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We address the issue of accurately treating interaction effects in the mesoscopic regime by investigating the
ground-state properties of isolated irregular quantum dots. Quantum Monte Carlo techniques are used to
calculate the distributions of ground-state spin and addition energy. We find a reduced probability of high spin
and a somewhat larger even/odd alternation in the addition energy from quantum Monte Carlo than in local
spin-density-functional theory. In both approaches, the even/odd effect gets smaller with increasing number of
electrons, contrary to the theoretical understanding of large dots. We argue that the local spin-density approxi-
mation overpredicts the effects of interactions in quantum dots.
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The interplay between correlations and quantum- In order to go beyond statistical predictions and address
mechanical interference of electron states, long at centdeatures of individual irregular dots, an approach which ac-
stage in condensed-matter physics, has been traditionally irurately treats the combination of mesoscopic fluctuations
vestigated in disordered systems but can also be probed #nd interaction effects is needed. DFT appeared a natural
confined systems, such as quantum dét these latter, the choice for such studies, and, indeed, microscopic calcula-
confinement leads to mesoscopic fluctuatiéhshich in turn  tions  of ground-state energies for large irregular dots
modify the role of Coulomb repulsion between electrons N~ 200) were carried out within the framework of the local
within the dots. Quantum dots offer the great practical ad'spin-density approximatiofLSDA) (Refs. 23-25 The sta-
Yamagelgf experimental tunability in the study of thiS ygies of the LSDA results turned out, however, to be in
interplay: qualitative disagreement with the earlier predictions, even

Quantum dots of different size give rise naturally to dif- for the modest interaction strengtirg~ 1.5) that are experi-
ferent descriptions. Fosmall dots, including both verticél ) .
mentally relevant; for instance, in the LSDA results at zero

and few electron lateratlots, circular symmetry is preserved .
and plays a critical role. In this limit quantum Monte Carlo (€mperature, the even/odd effect is nearly absent. In fact,
(QMC) calculations have been perform&d©as well as sim- there were several |n_d|cat|0ns of stronger |_nt_eract_|0ns in
pler density-functional-theor§DFT) simulationst:*2A com- LSDA than those obtained from RPA. The strlklng discrep-
parative study for the weak-interaction regffieconfirmed ancy between the two approaches—both of which are be-
the validity of the DFT method in this small dot limit. lieved to be valid in the range af considered—combined
For large irregular dots!3 on the other hand, all spatial with the absence of experimental statistics for low tempera-
symmetries are broken. For a sufficiently irregular shape, théure keeps this problem open.
motion of electrons within the dot is chaotic, which then Here we take up the issue of accurately treating interac-
justifies modeling the single-particle energies and wave function effects in the mesoscopic regime. We consider irregular
tions by random matrix theory and random plane wavesguantum dots with up to 30 electrons. The lack of symmetry
respectively:>14 Furthermore, interaction effects in these induced shell structure makes irregular dots qualitatively dif-
larger dots are often treated within the random-phase agerent from circular dots; in particular, the mesoscopic inter-
proximation (RPA) for gas parameter, [the ratio between ference effects are both more subtle and more generic. In this
the interaction energy and kinetic energy, formally defined agegime, where the universal Hamiltonian picture is not ex-
r<=1/\mna, for two-dimensional2D) bulk systems, which pected to hold because of the modest size, we use QMC to
thus identifies the strength of the interaciaf order 1 or  treat the interactions much more carefully than in LSDA. To
smaller?!5 The “universal Hamiltonian” pictufe'® that  this end, we present QMC calculations of the addition energy
emerges leads to statistical predictions for various quantitiegnd ground-state spin for such dots, and compare to corre-
such as the ground-state spin or addition enéfg§.Once  sponding LSDA results.
temperature is taken into accodfithese are in good agree-  We consider a model quantum dot consisting of electrons
ment with experimental daf&-22 One notable feature is a moving in a two-dimensional plane, with kinetic energy
substantial difference at zero temperature between dots coh=%EiVi2), and interacting with each other by long-range
taining an odd number of electron, and those in which Coulomb repulsion(Z;j|ri=r;|™). All energies are ex-
this number is even. Experiments have not to date performepressed in atomic units, defined Wy=€?/e=m"=1, with
at a sufficiently low temperature to probe this feature. Thiselectronic chargee, effective massn’, and dielectric con-
even/odd effect persists for largé with an essentially un- stant of the mediume. The electrons are confined by an
changed magnitude, provided thatremains constant. external(quartio potential,
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wherer=yx?+y?. This simple form ofV,, breaks all sym- 3 0.6
metries except time-reversal invariance. It leads to chaoticx; ¢ 4

1

1
motion of the electrons inside the d8twhich is the experi- | (a)
mental situation for large dotst®-2%in fact, not only the bare 0.2 !
Vo but also the self-consistent potential leads to chaotic 0 i i el
dynamics?32*We have studied potentidl) for a range of Ses=1/2 Ses=3/2
parameters and report here results der0.002 (which con- 3

trolsry), b=7/4, y between 0.1 and 0.@reak spatial sym- Distribution of
metrieg, and\ between 0.53 and 0.67. For these parameters,
the dynamics in the bare potential is chaotic. We accumulate
statistics for six dots formed by different sets of parameters
(A and ) from the above range. We study dots wih
=10-30 electrons which yield a rangg=1.8—1.3%"

Variational (VMC) and diffusion (DMC) Monte Carlo
technique®® were used to calculate the energE@N,S) of
our model quantum dots for eadhand spinS. We investi- .
gatedS=0, 1, and 2 for evel, andS=1/2, 3/2, and 5/2 for -0.5 0 0.5
oddN. For a givenVgy, the ground-state enerdsss and the

gro#r?ed-tfit;u\jv;\?leﬁﬁjsn\::vt?c:i S:Ie%rrinr:rglt\j/lgfr egd\?v.ritten as a tions. Shaded histograms are for dots with elemvhile unfilled
T bars are for odd\; data is collected foN=10-30 and six realiza-

linear combination of products of up- and down-spin Slatertions of Vey, Which are also used to estimate the statistical error.

dete_rmlnan_ts multiplied by a Jastr_ow factor_. Each Slater de"I'hough the differences are small, LSDA predicts a larger probabil-
termman.t is cons.tructed. from smgle-pamcl.e Kohn-Shamity of nontrivial Sss (b) Distribution of the difference in *spin gap”
(KS) orbitals obtained using the LSDA functional. The Ja- jiained using DMC and LSDA, normalized by the mean-level

strow factor effectively describes the dynamic correlation bexpacinga. The large width of the distributiotrs) indicates a sig-

tween the electrons coming from their mutual repulsion pificant difference between the two techniques. Note xiatefined
whereas the near degeneracy or static correlation is taken the figure is primarily positive; negative values occur predomi-
into account by having more than one determinant. We optinantly when the ground state has nontrivial spin. LSDA is, there-
mize the Jastrow parameters and determinant coefficients ligre, making nontrivial spin states more probable by lowering their
minimizing the variance of the local energfy. energies compared to DMC resulfé sliding Gaussian window of

In a second stage, we use fixed-node D¥®€to project  width 0.08 is used to give a smooth estimate FgK).]
the optimized many-body wave function onto a better ap-
proximation of the true ground state. The fixed-node DMcability is reduced in DMC calculations compared to LSDA.
energy is an upper bound to the true energy and depends ormpte that the differences between the two distributions, al-
on the nodes of the trial wave function, i.e., only on thethough clearly visible, are not large and are therefore not
linear combination of determinantéThe Jastrow factor af- Mmuch bigger than the statistical error given the relatively
fects the statistical error of the energy but not its expectatiosmall data sef21x 6=126 cases totalThere are, however,
value) The statistical error in the energ§pyuc(N,S) ob-  significant correlations between the LSDA and DMC resullts.
tained in this way is smaller than the single-particle mean!n fact, Sss from DMC is, up to one exceptiorglways the
level spacingh by about two orders of magnitude and henceSame as or lower thathat from LSDA. As a consequence
is insignificant. The systematic error from the fixed-node apihe statistical error ofSE3"~S2¢¢) is only 30% of its
proximation of the many-body wave function is, however,value. Thus, there is a clear difference between LSDA and
difficult to estimate though experience suggests it is oftePMC in the predicted ground-state spin.
small. We have included Slater determinants for which the The ground-state spin shows the difference between
sum of the KS single-particle energies are upAtgreater LSDA and DMC results at only a coarse level. To obtain a
than the sum of the KS single-particle energies for themore detailed understanding, we focus on the “spin gap,”
ground-state KS determinant. This amounts to taking mostiyvhich we define asf=E(S=1)-E(S=0) for evenN and §
one and sometimes two or three Slater determinants in theE(S=3/2)-E(S=1/2) for odd N. Thus & is the amount by
W, expansion. Increasing the energy window franio 3A  which the higher spin state differs in energy from the lower.
failed to reduceEpy,c although it sometimes reducégjyc.  Changing the spin of a dot from 0 or 1/2 to a higher value

We present the distribution dfsg obtained from both involves a competition between the single-particle energy
DMC and LSDA in Fig. 1(a). Within a model of effectively  cost and the exchange energySS+1), gains?
noninteracting electron§gis 0 or 1/2 for everN and odd The key result for comparing DMC and LSDA is shown
N, respectively, due to standard up/down filling of the orbit-in Fig. 1(b): the distribution of(Sppme— S.spa)/A. Note, first,
als. We see that the probability of finding a nontrivils,  that the distribution is broadull width ~0.4A); it is of order
i.e., not zero or half, is substantial. Interestingly, this prob-the energy required to fligss from 0 to 1 for an even dot,

x=(0pyc — Ouspa)/A

P(x)
T
.

FIG. 1. (a) Distribution of Sgg from DMC and LSDA calcula-
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FIG. 2. Top: The addition energy from both DMC and LSDA for FIG. 3. Distribution of the normalized fluctuations in the con-
onerealization ofV,y as a function of the number of electrons on ductance peak spacing= (A’E-(A%E),)/A from DMC (top) and
the dot. Note the large mesoscopic fluctuation\fE around the ~ LSDA (bottom calculations. The DMC distributions for even
expected overall decrease. Bottom: Fluctuation in the addition entsolid) and odd(dashed N are quite different while there is less
ergy after removing the smooth part, normalized to the mean-levedlifference for LSDA. The standard deviation in the different cases,
spacingA. We see that the fluctuations are of ordeand that they o, quantifies this contrasfA sliding Gaussian window of width
are somewhat larger for DMC results than for LSDA. 0.17 (for even and 0.1(for odd) is used to obtain a smooth curye.

A-2J, assuming a realistic value of the exchange parametéfecrease in the classical charging energy as the dot gets big-
J~0.35 forrg~1.5. Second, note that the spin gap in DMC 9€'- On top of thg mean.b.ehawor, we cllearly see strong me-
tends to be larger than that in LSDA. This indicates that the?0SCopic fluctuations arising from the interplay of electron
strength of interactions in LSDA is overestimated. Finally,INtéraction and interference effects in the irregular dots. The

we have studied this quantity separately for the smaNer fluctuations seem to be slightly larger in the DMC results
=10-20 and larger(N=20-30 dots. We have not found than in LSDA. To focus on these fluctuations, we subtract the

smooth classical part using a linear fit, and present the fluc-
tuating part normalized by the mean-level spacih@vhich
s the natural scale of these mesoscopic fluctuationshe
ower panel.

To get a more quantitative picture, we plot the distribution

any size dependence—results in both rangedNdre the
same as in Fig. (b) within our statistical accuracyThese .
observations, together with the results of Fig. 1(a), show thaF
LSDA unduly favors nontrivial spin states

The ground-state spin distribution has implications for the
distribution of the spacing between Coulomb blockade con-

ductance peak¥, through its relation tEgs In the nearly rDMC , N=10-20 | DMC N=20-30
isolated dot limit, the spacing between the Coulomb block- -5 i A

. . . —Even —Even
ade conductance peaks is proportional to the addition \

i —-0dd

\
energy defined by \\ —-0dd
!

F
@ 1f II
A’E(N) =EggN+1) + EggN-1) - 2Ec4(N). (2 A C ]
For noninteracting electrons one would have 05 j
EN2 T ENJ2-1 for evenN N \
AZEN: y 3 IIIjIIIIII'IIIII 11 IIIIIIIIIIII
N {O for oddN ® A 0 1 -1 0 1 2

. ) . s S

where ¢ are Fhe energies of the_smgle-partlcle states. Note FIG. 4. Distribution of the normalized fluctuations in the con-
the sharply different characteristics of even and dddots.  §ctance peak spacing, from DMC calculations in the rangh of
Interactions rgduce this strong eVQn/Odd effgct._ =10-20(left) and N=20—30(right). For smallerN, the even/odd

The behavior oA’E(N) for a particular realization 0e,  effect is strongereye=0.46+0.08, whileryye=0.18+0.02. On the
is presented in the top panel of Fig. 2. Similar qualitativeother hand, for largeN, the even/odd effect is significantly re-
behavior is observed for all other configurations we studiedduced:ogye=0.30+0.04 andr,yq=0.25+0.04. A similar qualitative
An overall decrease aA’E with N is expected due to the trend is found in the LSDA results, though quantitatively it is some-
increase of effective capacitance of the dot and, hence, thehat weaker.
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of the normalized addition energy fluctuations in FigN®te  rameterrg~1.5 and electron number in the range 10-30,
the larger difference between the two distributions obtaineddDMC calculations show(1l) mesoscopic fluctuations of the
from DMC than between those obtained from LSIAthe  addition energy,(2) a substantial probability of nontrivial
DMC results, the width of the distribution for evel is  ground-state spin, an@) a significant even/odd effect in the
significantly larger than that for odd dots, and the e¥én aqqition energies. In comparison to LSDA, DMC typically
distribution has a long tail reminiscent of the Wigner surmlsepredicts a somewhat larger spin gap; as a consequence, it has

I(r)]reghrs (?_\l’?\;r_:_l;u[tégg g;”é%;f”’z‘lfound using random matrix tendency to find smaller ground-state spins and a somewhat

Looking at the data for smaller and larger dots separately_?tronger even/odd effect in the addition spectra. Th_ese find-
we find a strong trend shown in Fig. e even/odd effect in INgS suggest that LSDA, as compared to DMC, in some
the DMC data decreases significantly as N increasiesx- sense overpredicts the effect of interactions. It is interesting
trapolated to much largeN, this trend, also present in our to note that a similar conclusion concerning overly strong
LSDA results, contradicts the predictidi® of combining  interactions in LSDA was reached in the large dot redfme
RPA interactions with an RMT treatment of the single- using the Strutinsky analysis scheme.
particle statistics.

In conclusion, we have used quantum Monte Carlo to We thank Weitao Yang for helpful discussions. This work
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