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Mesoscopic Fluctuations in the Ground State Energy of Disordered Quantum Dots
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The ground state energy of disordered quantum dots is studied experimentally as a function of dot
population. The fluctuations are found to be considerably larger than those predicted by random matrix
theory and to display different statistics. Exact diagonalization of the Hamiltonian pertaining to small
clusters shows, indeed, that the random matrix statistics holds only for weak Coulomb interactions. As
the interaction is made realistic, a crossover to a different statistics, similar to the experimental one, is
observed. The statistics crossover is accompanied by appearance of short range spatial correlations in
the electron density. [S0031-9007(96)00839-3]

PACS numbers: 73.20.Dx

The spectrum of many complex systems display a reHowever, by varying the gate voltage, the dot’s potential
markable statistical universality which is well describedcan be tuned to a point where the ground states with
by the random matrix theory (RMT) [1]. Some examplesand N + 1 electrons are degenerate, thus allowing for
are hydrogen atoms at strong magnetic fields, complegurrent flow through the dot. The resulting conductance
molecules, large nuclei, and the eigenmodes of chaoties gate voltage curve comprises a series of sharp peaks
microwave cavities. In recent years it became increasmarking the degeneracy points between consecutive states
ingly clear that the excitation spectra of disordered quandiffering by one electron. Such traces have been observed
tum dots display the same statistics [2]. The pioneeringn semiconductors [7], metals [8], and metal oxide [9]
works by Efetov [3] and Altshuler and Shklovskii [4] have structures. A careful analysis of the peak spacings
been followed by a large body of theoretical studies, angields the ground state energy as a function of dot
recently some predictions of RMT have been confirmedopulation [10].
experimentally [5]. The degeneracy condition between tNeand N + 1

The RMT and its ramifications can in principle be states impliesEy ' + u = ENi{, wherepu is the leads
employed to estimate the ground state level fluctuations i@hemical potential anél! is the ground state energy of the

mesoscopic systems. We were therefore surprised to fingyt with ; electrons and a gate voltagé corresponding

in the experiments reported below that the ground statg, the jth conductance peak. Since the average potential
energy of disordered GaAs dots, as well as that Din, induced by the gate is linear itig Ej _ 8;" B eiavg;
L] 1 1 il

eres. [6], follows a statistics different n the following whereq is the average ratio between the dot’s capacitance
ways: (a) The fluctuations are up to 5 times larger than :

those predicted by RMT. (b) The probability distribution with respect to the gate o its .total cap_acitance, anis .
for the fluctuations is different. (c) The fluctuations in the the ground state energjncluding possible mesoscopic

ground state energy do not scale with the level Spacing:ctuations in the interaction between dot electrons and
which is the only energy scale in RMT e gate. Substitution of; into the degeneracy condi-

Motivated by these experimental results we have nulons yieldsey 1 — ey = u — eaVg ' or
merically studied the addition spectra of small clusters and
found the RMT prediction holds, indeed, only for weak
Coulomb interaction. As the interparticle interaction is = ea(VYT = VY). Q)
made larger, the fluctuations grow and acquire a statistics
similar to the experimental one. In contrast to the RMT Since the dot's charge distribution may depend on
regime, where fluctuations are on the order of the averag€;, eN'' is generally different fromey. The right
level spacing, here they scale with the charging energy. hand side is the spacing between subsequent conductance
The ground state energy was measured using thpeaks translated to actual potential in the dot. The
Coulomb blockade phenomenon. A small quantum doproportionality coefficientr is accurately extracted from
is weakly coupled to two current leads while a thirdthe experiment by fitting the conductance peaks to a
electrode, called gate, is used to vary its electrostatiderivative of a Fermi function at different temperatures
potential. At temperatures lower than the dot’'s chargind11]. Equation (1) thus constitutes a unique and accurate
energy, the charge is typically quantized and constantnethod for studying the ground state energy as electrons
and the structure is hence insulating (Coulomb blockadere added one at a time to the dot.

N+1 _ _N+1 N+1 N N
A3 =s&y+1 — €y T ey Tt ey
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In the constant interaction (Cl) model, which wasin the average dot capacitance. Superimposed on the
extensively employed to interpret Coulomb blockademonotonous dependence, large fluctuations are observed.
data, 8{ = e2i2/2C + Z;’Fl 1k, Where C is the dot's The characterization of these fluctuations is the subject of
smoothly varying total capacitance ang, is the kth ~ the present manuscript.
single particle energy. Substituting this expression into The prediction of the Cl model combined with RMT
Eq. (1) one finds\Y ™' = ¢2/C + nyi1 — my. Within  (dashed lines in Fig. 1) fails to account for the data in the

the Cl model and RMT, the distribution function @,  following ways: (a) Fluctuations larger than expected—

should satisfy the Wigner surmise, for the dots of Fig. 1,A = 30-60 neV, implying ac-
cording to the Cl modebA, = 30 weV. This value is
P[ Ay — ez/C} _ T [ Ay — ez/C} up to a factor of 5 smaller than the experimentally mea-
A 2 A sured fluctuations. (b) Independence upon average level

7 (A — 2/C\2 spacing—as the dot population is varied frafm= 60 at
X ex;{——(%) } the left hand side t@v = 130 at the right hand sided
4 shrinks by a factor of 2 with no observable effect®a,.

(c) “Wrong statistics”—the histogram of the experimen-
tal spacing distribution of the top trace in Fig. 1, together
with a similar distribution extracted from {@;-, data [6],
052A. We show below that the ClI model fails to '€ depicted in Fig. 2. Evidently the experimental distri-
déscri.be the experimental data. In fact we argue th utipns are Wider_an_d more symmetric than the RMT one
the main source of fluctuations in the ground stateSOI'd. Ilne). .Th‘? S|m|lar|ty between the GaAs and the InO

i . . . . data is striking in light of the 3D nature of the latter sam-
energy is mesoscopic fluctuations in the Coulomb in, le and its density of states being two orders of magnitude
teraction (capacitance) rather than single particle lev han th yf i 9 i di ag
fluctuations. arger than that of GaAs dots (two linear dimensions are

correspondingly smaller).

The GaAs dots studied in the experiment are electro- Considering the mentioned discrepancies we are led
statically defined in a modulation doped two dimensionak 9 crep X
0 conclude that the CI model fails to approximate the

electron gas having sheet mobility and carrier concentras X )
tion of 5 X 105 Vem?s! and3.1 x 1011 cm™2, respec- data. Since the Coulomb blockade is governed by the

tively. The lithographic area i9.6 X 0.5 um?. The charging energy, we postulate that the fluctuationdin

electrical area at low gate voltages, extracted fronre determined by the Coulomb interaction rather than

Aharonov-Bohm oscillations in the quantum Hall effect f%r Ilnn (;act (;’:faf?g fc;r Oalll Ln((e)alssurze /dcdcr);s,a%sle\évselgfas
regime, is0.15 um?, indicating a plausible 80 nm de- 23 osz = A>et/C Tey

pletion region around the gates. The measufedfor N anda. . . -
; . X . P The large capacitance fluctuations are characteristic
two dots is depicted by squares and circles in Fig. 1

vs dot populationX (the second curve is shifted down of zero or small magnetic fields. At fields larger than
by 200 weV for clarity). As the dot is made larger 0.6-0.8 T, the fluctuations are replaced by considerably

the averageA, grows smaller, reflecting the increase

where A is the average single particle level spacing.
Consequently, the average fluctuations &3 should
be given by A, = \(A}) — (A))? = 4/m — 1A =

12
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FIG. 2. Histogram of the normalized fluctuations Af in
FIG. 1. Peak spacing vs number of electrons added to GaA&aAs dots and WOs;-, segments (bar graphs), the numerically
dots. Second and bottom traces have been shifted down by 2@btained limiting distribution for a4 X 4 cluster with eight
and400 neV, respectively, for clarity. Solid line: linear fit. electrons (solid squares), and the Wigner surmise (solid line).
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smaller oscillations whose period can be directly related 0.6

to the Landau level population. The experimentally mea- g RMT

sured A, at B = 1T, is presented in Fig. 1 by trian- 058 w43 WNV=EN=5 —x— 45 W=7 N=8
gles. There are five Landau levels at small population W —e—23 8 7 —o—4% 4 9
(corresponding to the five dips) and six Landau levels 0.4 \ —o—4*5

at larger populations (period of oscillation). Note the é‘lm 03_' \

Landau levels related structure appears when the cyY, |
clotron energy becomes about twice the charging energyd 5.1
(1.2 compared with 0.6 meV). Our magnetic field data
indicate that large spacings are accompanied by smalle 0.1
conductances. In the zero field case, we never find sucl

correlations. 0.0 S T —
Large capacitance fluctuations exist only at low tem- 0 6 , 8 o 12 M
peratures. As the temperature is raised above e/cv

400-500 mK, they are gradually suppressed and &tIG.3. Normalized fluctuations inA, vs cluster capaci-

T = 900 mK, the peak spacing is practically uniform. tance for various clusters and electron population (numerical
The temperature scale for the disappearance of the flugalculations).

tuations is consistent with a single particle level spacing

A and about a factor of 5 smaller than t.he Chf’!rg'”g €Nof the interaction strength, sample size, and electron
ergy. However, the Coulomb blockade itself d|sappear?)0pulaﬁon

around 1.5 K, namely, forkzT = 0.25¢>/C. Finally, :

. To relate the experiment to theory we use the ratio
when the dot is thermally cycled to room temperature, ..y een the Coulomb interaction among two neighboring

and back, the_ exact peak positions chan_ge, tho.qg'h th&ectrons and the Fermi energy. For half filled band,
average spacing remains the same. This sensitivity g, tight binding model gives, = (U/4V)\/7/2. The
impurity - configuration s characteristic of MESOSCOPIC . 5ssover to the almost constant capacitance fluctuations

Sylsrge;&attem t to account for the experimental resultsregime hence occurs at = 0.75. In all our experiments,
P P s > 1, implying they were carried out in the latter

we have studied numerically the ground state Ievet

statistics of interacting electrons on a small 2D cylinder egime. The agreement of theory with the experiment
o 9 y ‘might hence indicate universal mesoscopic fluctuations in
The Hamiltonian was given by

the capacitance of real dots.

H = Z gkjagiakj The crossover from an RMT statistics to a new one is
o also apparent from the distribution functigh(A,/(A»))
t 1 depicted in Fig. 4. For noninteracting electrons, the
-V aygiv1ar; + agyiiax; + H.C. ! N . )
%( ko 1%k ALk ) Wigner surmise is reproduced while for stronger interac-

tion, the distribution becomes almost symmetric and in-
, (2) dependent of interaction strength. Note in this figure the
kj>lp lre; = ripl Wigner surmise appears wider than the finite interaction

T T
ak,-ak,-al, (1[’
+ U J J = Lp =P

where a,:r,j was the electron creation operator at a site

{k,j}, er; was the energy at that site chosen randomly
in the range[—W /2, W /2], V was the hopping matrix ] I
element, andU was the Coulomb interaction energy /t\‘ —e— 2v
over one lattice constant. Distances were measured ir \\ —a— 4v

lattice constant units. The inverse compressibiliy = —— 8V
was computed by exact diagonalization of the above.a§ 157 —— Wigner
Hamiltonian with three consecutive numbers of electrons surmise
at a given impurity configuration. Statistics was obtained § 7.0

by averaging over 200—-500 realizations of the disorder. g

The resultingdA,/(A,) is depicted in Fig. 3 v&?/CV 0.5-
for various sample sizes, disorder, and electron number.
The charging energy was obtained by fitting the average 0.0

ground state energy by’ N2/2C. For U = 0 the RMT 0.0 0.5 1.0 1.5 20
prediction, A, /{(A,) = 4/ — 1, is reproduced. As Ay<hy>

thze interaction is turned_ Or(A;) grows from A to FIG. 4. Distribution function of the normalized fluctuations in
e”/C > A, and the relative fluctuations decrease anch, for different interaction strengths for 4 x 4 cluster with

converge tadA,/{A,) = 0.10-0.17 almostindependently  eight electrons. Note convergence to a limiting distribution.
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distribution. This results from the normalization beig or boundary constraints as the mechanism underlying
for U = 0 ande?/C > A for finite interactions. The ab- these mesoscopic thermodynamic fluctuations.

solute fluctuations grow witly. The limiting distribution We are grateful to Z. Ovadyahu, Y. Gefen, D. Poil-
is compared to the experimental one in Fig. 2. It clearlyblanc, Y. Imry, O. Agam, B. Altshuler, B. Shklovskii, A.
agrees with the experiment better than RMT. NumericalChang, and C. Marcus for fruitful discussions and to C.
Hartree-Fock calculations on considerably large sampleslenley for introducing us to Ref. [14]. The work was
also reveal increased absolute fluctuations as the interasupported by the Israeli Academy of Sciences and by the
tion is made stronger [12]. It is emphasized that all figuresTechnion Grant for promotion of research.

present fluctuations in the ground state energy. The exci-
tation spectra satisfy the RMT statistics in the full range
of interaction strength studied here [13].
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