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Changing the Electronic Spectrum of a Quantum Dot by Adding Electrons
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The temperature dependence of Coulomb blockade peak height correlation is used to investigate
how adding electrons to a quantum dot alters or “scrambles” its electronic spectrum. Deviations from
finite-temperature random matrix theory with an unchanging spectrum indicate spectral scrambling after
a small number of electrons are added. Enhanced peak-to-peak correlations at low temperature are
observed. Peak height statistics show similar behavior in several dot configurations despite significant
differences in correlations. [S0031-9007(98)07944-7]

PACS numbers: 73.23.Hk, 05.45.+h, 73.20.Dx

Electron transport through irregular quantum dots—i.e.exist for reasons that are not clear. Some possible expla-
micron-scale islands of confined charge weakly connectedations are considered below.
to electronic reservoirs—are expected to, and in some In contrast to the dependence on dot configuration found
cases actually do, exhibit universal statistics associatefr the peak height correlations [as reflectedijif7’) and
with quantum chaos [1]. An example where theory andmn], peak heightstatisticsare found to be very similar for
experiment agree well is the distribution of Coulomb all device configurations. This suggests that peak statistics
blockade (CB) peak heights [2—5]. Attemperatufethat are more robustly “universal” than peak correlations, not
are much smaller than the mean level spacing of the\dot surprising considering that distributions are not sensitive
transport on a CB peak is mediated by resonant tunnelintp spectral scrambling. The ratio of the standard deviation
through a single level [6,7]. Large fluctuations in CB peakto the mean of peak heights is found to be smaller than
heights in this regime reflect the fluctuating strength ofpredicted, possibly due to the effects of decoherence.
coupling of the chaotic wave function in the dot to the What does one expect to be the effect of adding electrons
modes in the leads, leading to universal statistics sensitiven the spectrum of a quantum dot? In the limit of
only to time-reversal symmetry [2,3], in good agreementweak electron-electron interactions (and neglecting shape
with experiment [4,5]. deformations caused by changing gate voltages) a fixed

At higher temperatures)h < kgT < Ec, whereEc is  spectrum of single-particle states is simply filled one at
the classical charging energy, each CB peak containa time, leading ton.(T) ~ kT /A andm > 1. In the
contributions from~kzT /A quantum levels, and one opposite limit of strong interactions, the spectrum could be
would expect roughly this number of adjacent peaks to béotally scrambled with the addition of each electron, giving
correlated in height. This assumes that the spectrum ofi ~ 1. For a GaAs quantum dot containing manyl(0
the dot does not change as electrons are added. On tbe more) electrons, RPA calculations [9,10] (appropriate
other hand, if adding electrons alters the spectrum, thefor weak interactions) indicate that fluctuations in the
the correlation length in peak number,, will not grow  ground state energy due to interactions are small, of
beyond a certain valuez, which roughly measures (but orderr,g~'/2A whereg is the dimensionless conductance
is not equivalent to) the number of added electrons needeaf the dot andr; is the so-called gas parameter, the
to completely “scramble” the electronic spectrum. ratio of potential to kinetic energy of the electrons ¢

This Letter presents measurements of the temperature-2 in GaAs heterostructures). For a ballistic-chaotic
dependence of the CB peak-to-peak height correlation andot containing/N" electronsg ~ N !/2, giving a rough
peak height statistics for gate-confined GaAs quantunestimate for the number of electrons needed to scramble the
dots, and compares these results to finite temperature raspectrum,l < m < N'/2/r2, assuming that fluctuations
dom matrix theory (RMT) calculations that neglect spec-accumulate randomly as electrons are added to the dot.
tral scrambling [8]. We find that the number of correlated Measurements of CB peadpacing statistics have in
peaksn.(T) saturates atn ~ 2-5, with smaller dots satu- some cases found rms fluctuationsfip as large as 15%
rating at smallern. At the low temperature end, we find [11,12], consistent with classical estimates [13] and nu-
thatn.(T) is larger than the value predicted by RMT. That merics [11] for strong interactions (where RPA fails), sug-
is, correlations in peak heights beyond thermal smearingesting that one or a few electrons can significantly alter
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the charge arrangement of the dot. Other experiments [14] discrete correlation functiofi(n) from a sequence af
have found smaller fluctuations, of orddr, suggesting peaks(Gumax)i
a lesser degree of rearrangement. In all experiments the Nen N
peak-spacing distribution is found to be roughly Gaussian, Cln) = 1 Z 59:88i+ /L Zb‘gﬁg
which is surprising considering that spin degeneracy would N —n & 27" N &7
naively imply a bimodal distribution. Suggested explana- 2)
tions include wave-function dependent interactions [9,15]
and scrambling due to shape deformation [16]. Magnetowhere §g; = (Gmax)i — {(Gmax)n.g iS the fluctuation of
fingerprints of CB peaks in dots witk50-100 electrons the ith peak height around the average (calculated over
show a persistence of both the addition and excitation spedoth peak number and magnetic field). The correlation
tra over at leasbt peaks, with changes in the excitation length#. is then calculated from a Gaussian fit(n) =
spectrum (measured by nonlinear magnetotransport) of oe~ /2", The Gaussian form is not based on any theoreti-
derA upon adding one electron, leading occasionally to artal model but appears to accurately describe the shape of
exchange of a pair of levels in the spectrum [17]. Symmetboth the RMT and experimental data.
ric, few-electron dots also show a sort of scrambling in the The quantum dots we discuss are fabricated using e-
sense that the ground state shell-filling structure may difbeam lithography to pattern CAu gates on the surface
fer from the corresponding excited state before INeh of a GaAgAlGaAs heterostructure 900 A above the two-
electron is added, for as few & = 4 electrons [18]. dimensional electron gas layer. Multigate dot design al-
For such small systemdY =< 5-6) exact calculations are lows changes in device size and shape by changing gate
possible, and a statistical approach to scrambling is notoltages. Active control of point contact gates during
necessary. sweeps of the “plunger” gat&, compensates any unin-
Before describing the experiment, we discuss the gerntentional capacitive coupling, allowing many peaks to be
eralization of the theory of CB peak height fluctuations toswept over without changing the average transmission of
temperatures that are comparable to or greater hdwut  the leads. All data were taken using two-wire lock-in tech-
without including spectral scrambling [6,8]. Well-formed niques with2 weV bias at13 Hz. An electron base tem-
CB peaks require weak tunneling from each of the levelperature oft5 mK and ration of gate voltage to dot energy
A coupling left and right leads to the dot, with tunneling were extracted from the CB peak width versus temperature
rates(I'}', I'") < A/h, and also low bias and temperature, using standard methods [6]. The charging enefgyin
(eVas, kgT) < Ec, whereVy, is the voltage bias across each configuration was calculated usipngnd the average
the dot. In this regime, the peak conductarigg,x has peak spacing in gate voltage [7]. The mean level spac-

the form ing A was measured from the substructure (corresponding
— to excited states) in the differential conductance at finite
e2 hT . . . .
Grax = — a(T), (1) bias using a small ac signal added to a dc bias. Measure-
h 8kgT ments were made with broken time-reversal symmetry,

_ : . _ with (3-10)¢, through the device area. For each tempera-
wherea(T) = 3., axwa(I) Is a weighted sum of normal ture, V, was scanned over 50—100 peaks, &fas then

ized lead-dot-lead conductances, = 2T} T'A/[T(I'}' + N el .
I'’M)]. The dot is assumed to be symmetrically coupled tochanged by~d,/As to give independent peak height

. . — statistics.
the leads, with average tunneling rates = T} = T'/2. Figure 1 shows two typical series of CB peaks at lower

Inthe experimentally relevant reginls 7, A) < Ec,the  gpg higherT, where the increased correlation between
thermal weightsv,(T) are given byw,(T) =4f(AFa —  peaks at higheT is clearly evident. Peak height fluctua-
Ep)(n\)w[1 — f(Ex — Er)], where AFx = Fa —  tions 8g; (right insets of Fig. 1) are extracted from each
Fav -1 is the difference in the canonical free energy®f  series using fits to cosf line shapes around each peak,
and N — 1 noninteracting electrons on the ddt,)~  and the correlation€(n) are then calculated according to
is the canonical occupation of levglwith 2N electrons  Eq. (2). Plots ofC(n) for two dots are shown in Figs. 2(a)
onthe dotEr = [Er + enV, — (N — 1/2)Ec]isthe and?2(b). Forboth configurations, the correlation length
effective Fermi energy witlV, tuned betweertN" — 1 increases with increasirf at lowerT. However, for the
and N electrons on the dof, is the energy of leveh, smaller configuratiom, saturates abova00 mK, while
andf(e) = 1/(1 + e</**T) is the Fermi function. Equa- for the larger configuratiom. continues to increase well
tion (1) generalizes previous results for low temperaturesabove this temperature. In still larger devices, saturation
hl' < kgT < A, and yields the known distributions for is not observed up to temperatures76 mK.

a in that limit [2,3]. Correlation lengthsn.(T) for three measured dot
Within a noninteracting model, no correlations betweenconfigurations 4 = 20, 28, and38 weV) are shown in
neighboring peak heights are expectedifpl' << A. At  Fig. 2(c) along with the RMT results. Each data point

higher temperatures, correlations appear as each leveliis Fig. 2(c) represents data from500 CB peaks. The
able to contribute to several nearby peaks. For botlRMT curve was computed by applying Eq. (2) to a peak
numerical RMT data and experimental data, we computsequence that is similar in length to the experimental data,
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FIG. 1. Coulomb blockade peaks in conductangeas a ) )
function of gate voltag#’, at (a)45 mK and (b)400 mK from  FIG. 2. Peak height correlationS(n) at 45, 100, 200, 300,
device 1. Insets: SEM micrograph of device 1. Peak heigh@nd 400 mK for (a) dot 1 and (b) dot 2. (c) Temperature

fluctuationssd g; extracted from these data sets. dependence of correlation length, for different device
configurations, and numerical RMT result. Inset: Gray-scale

plots of conductance for three successive CB peaks, showing

and generated according to Eq. (1) assuming a uniforml9alrecl peaks andi + 1, presumably a spin pair.

spaced spectrum [8]. The RMT results do not change
significantly when Wigner-Dyson statistics for the spec-paring C(AVy,;) for the two cases [Fig. 3(b)] shows that
trum is included. The saturation af.(T) atm ~ 2 for  the correlation length associated with shape deformation is
kgT > 0.5A for the smallest device is evident in Fig. 2(c). larger by a factor of-4 than that associated with a chang-
The larger dot begins to saturate for largewith a larger  ing 2N'. This indicates that the saturation of (scram-
ratiokzT /A, suggesting that the spectrum of the larger dobling) is dominated by changes in electron number rather
is less prone to scrambling. The observed scale of satdhan by shape distortion. Further work is needed to deter-
ration, m, as well as the trend for to increase with\V, mine if this result is universally true, but it appears to hold
appears consistent with the RPA estimate given above. in a variety of gate-confined dots that we have measured.
As the gate voltage is swept, two distinct changes occur,
both of which can cause spectral scrambling. The first is 0 0.02 0.04

that the number of electrons and size of the dot change g (¢"/h) n— Lo

the second is that the shape of the dot changes due to Ic@ ) § osll

cal movement of the boundary at the position of the gate. _ .

This second effect was considered recently in Ref. [16] to % 01 = 0.6r

explain the nearly Gaussian peak-spacing distribution seei ~, », fi§ 8 0.4l

in several experiments [11,12,14]. The two effects can be” AN,

separated using a dot witlvo plunger gates, which allows T 02 ~o- Shape %,

pure shape distortion without changidy” by increasing -0 N ARRE R 0 b) N

one gate voltage and decreasing the other. In practice, i 40 0 40 80 0 20 40 60 80 100
Vy (mV) AV, (mV)

is easier to raster over the two gate voltages, as seen i..
F.lg. 3(a). Horizontal and vertical d_|rect|0ns corresppnd tOFIG. 3. (a) Gray-scale conductance plot of CB peaks as a
single-gate CB measurements, while a downward diagondlinction of V,; andV,, from device shown in inset of (b), with
following a single peak corresponds to pure shape distorA ~ 23 neV, at 90 mK. The appearance of peaks as short
tion with fixed V. Correlations in the same dot measureg?ertical bars reflects the coarser samplingvoi compared to

. . V,1; the patterns of connected bars moving up and to the right
at fixed V' (measured along diagonals) and changiNg aﬁe an artifact of this display. (b) Correlation functiogAV,,)

(measured along horizontals) can be compared by evaluaif peak height fluctuations for fixed\" (dashed curve) and
ing both correlations in terms 6f,; rather tham. Com-  fixed V,, (changingV', solid curve).
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‘ 7 tograms) and RMT (solid lines), shown as insets of Fig. 4.

o Dot1:A=20peV The departure from finite-temperature RMT is likely due

L poz s §§ﬁ§¥ to decoherence effects, and might provide a novel tool for

__ RMT. measuring decoherence in nearly isolated structures. On-
going work in this direction is in progress.
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