical interference andjot$!2-19 yield a Gaussian-type peak spacing distribution
electron-electron interaction in semiconductor quantum dotsvithout any even/odd pairing effect, which agrees with ex-
(QDs9) has attracted a lot of experimental and theoretical inperimental results on much larger dots. On the other hand,
terest in recent years? Experimentally the ground state the statistical approaches for large d8t& predict a much
properties of a QD can be probed by Coulomb blockademore pronounced even/odd effect at zero temperature that is
(CB) measurements at near-zero temperature, in which thebsent in experimental resufts.
conductance through the dot is blocked except at particular Besides conductance peak spacings, another quantity that
gate voltages, causing the conductance as a function of gak@s attracted a lot of interest is the ground state spin in the
voltage to be a series of sharp peaks. In particular, the spaGB regime. The occurrence of nonminimal ground state spin
ing between neighboring peaks is related to the second difkas been suggested as an explanation for the absence of a
ference of the ground state energy with respect to electrobimodal distribution in conductance peak spacitigsnd for
numberN, A E(N)=Eg(N+1)+Ey(N-1)-2E;(N), which  the kinks in the parametric motion of the pedk#\ recent
is often called the addition energy. The ground state spin oéxperimental study on the change in CB peak position as a
the dot can be inferred from the motion of the peak positiorfunction of magnetic flied by Folkt al® found that three out
in a magnetic field:® Except in small dots with high geo- of five evenN states ha®=1. As in the case of peak spacing
metrical symmetry, whose ground state properties show distributions, previous theoretical studies on ground state
shell structure following Hund’s rules, most experimentalspin distributions in QDs gave very different results: Simu-
QDs are asymmetric due to either the irregular shape of thiations on small tight-binding lattice models with random
confining gate or impurity disorder, and the number of elecsite energies predict a dominant fraction of high spin ground
trons is usually several hundréd:! The properties of QDs states> but results from numerical studies of small disor-
show apparently random but reproducible fluctuations aslered parabolic quantum détshowed that the probability
some external parameters such as the chemical potential, té high-spin ground states never exceeds 50% even in the
shape of the confining potential, external magnetic field andtrong interaction regime.
so on, vary. In this case, only statistical properties are of Despite intensive efforts to understand the roleeeé
physical significance. interaction in QD systems, there are still many questions that
While the statistical behavior of peak height fluctuationsrequire further investigation. In this paper, we focus on the
can be well described by a noninteracting random matriXollowing issuesi(1) The first one is concerned with the evo-
theory(RMT) model? a similar model, the constant interac- lution of statistical properties of QDs as the interaction
tion (CI) plus RMT, fails dramatically in describing the peak strength increases. The-e interaction strength is usually
spacing distribution. The importance efe interaction was characterized by the Wigner-Seitz radiyswhich is defined
well recognized, but different theoretical approaches diffefin two dimensiong2D) asr.=1/\mna,, wheren is the elec-
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tron density anda, is Bohr radius® Previous theoretical tiesn’(r), with o=«, 8 denoting spin-up and spin-down, re-
studies gave different answers to this question, indicating thepectively,

necessity of further theoretical exploration. In the meantime,

this issue has attracted the experimental interest, and some

relevant experiments are underwg®) The second issue to E[n%,nf]=Tn*nf]+ J N(r)Vey(r)dr

be explored is the effect of confining potential. Previous the-

oretical studies were based on abstract statistical assump- 1 ( n(r)n(r’)

tions, chaotic model external potentials, or Gaussian impuri- > f Wdr dr’ +En%nfl. (1)

ties. None of them have considered the realistic confining
potential imposed in actual experiments. Though it is usually
assumed that the statistical properties of QDs are of universéEffective atomic units are used through the paper: for
significance, the validity of that is still to be verifie@®) The  GaAs—AlGaAs QDs, the values are 10.08 meV for energy
third issue that is worthy of further elaboration is how statis-and 10.95 nm for lengthT{n%,n#] is the kinetic energy of
tical properties of QDs evolve as the size of a QD systemthe KS noninteracting reference system that has the same
mainly the electron number, increases, which is importanground state spin density as the interacting &gn®,n?] is

not only in solving the puzzling discrepancy between nu-the exchange-correlation energy functional. The spin densi-
merical small-dot calculations and semianalytic large-dot staties n° satisfy the constraint/n°(r)dr=N° with N*=(N
tistical analysis, but also in understanding the fundamentat2S)/2 andNf=(N-29)/2.

question in mesoscopic physics of how macroscopic proper- Assuming the ground state of the noninteracting reference
ties emerge from microscopic physics via the mesoscopigystem is nondegeneraf®the noninteracting kinetic energy
reg:ime. _ g2 ed & KohneSh ~ Tdn*,n?] and the spin densities are uniquely expressed by
n our previous study;“®we reported a Kohn-Sham spin Ts[na,nﬁ]:Eigwia ‘1V2|¢i”>: and n“(r):EiNUIzﬂi"(r)Iz, re-
density functional thgorYKS—sDED stgdy of Spin and con- spectively, vx/herep-" ére the lowest eigenorbitals of the KS
ductance peak spacing distributions in 2D isolated quantum d b
. . ; . ; . ... self-consistent equation,
dots in a classically chaotic quartic oscillator potential with
electron numbeN up to 200 atrg~1.5. We found that for
large electron number and asymmetric external potential, the{— %Vz + Veu(r) + Vy[n;r 1+ Vo n®,n?; r]}a,l/i”(r) =&y (r),
peak spacing distribution is mainly Gaussian type and there ()
is no observable even/odd effects. We also found enhanced
probability of high spin ground state implying stronger inter-
action effects than expected from RPA approaches. In thi¥/here Viln;r]=/n(r)/|r-r'[d*" and Vi{n®,n®r]
paper, we extend the previous study in two directiafly: = 9Exdn“,n?]/on’(r) are the Hartree and exchange-
Similar calculations are done for weaké@g~0.2) interac- correlation potentials, respectively. In our numerical calcula-
tions to investigate how statistical properties of quantum dotéons, we have used the local spin-density approximation
evolve as the interaction strength varigg) We extended (LSDA)*>*°for the exchange-correlation energy functional.
previous studies in isolated QDs, in which electrons are conl? particular, we use the Tanatar-Ceperley parametrized
fined by an analytic chaotic potential without explicit consid- form®* for the spin-compensated case and fully spin polar-
eration of the coupling with external gate, to QD systems inized case, and the exchangelike interpolation for arbitary
which the confining potential is calculated by solving theSPIN polarizatiorf.
electrostatic Poisson equation with realistic boundary condi-
tions. In the latter case, with more controllable parameters
available, we are able to study statistical properties of QDs
as a function of botle-e interaction strengtlirg) and elec- To investigate large electron number regime, we devel-
tron number(N) in a more systematic way. oped efficient techniques for the implementation of KS-
The outline of the paper is as follows: In the next section,SDFT method which have been reported elsewf&Essen-
the KS-SDFT method and the numerical techniques used itially our algorithm includes the following componentd)
our study are concisely described. In Sec. Il we report thae use a particle-in-the-box basis for the representation of
statistical properties of isolated quantum dots. In Sec. IV th&S orbitals and for the action of the kinetic energy operator
results for realistic quantum dots are presented. Section ¥n the orbital wave functiong?2) the Kohn-Sham total en-
concludes the paper with discussion about the significance @frgy is directly minimized by a conjugate gradient method
these results. that is based on the Teter, Payne, and Allan methbdt
with important modifications, which include a more efficient
line minimization scheme and a delayed update of the effec-
Il. METHOD tive potential?® (3) we use a Fourier convolution method to
calculate Hartree potential efficientty(4) a simple one-way
multigrid technique is used to accelerate the convergéhce.
In KS-SDFT2%:3%the ground state energy of an interacting The high efficiency of our method makes the numerical
system with electron numbéd and the total spirSin the  study of statistical properties of large quantum dots with sev-
local external potential/.,(r) is a functional of spin densi- eral hundred electrons become computationally feasiis.

B. Numerical techniques

A. Kohn-Sham spin density functional theory
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I1l. SPIN AND PEAK SPACING DISTRIBUTIONS IN
ISOLATED QUANTUM DOTS

We first investigate statistical properties of quantum dots
in a 2D isolated model system. Since experimental dots usu-
ally have irregular shapes that result in chaotic classical dy-
namics, we use the following quartic oscillator potential
(QOP as the external confining potential:

Vext(r) =a %4 + by4 - 2)\X2y2 + 'Y(Xzy - Xyz)r . (3

Both the classical dynamics and the single-particle quantum
mechanics aty=0 have been extensively studigtthe sys-
tem evolves continuously from integrable to fully chaotic as
N\ changes from 0 to 1. The parameteris introduced to
break the fourfold symmetry. The prefactis used to ad-
just the flatness of the confining potential and hence the elec-
tron density.

Figure 1 shows the contours of a typidal,; used in this
study (upper panel and the corresponding electron density
atN=200(lower pane). A noticeable feature is that the elec-
tron density in isolated QD systems is not uniform: Electrons
form peaks near the boundary region because of classical
Coulomb repulsion between electrons. In real experimental
systems, because of the coupling with the top gate, we ex-
pect to see an essentially uniform electron density distribu-
tion. Whether such a difference in electron density will result
in significant deviation in statistical properties will be dis-
cussed in the next section.

For a givenVe,;, the ground state enerdyys and spinSyg
as a function oN are determined by calculating several spin
configurations for eacN and selecting the one with minimal
energy. The addition energy is then calculated as the second
difference of E4(N). A,E(N) decreases slowly adl in-
creases. This is mainly a classical effect—the increasing ca-
pacitance as the dot becomes large. Since we are mainly g1 1. (Color onling Upper panel: Contours o, in QOP
interested in the quantum mechanical effects, the classicalsiem with parametera=10%, b=n/4, A=0.53, and y=0.2.
smooth trend, denoted,E(N)), is fit by a fourth order poly- | ower panel: Electron density &t=200 andS=0. It is obvious that
nomial of N and then subtracted from,E(N). To compare the electron density in the isolated dot is far from uniform even
with experiments, the addition energy is further scaled by thevithin the classically allowed area; in the case shown here, the
mean level spacing,A, which is calculated byA maximal density is 110% larger than that in the center.
=2mh2/ A With Ay estimated as the classical allowed area;

(b)

the resulting dimensionless spacing is dendted gradually reduced: the odd distribution becomes increas-
ALE(N) = (A,E(N)) ingly wider, and the evei distribution becomes more sym-
&N) = : (4)  metric. Atrg~0.9 [Fig. 2c)], the only difference between

A the two is a weak tail in the eveN distribution at positive
To obtain good statistics, we choose five seté\gfy)«(0.53,  spacing. Asrg is further increased to about 1[Big. 2d)],

0.2, (0.565, 0.2, (0.6, 0.1, (0.635, 0.1%, and(0.67, 0.3—  which is the usual experimental regime, the even/odd effect
and for each set of parameters, we calculate a range of elets hardly perceptible, and the shape of the distribution is
tron numbersN from 1 to 200. mainly Gaussian type.

Figure 2 plots peak spacing distributions in isolated QDs The insets in Fig. 2 show ground state spin distributions
in different interaction regimes; ranges from about 0.2 to in the corresponding interaction regimes. At~0.2, the
1.3, andN=120-200. In the large density or weak interac- minimal spin configuration dominates in both even and odd
tion regime,rs~0.2 [Fig. 2a)], the peak spacing distribu- N cases, as one expects according to the CI-RMT model. But
tions for even and od&l are sharply different: the distribu- even in this weak interaction regime, the portionSsf1 for
tion for even N is asymmetric and close to the Wigner evenN is already significantPs-;=0.1. The probability of
surmise while that for oddN is a narrow sharp symmetric high-spin ground state increases quickly as ¢he interac-
peak, which agrees very well with the CI-RMT model. As tion becomes stronger. A~ 1.3, the high spin ground state
the interaction strength increases, such an even/odd effect s more probable than the minimal spin st&&uch a result
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FIG. 2. (Color onling Distributions of dimensionless peak spaciity. (4)] for even(solid, red and odd(dashed, blueN in isolated
quantum dots at different interaction strengths. The inset of each figure shows the corresponding ground state spin distri¥wiamn for
(solid, red and odd(shaded, blug A sliding window is used in estimating the probability density of peak spacing, yielding a smooth curve
rather than a histogram; the width of the Gaussian window is taken&&max— émin)/ (2(1 +Logn)) wheren is the number of data points.

Note the striking evolution from clearly different even and odd distributions coupled with minimum ground state spin to very similar
distributions with a large fraction of high spin ground states.

is remarkable considering that~1.3 is only a moderate are defined on a much larger scale. Previous numerical stud-

interaction strength. ies of realistic quantum dots considered only small dots with
less than a few tens of electrons, except in Ref. 38 where by
IV. SPIN AND PEAK SPACING DISTRIBUTIONS IN 2D reducin_g Schrodinger equations from three dimensi@3ia) o
REALISTIC QUANTUM DOTS to multicomponent 2D the au_thor was able to study realisti-
cally a lateral quantum dot witNl up to 100.
A. Model We note that the most important factor in experimental

The boundary condition used in isolated quantum dots i§ondition§ that is absent in the isolated quantum dot model is
very different from that in the experimental systems. Figuretn® coupling between the dot and the top gate. To take that
3 illustrates a typical experimental quantum dot structureiNfo account, ~we introduce semi-infinite boundary
which is fabricated based on a GaAs-AlGaAs heterostrucconditions#2Using R=(r ,2) to denote the 3D spatial co-
ture. Numerical modeling of realistic quantum d6té° is ordinate,R=(r,z) wherez is the height in the growth direc-
still a great challenge in terms of computational efforts. Thetion andr is the coordinates perpendicular to the growth
difficulty mainly comes from the fact that although the vol- direction, we take
ume where electrons are confined is small, the boundary con- A(r,z=0)=V,(r)+V
ditions that couple the dot with the external confining gate ' g s

(5
9¢

=0,
JR

R—x

whereV; is the Schottky barrier due to surface state&and
V,(r) is the gate voltage imposed on the top surface. In 2D
cases, the inclusion of semi-infinite realistic boundary condi-
tions is quite straightforward. For, in Eg. (2), instead of

an analytic form, it is calculated from

1 z

. . . - stztD(r;z):—fdr’Vg(r’) _ /|2| 2 3/2+VQW(Z)’
FIG. 3. (Color onling Schematic illustration of a realistic quan- 2m (Ir=r'F+2)
tum dot studied in this paper. The dot is formed based on a GaAs- (6)
AlGaAs heterostructure, which consists @fom the bottom an . . o o
undoped GaAs substrate, an undoped AlGaAs spacer layer, WhereVoy(2) is the confining potential in thedirection due
n-doped AlGaAs layer, and finally a GaAs cap layer. The widths forto the quantum well or heterojunction structure from which
the spacer, doped, and cap layers are denotesjdasindc, respec-  the quantum dot is fabricated. In the case of 2D quantum

tively. In this papers=15 nm,d=10 nm, andc=10 nm are taken. dots,z is taken as the distance between the top gate surface

Quantum dot
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FIG. 4. lllustration of the shape of top confining gate used in
this study. A negative voltage is imposed on the shaded region,
depleting the electrons underneath so that the motion of electrons is
confined to a small region. To obtain enough statistics, 20 different
irregular confining shapes are generated by taking different values
of X4, Xo, y1, andy,. The size of the confining gate, as well as the
value of the imposed gate voltage, determines the electron density,
and therefore the value of. In the typical experimental regime,
with rg~1.0 andN~ 100, the size is about,~ L,~500 nm.

and the 2D electron gag, as illustrated in Fig. 3. Because of
the coupling with the gate, the Hartree potential has an ad-
ditional image ternt42

1 1
VH“):f"r'”“')Lr—rw'<|r—r'|2+4zé>1'2]' v

This 2D quantum dot model will be denoted R2D to simplify
the notation.

Besides the more realistic boundary conditions included
in the R2D model, its other advantage is that we can obtain
statistics by changing the shape of the confining ate.
this study, we use a confining gate with the shape illustrated
in Fig. 4. By taking different values of;, X,, y4, andy,, we
get a series of irregular confining potentials that are statisti-
cally independent as indicated by correlation analysis. Figure ()
5 shows the contour of a typical confining potential and a
sample electron density fod=200. We see that indeed the
electron density in R2D is much more uniform than that in
the i30|ated. case. The ava_ilability of a lot of S.'tatiSti?a"y in- chaotic. Lower panel: Electron density 200 andrs~1.0 in a
de.pendent |rregular. potqntlgls gnables us to |nvestlgate hoWpical confining potential. It is much more uniform that that in the
spin and peak spacing distributions evolve as a functidd of 5 |4teqd QOP shown in Fig. 1.
andrg in a more systematic way.

FIG. 5. (Color onling Upper panel: Contours of a sampl ztD.
With the shape of the confining gate shown in Fig. 4, the confining
potential is very irregular; its classical dynamics is believed to be

to study statistical properties of quantum dots, and provides a
direct demonstration of the universal feature of mesoscopic
fluctuations.

Figure 6 shows spin and peak spacing distributions from
isolated and realistic QD systems at twpvalues(rs~ 1.0
and 1.5 within comparable electron number ranges. Quali-
tatively, they have similar features: A{~ 1.0, distributions Figure 7 shows the spin distribution as a function of the
from both QOP and R2D have a weak tail on the positiveinteraction strength in the electron number raigel1—40.
side for everN compared to oddN, and atrg~ 1.5, the tail  This study extends previous investigations for weak and
vanishes. The spin distributions from two types of modelmoderate interaction strength in isolated dots to the stronger
systems are also the same within statistical uncertaintynteraction regime. In agreement with previous studies, the
Quantitatively there are indeed some observable differencdgaction of high-spin ground states increases as the electron-
in both spin and peak spacing distributions, but with theelectron interaction becomes stronger. There are several fea-
limited statistics available in this study, it is difficult to at- tures that are worth commerit) Crossing: For eveiN, the
tribute physical significance to these subtle features. Ouprobability of S=0 crosses with that o=1 atry~3.0. (ii)
study therefore verifies the validity of using model systemsSaturation: Probabilities of ground state spins for eden

B. Comparison of distributions from isolated and realistic
quantum dots

C. Spin distributions as a functionrg
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Probability Density
[

FIG. 6. (Color onling Com-
parison of QOP and R2D models:
distributions of conductance peak
spacing(solid for evenN, dashed

05— J for odd N) and ground state spin
i (insetg in (a) QOP atrs~1.0; (b)
0 ! R2D at rg~1.0; (c) QOP atrg
2 ) - ~1.5;(d) R2D atrg~1.5. For the

QOP resultdN=80-160, while for

the R2D model the additional gate
averaging allows a smaller range
N=110-130. Results for the two
types of dots are in qualitative

=
n
I

Probability Density
T

050 agreement.
U '
saturate at about;~3.5. The spin distribution for od#l is Figure 8 shows peak spacing distributions in differBint

not saturated in the interaction strength range studied hereanges. FoN=11-40, the distributions for even and obld

but the trend indicates that saturation is likelji) Higher  are obviously different. The difference decreasesNam-

spin states: The probabilities &=2 and S=5/2 remain  creases, and becomes barely observabl&lfot31—-160 and
small for all interaction strengths, thougt{S=2) becomes N=171-200. Our results show clearly that the conductance
significant atrs>3.0. peak spacing distribution depends on electron number, and is
significantly different between smallN<50) and large
(N>100 dots.

Figure 9 shows the trend in ground state spinNas-

To investigate how statistical properties of quantum dotsreases. For this guantity, the dependencélds even more
evolve as a function of electron numbl we calculated  gjgpificant: the probability of high spin ground states in-
peak spacing and spin distributions in different electron NUM¢reases abl increases. In particulaR(S=1) increases from
ber ranges foN up to 200 ats~1.0. 0.27 atN=11-40 to 0.45 aN=171-200. Another notable
feature is that the spin distribution saturates at la\ige

D. Size effects

1

E. Two-level model analysis

KS-SDFT calculations reported above reveal some inter-
esting features in conductance peak spacing and ground state
spin distribution. To obtain a clearer picture of the underly-
ing physics, and, in particular, to understand the main factors
that determine the spin distribution in different regimes, we
use a simple two-level modéTLM) to investigate the prob-
ability of singlet and triplet ground state spin for evih
cases. The same model was used as an interpretive tool in the
work of Hirose and Wingreéfl on spin distributions in small
disordered parabolic quantum dots, and in doing that, they
attribute saturation of the spin distribution to the effects of

FIG. 7. (Color onling Probabilities of different spin states as a o'f'f-dlagone'll Interaction mgtrlx elements. Our anaIySI's using
function of r, for N=11-40 in realistic quantum dotsircles, S single-particle wave functions in truly ballistic _chaotlc sys-
=0: squaresS=1; diamondsS=2; up trianglesS=1/2; downtri-  t€ms, however, leads to very different conclusions.
angles,S=3/2). The error bars shown in the plot are calculated ~The basic idea of the two-level model is to consider a
from the standard bootstrap method. The ground state spin proiwo-electron system with only two single-particle levels. The
abilities saturate at large, interacting matrix elementdME)

Spin Distribution
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N=51-80 N=91-120 N=131-160 N=171-200
Pttt L L I LI L
- (b) 1t @ 1h @ 1t @ 1

v, L. JL

Probability Density

FIG. 8. (Color onling Distributions of dimensionless peak spacing for evgolid, red and odd(dashed, blueN in realistic quantum
dots in differentN ranges ats~1.0. There is a clear difference between even and odd distributions for small dots which, however, vanishes
for large dots.

e, , , turbation theory. In TLM-HF, the difference of energy be-
Viiki Efdf dr’ () (rosdr,r’) dir)¢i(r)  (8)  tween singlet and triplet states has the following simple
form:
are calculated using a screened interaction kargél,r’) to
implicitly account for the effects of all other electrons. In OE=Eg;-Ego=0ds-[J11- (- Ky, (10

particular, we use the screened interaction obtained from the . . . )
2D random-phase approximatioRPA), wherede is the single-particle level spacing; = V;j; are the
direct Coulomb interaction terms, akd,=V;,1,is the ex-

v(Q) change term.
ma 9 The main d|fferer_10e_ between our TLM .anal)_/3|s and I_-||—
rose and Wingreen is in the way of choosing single-particle
wherev(q)=2m/q is the Fourier transform of the bare Cou- energies and wave functions. In our analysis, we use single-
lomb interaction, andy(q) is the susceptibility of the 2D particle eigenenergies and wave functions in the extended
electron gas. It is straightforward to include the screeningrhomas-Fermi effective potentfalthat is obtained within
due to the top gate by using(q)=(27/q)(1-e %9, butin the same realistic confining gate structure as in KS-SDFT
the regime considered in this paper, the effects of the gatéalculations. Wave functions obtained in this way are guar-
screening on the interacting matrix elements are negligible @nteed to be those of ballistic systems, and possible compli-
In this TLM system, one can obtain singlet and triplet cations related with the disorder strengtfe., localization
state energies either by exact diagonalizatiéP) or in the ~ €an therefore be avoided. We note that the two-level model
framework of Hartree-FockHF) theory(i.e., first-order per-  With this way of calculating interacting matrix elements can
be regarded as a simplified version of the model proposed by
1 , , , Ulimo et al. in Ref. 20.
Figure 1Qa) shows the probability of finding triplet
ground statesP(S=1), as a function ofrg obtained from
08 = 7 TLM-ED, TLM-HF, as well as KS-SDFT calculations. We
see a striking agreement between TLM-ED and KS-SDFT
results, which is indeed remarkable considering the extreme
simplicity of our two-level model compared to KS-SDFT.
Both TLM-HF and ED reproduce correctly the saturation of
04| . spin distribution ats=3.5. To explore possible mechanisms
for the saturation, Fig. 10) plots the mean values af;,
Jio Kip, and the off-diagonal termVy;,; (the other off-
gl diagonal term,\V,,,4 is close toV,q,5, and is therefore not
: T ¥ - plotted herg as a function ofrg. It is clearly shown that
o ¥/ , ! , ! off-diagonal terms are an order of magnitude smaller than
40 50 120 160 200 the Coulomb and exchange terms, indicating that the off-
Electron Number diagonal terms are negligible in terms of their contribution to
FIG. 9. (Color onling Probabilities of different spin states for the Spin distribution. This is verified by the general agree-
different N ranges atr¢~ 1.0 (circles, S=0; squaresS=1; up tri- ~ ment between TLM-HF and TLM-ED. On the other hand,
angles,S=1/2; downtriangles,S=3/2). The error bars shown in Fig. 1AQb) shows that thouglJ;») and(K;, do saturate at
the plot are calculated from the standard bootstrap method. Note tHaigh rg, (J;1) does not. This indicates that considering mean
substantial change from small to large dots.

vsd Q) =

Spin Distribution

02—
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FIG. 11. (Color onling Two-level modelTLM) analysis of spin
distribution as a function dfl. (a) Probability of triplet ground state
as a function ofN from TLM-ED (circles, TLM-HF (down tri-
angles, and KS(up triangles. (b) Means of diagonal interaction
matrix elements];, J1o, andK,, as well as that of the off-diagonal
matrix elementV;1,4, all in units of A.

FIG. 10. (Color onling Two-level model analysis of spin distri-
bution forN=11-40 as a function of interaction strengt#). Prob-
ability of triplet ground state as a function of from TLM-ED
(circley, TLM-HF (down triangleg and KS (up triangles. (b)
Mean of diagonal interaction matrix elemendg;, J15, andK,, as
well as the mean of the off-diagonal matrix elem&ht,,, all in

units of A. tum dot with classically chaotic quartic external potential

] ~and in a realistic quantum dot with explicit consideration of
values ofd;y, J;,, andKy, alone cannot explain the saturation the coupling between the dot and the external confining gate.
in the spin distribution. _ ~Inthe former case, as an extension of our previous study, we

We also use the TLM to interpret the effect of finite size jpyestigated how the statistical properties evolve when the
on the spin distributions, and the results are plotted in Fige._ e interaction strength increases from the wéak-0.2) to
11. The simple two-level model also grasps most of the physq,ggerate regime& .~ 1.5) for N=120—200. In the case of
ics: the probability of the triplet ground state calculated fromy,q e ajistic quantum dots, we first made a direct comparison
both TLM-ED and HF increases &bincreases, but saturates poyeen isolated and realistic quantum dots, and found that
atlargeN, in agreement with the KS results. We note that thej, gpite of the difference in the boundary conditions, their
difference between differem ranges is mainly due to wave gavistical properties are qualitatively similar. We further in-
functions rather than eigenvalueshich are always random- vestigated spin and peak spacing distributions in strong in-

matrix like for our systen for a N-electron system, the gr4ction regimes with, up to 4.0 and their dependence on
wave functions involved in the TLM argy;; andyyz+1. OUr e glectron numbeN. The even/odd effect in peak spacing

T.LM. re;ults show clearly that thid dependen_ce of thg _spin distributions vanishes ag increases and becomes weaker as
distributions comes mainly from the changing statistics ofy increases.

the wave functions. This is more directly demonstrated in  \yia close with two comments on our results. First. our

Flig. 11(b), where mﬁan \r:alues Ohy, i KlZ’f andV11f21 ar'®  study, as well as other theoretical investigations, have made
plotted. We note that thél dependence of wave-function j o ite clear that the lack of even/odd pairing in experimen-

statistics is usually neglected in most statistical theories of ; Ctrib I ; ; ;
S al peak spacing distributions is due to thee interaction,
guantum dots, where the larglimit is usually takers.320-22 3 pacing

X . 4 . and the CI-RMT model is therefore not valid for the descrip-
Since many experimental data were obtained Wthess yjon of mesoscopic fluctuations in Coulomb blockade peak
than 200, our studies show clearly the necessity of considegp,cings. In theoretical condensed matter physics, it is well
ing finite N effects in interpreting those data. accepted that the- e interaction ats~ 1.5 can be accurately

described by many-body perturbation theory, most notably
V. SUMMARY the RPA model. However, the results obtained from the RPA
model combined with a RMT description of single particle
In this paper, we use Kohn-Sham spin density functionaproperties disagree significantly from those obtained with
theory to study electron-electron interaction effects in quannumerical approaches. Understanding the sources for such
tum dots. In particular, we calculated conductance peak spacliscrepancies will deepen our general physical picture of
ing and ground state spin distributions in an isolated quanguantum dots.
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Second, our results were obtained under the local spitigated above are experimentally accessible. Comparing fu-
density approximation within KS-SDFT, whose validity, ture experimental data with LSDA predictions will provide a
though well established in 3D bulk material systems throughunique chance to check LSDA in real systems.
decades of experience, is not necessarily well justified for 2D
large quantum dots with irregular confining potential and/or
in the strong interaction regime. In the small dotsNbup to
about 30, it is still computationally feasible to check the
validity of LSDA by comparing with more accurate quantum  We appreciate discussions with G. Usaj and C. J. Umrigar.
Monte Carlo modeling, but not for the large-dot regime This work was supported in part by NSF Grant No. DMR-
(N>50). On the other hand, the statistical quantities inves0103003.

ACKNOWLEDGMENTS

22G. Usaj and H. U. Baranger, Phys. Rev.88, 155333(2002.

23\We note, however, that experiments about CB fluctuations up to
date were all carried out at finite temperatuggl = 0.3A, where
A is mean level spacing. Recent theoretical investigation by
Usaj et al. (Refs. 21 and 22has demonstrated that in that re-
gime, finite temperature plays a significant role in determining
the statistical properties of peak spacings.

244, U. Baranger, D. Ullmo, and L. I. Galzman, Phys. Rev6B,

*Electronic mail: weitao.yang@duke.edu

Electronic mail: baranger@phy.duke.edu.

1L. P. Kouwenhoven, C. M. Marcus, P. L. McEuen, S. Tarucha, R.
M. Wetervelt, and N. S. Wingreen, iMesoscopic Electron
Transport edited by L. L. Sohn, G. Schon, and L. P. Kouwen-
hoven(Kluwer, Dordrecht, 199y pp. 105-214.

2y, Alhassid, Rev. Mod. Phys72, 895 (2000, and references
therein.

3. L. Aleiner, P. W. Brouwer, and L. |. Glazman, Phys. R&RS R2425(2000.
309 (2002, and references therein. 25|, L. Kurland, I. L. Aleiner, and B. L. Altshuler, Phys. Rev. B2,
4S. M. Reimann and M. Manninen, Rev. Mod. Phy&, 1283 14886(2000.

28In this paper, we calculated by r,= 1/\7n, wherenis weighted
average electron density= /n?(r)dr /N. The absolute values of
r¢ calculated in this way should not be taken too serious consid-
ering that there are other ways to calculatén finite systems.
For example, in Ref. 19, is calculated using the density in the

’S. Tarucha, D. G. Austing, T. Honda, R. J. van der Hage, and L. center point. Experimentally,, is estimated from the effective
P. Kouwenhoven, Phys. Rev. Leff7, 3613(1996). dot area(Refs. 9 and 1L

8U. Sivan, R. Berkovits, Y. Aloni, O. Prus, A. Auerbach, and G. ?’H. Jiang, H. U. Baranger, and W. Yang, Phys. Rev. L&,
Ben-Yoseph, Phys. Rev. Let?.7, 1123(1996. 026806(2003.

9S. R. Patel, S. M. Cronenwett, D. R. Stewart, A. G. Huibers, C.?®H. Jiang, H. U. Baranger, and W. Yang, Phys. Re6® 165337

M. Marcus, C. |. Durudz, J. S. Harris, K. Campman, and A. C.  (2003.
Gossard, Phys. Rev. Let80, 4522(1998. 29R. G. Parr and W. Yandensity-Functional Theory of Atoms and

10F, Simmel, T. Heinzel, and D. A. Wharam, Europhys. Le8, Molecules(Oxford University Press, New York, 1989
123(1997). 30R. M. Dreizler and E. K. U. Grosensity Functional Theory:

11s, Lischer, T. Heinzel, K. Ensslin, W. Wegscheider, and M. An Approach to the Quantum Many-Body Problegpringer-

Bichler, Phys. Rev. Lett86, 2118(2003. 315V6Trz|;1%ta8re§ri1rg ég?\zl Ceperley, Phys. Rev.3B, 5005(1989
120, Prus, A. Auerbach, Y. Aloni, U. Sivan, and R. Berkovits, Phys.32M' b Teter M C P P 3; b yC' Al ’ ’Ph R 4B
Rev. B 54, R14289(1996) . P. Teter, M. C. Payne, and D. C. Allan, Phys. Rev.4B,

(2002, and references therein.

5J. A. Folk, C. M. Marcus, R. Berkovits, I. L. Kurland, I. L.
Aleiner, and B. L. Altshuler, Phys. Scr., T90, 26 (2002).

6S. Lindemann, T. Ihn, T. Heinzel, W. Zwerger, K. Ensslin, K.
Maranowski, and A. Gossard, Phys. Rev6B, 195314(2002.

) 12255(1989.
13R. Berkovits, Phys. Rev. Leti81, 2128(1998. 33
S ' : G. J. Martyna and M. E. Tuckerman, J. Chem. Phy&0, 2810

14A. Cohen, K. Richter, and R. Berkovits, Phys. Rev.6B, 2536 (1999 y

(1999. 34| -H. Lee, Y.-H. Kim, and R. M. Martin, Phys. Rev. B1, 4397
15p, N. Walker, G. Montambaux, and Y. Gefen, Phys. Rev6® (2000

2541(1999. 350. Bohigas, S. Tomsovic, and D. Ullmo, Phys. Re&t23 43
163, Levit and D. Orgad, Phys. Rev. B0, 5549(1999. (1993.
K. H. Ahn, K. Richter, and I. H. Lee, Phys. Rev. Le83, 4144  36a Kkumar, S. E. Laux, and F. Stern, Phys. Rev. &, 5166

(1999. (1990.

18|, Bonci and R. Berkovits, Europhys. Lett7, 708(1999.
19K, Hirose and N. S. Wingreen, Phys. Rev.@5, 193305(2002.
20D, Ullmo and H. U. Baranger, Phys. Rev. &, 245324(2001).
21G. Usaj and H. U. Baranger, Phys. Rev.@, 201319(2001).

37D. Jovanovic and J. P. Leburton, Phys. Rev4B 7474(1994.

38M. Stopa, Phys. Rev. B4, 13767(1996.

39S, Nagaraja, P. Matagne, V. Y. Thean, J. P. Leburton, Y. H. Kim,
and R. M. Martin, Phys. Rev. B56, 15752(1997.

235326-9



JIANG, ULLMO, YANG, AND BARANGER PHYSICAL REVIEW B 69, 235326(2004

40p, Matagne and J.-P. Leburton, Phys. Rev6® 155311(2002. 433, H. Davies, Semicond. Sci. Technd, 995(1988.
413, H. Davies, I. A. Larkin, and E. V. Sukhorukov, J. Appl. Phys. #4I. H. Chan, R. M. Clarke, C. M. Marcus, K. Campman, and A. C.

77, 4504(1995. Gossard, Phys. Rev. Let?4, 3876(1995.
42], 1. Yakimenko, A. M. Bychkov, and K.-F. Berggren, Phys. Rev. M. Brack and R. K. BhaduriSemiclassical PhysicgAddison-
B 63, 165309(2001). Wesley, Reading, 1997

235326-10



