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Conductance oscillations in tunnel-coupled quantum dots in the quantum Hall regime
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We present measurements of transport through two tunnel-coupled quantum dots of different sizes connected
in series in a strong, variable, perpendicular magnetic field. Double-dot conductance was measured both as a
function of magnetic field, which was varied across the filling faeter4 quantum Hall plateau, and as a
function of charge induced evenly on the two dots. The conductance peaks undergo position shifts and height
modulations as the magnetic field is varied. These shifts and modulations form a pattern that repeats over large
ranges of magnetic field and with the addition of double-dot charge. The robust pattern repetition is consistent
with a frequency locking effecfS0163-18209)03016-7

Transport through single quantum dots in a strong, pers00 nmx800 nm, combine with about 75 nm of depletion
pendicular magnetic field depends sensitively on the magwidth beyond the gates to produce dot areas approximately
netic field valuet=® For example, as magnetic field increases0.16 and 0.23um?, respectively. The area asymmetry is cru-
electrons may be redistributed from higher to lower Landatcial for these experiments because these quantum dots have
levels}2478The frequency of such redistributions is related different characteristic frequencies for the addition of flux
to the change in field required to thread an additional fluxquanta to the dot area, as well as different higher harmonics.
guantum through the dot area. Charge redistributions occur We cool the device to base temperat8 mK) in a
when the lowest energy configuration of the system changesljlution refrigerator and energize the magnet to produce a
and they are clearly reflected in modulations of conductanceerpendicular fielB=3.2 T, corresponding to a filling fac-
peak height and shifts in conductance peak position. torv=4. A small ac bias voltage (BV,J is applied across

In this experiment, we measured how conductancehe device and the resulting current is measured using a cur-
through two tunnel-coupled quantum dots in series change®nt preamplifier with lockin detection. The capacitance
with small variations of a strong perpendicular applied mag-Cg; (Cg2) coupling the gate labeleéd,; (V) to dot 1(dot 2)
netic field and with the addition of charge. To our knowl- is found from measurements of dot conductanc¥ yV )
edge, this has not been examined before, and these expetd- be Cy;=45+4 aF (Cy,=43*4 aF).
ments raise a number of interesting questions. The device we The characteristic magnetic-field frequencies for the addi-
studied consists of two quantum dots of different litho-tion of flux quanta to each dot were calibrated by energizing
graphic sizes connected in series via an adjustable quantumsubset of the surface gates to form a single quantum dot
point contact. A strong perpendicular magnetic field placesand measuring its conductance as a function of magnetic
the electron gas in the quantum Hall regime; for the meafield and induced charge. Figuréa® plots the conductance
surements described here, the electron gas is on the quantwhdot 1, measured alone, vs gate voltagg on the vertical
Hall plateau corresponding to a Landau level filling factoraxis and the perpendicular magnetic fi@dn the horizontal
v =4. By measuring conductance through the double dot as a
function of the induced dot charges while sweeping the mag-
netic field across the quantum Hall plateau, we monitor the
electron readjustments that trace out changes in the double
dot ground state.

Figure 1 is a scanning electron micrograph image of our
device structure, the asymmetric double dot. The device is
composed of metal gates on the surface of a
GaAs/ALGa _,As heterostructure wafer that contains a two-
dimensional electron gg@DEG). The device wiring is indi-
cated on the surface gates. The 2DEG mobility
=450000 cmAV !s! the sheet density n&=3.4
x 10" cm 2, and the depth of the gas beneath the wafer
surface is 57 nm. When all ten gates are energized, two
guantum dots are defined in series. Varying the side gate
voltagesVg; andV g, together induces charge simultaneously
on the two dots; adjusting the center point contact gate volt- F|G. 1. Scanning electron micrograph of an asymmetric double
age Vg, controls the interdot tunnel conductanGg,. The  quantum dot device. Light regions are the metal surface gates; dark
lithographic sizes of the dots, 500 800 nm and regions are the wafer surface. The gate wiring is indicated.
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charging diagram where the Coulomb blockade is simulta-

FIG. 2. (a) Inverted grayscale image of the logarithm of conduc- N€ously lifted for both thS; ind), they are set such that_
tance through dot 1, measured alone in uniteth, plotted vs V1= Vg2 Crosses the points where the Coulomb blockade is
side-gate voltag&/,, on the vertical axis and perpendicular mag- lifted for only one dot at a time. Figure(@ corresponds to
netic field B on the horizontal axis. Conductance peak heights and3i=0.206%/h. A vertical slice through the data reveals a
positions are modulated as electrons are redistributed to minimizeeries of narrowly split peaks, as is expected for a double dot
the energy of the dot; the period of these modulations is related taith low interdot conductance. As the magnetic field is var-
dot area(b) Similar image of logarithm of conductance through dot ied, these peaks evolve in both position and height. The
2 plotted vsV, on the vertical axis an@ on the horizontal axis. ~ structure is qualitatively similar to that for the single quan-
The period is different, corresponding to the different dot area.  tum dots; peak amplitude is strongly modulated, and we ob-

serve a zigzag pattern in the peak positions. Unlike the
axis. Conductance is plotted in inverted logarithmic gray-single-dot case, the zigzags are no longer evenly spaced, and
scale, with dark indicating high conductance and light indi-there are blank spots where the conductance is strongly sup-
cating low conductance. The magnetic field range is chosepressed. The peak modulations/shifts and blank spots form a
to remain on the =4 plateau. Figure(®) is a similar plot of  repeated pattern that is marked by the series of lefieiE
dot 2 conductance vs side-gate voltagg, and magnetic in Fig. 3(@. The pattern is more clearly visible for higher
field. The data were obtained by repeatedly measuring dotalues of interdot conductance and will be discussed further
conductance as a function of side-gate voltage while continuin that context.
ously varying the magnetic field. The conductance peak po- Figures 3b) and 3c) plot double dot conductance vs
sitions shift in a periodic zigzag pattern that correlates withV,,=V,, and magnetic field for interdot conductances of
peak height modulations. The peaks move gradually as th€;,=0.8%?/h andG;,=1.0%?/h, respectively. As a given
magnetic field shifts the energy of the dot; the sudden returpeak evolves with magnetic field, the shifts and height
to the initial peak position signals that electrons have beemodulations form a pattern in which a given sequence re-
redistributed among the Landau levels to minimize the enpeats with magnetic field. The repeating sequence consists of
ergy. Peak modulations have been observed previously faix distinct peak position shifts, which are marked in Figs.
single dots-?*"8For the dots described here, the shifts in3(b) and 3c) by the series of letters, B, C, D, E andF. The
peak position are periodic in magnetic field. magnetic field scales of the shifts are consistent with the

The periods of the zigzag patterns for the two dots arepattern marked in Fig. (@ as well, though at low interdot
different, corresponding to the distinct dot areas. The perio¢onductance the pattern is more visible in peak height modu-
of the modulations on the=4 quantum Hall plateau is 6.6 lations than in peak shifts. The length of the repeated seg-
mT for dot 1 and 8.75 mT for dot 2. We can calculate thement is measured at 25.6 mT, which is 3@.1 times the
period AB corresponding to threading one flux quantumobserved period for dot 1 and 3-@.2 times the measured
through the known dot areas from the relatidBAy, period for dot 2° The periods are nearly constant with
=h/e. With a 75 nm depletion length as assumed above, thishanging interdot tunnel conductance; small variations are
yields periodsAB=18.2mT for dot 1 andAB=26.2mT for  expected because the dot areas change as the center point
dot 2, which are 2.8 and 3.0 times the observed periods fotontact voltage is adjusted. In FiggaB-3(c), we see about
dots 1 and 2, respectively. The short periods are observefdur repetitions of the pattern as we track a given peak in
because the number of electrons in each of the lower Landamagnetic field; measurements over a broad field range con-
levels increases every time a flux quantum is threadedirm that the pattern repeats across a given quantum Hall
through its area. plateau.

We then measured the evolution of double dot conduc- The pattern in Figs. @)—3(c) also appears robust to the
tance with magnetic field to investigate how charge redistri-addition of double-dot charge. The two component peaks
butions minimize the double dot energy in a magnetic fieldthat comprise a single-split peak undergo the same pattern of
All ten gates were energized to place the double dot in thgpeak modulations, as do subsequent pairs of split peaks.



10 746 C. LIVERMORE et al. PRB 59

052055 4 EEERRE OV Y 17 UL
w'*..“‘. b*" ABCDEF N
_ . A BCDEF R IS MM A
5 ot 5 mestension
i -0.525-’..‘ .3351; ABCDEF ~ | T_0_525 A BCDEF “\* :
% ABCDEF ABCD L o ww
e » > MM""" )
'm .h ' . . A BCDE v
3.10 3.15 320 3.10 ERE 320
Magnetic field (T) Magnetic field (T)
-0.520- O] aidk AAMN -0.520 @OQTY YY" Y
me
S 2 \,\snxssﬁ‘*\'ﬁ""“*‘
?I_-0.525 ?_-0.525—'~~~~~ .
> > \QN\\\%N"N““\‘

3.10 320

3.15
Magnetic field (T)

3.15
Magnetic field (T)

FIG. 3. (@—(d) Inverted grayscale images of the logarithm of double-dot conductameasured in units a#%/h) plotted vs side-gate
voltagesVy, =V, on the vertical axis and perpendicular magnetic fidldn the horizontal axis for interdot tunnel conductart@eGi,
=0.20%/h, (b) Gi=0.8%?/h, () Gin=1.0%%h, and(d) G;,;=0.662/h. Color bars summarize the grayscale for each pandg)(c)
Vg1= Vg crossed the charging diagram at points where the Coulomb blockade was lifted for both dots. The repeated pattern of conductance
modulations in(@—(c) is marked by the letter&—F. In (d) V4=V, crossed the charging diagram at points where the Coulomb blockade
was lifted for only one dot at a time.

However, the corresponding peak shifts do not occur at exthese dataVy=Vg, crosses the charging diagram at the
actly the same magnetic field. Figureg@)3-3(c) show that  points where the Coulomb blockade is lifted for only one dot
the pattern repeats at higher magnetic field and at less neggt a time. This is evidenced both by the reduced Coulomb

t@ve gate voltagdor at lower m.agne.tic field anq more nega- pigckade peak height and by the peak splitting in the
tive gate voltage The pattern is shifted both within a given =V, direction, which is larger ind) than in (b) despite

peak pair and between neighboring pairs, for an overall Vi'(d)’s smaller interdot tunnel conductance. In Figd)3 the

e e oo Peaks ha comprise & sl peak undergo modlatons a
P P P 9 Witferent frequencies, in contrast with the repeated pattern

dot has similar structure at those values of field and gate

voltage. Increasing the field decreases the spatial size of g en in Figs. @-3(c). The observed frequencies are the

flux quanta and packs the electrons more tightly. Addin ame as those determined from the single—dot T“ef"‘sureme“ts
additional charge compensates by increasing the radius. °f Fi9- 2. The two independent frequencies indicate that
The consistent pattern of Figs(é3-3(c) indicates that when the Coulomb blockadg is Illft_ed'forjust one qf the dots,
when the Coulomb blockade is lifted for both dots, the en-he energy of the system is minimized by readjusting the
ergy of the system is minimized by a single, specific se-electrons on that dot alone rather than on the entire double
quence of adjustments in the electron distribution that redot. The electrons are sufficiently shared between the two
peats each time four additional flux quanta are added to th@ots to permit current flow; however, the time scale for
large dot. The energy minimization sequence appears indgharge readjustments involving the blockaded dot appear to
pendent of magnetic fielfor a given filling factoy and re-  be longer than the time scale for charge sharing between
peats periodically at a single frequency characteristic of thelots.
entire double dot. This is in direct contrast to the quasiperi- Figure 4 illustrates a likely source of the pattern of double
odic readjustment events that one might expect for indeperdot conductance modulations observed in Fig®)-33(c).
dent processes on two separate quantum dots. ExperimerRRecall that the conductance peaks for individual dots shift
on single dots have found that transport features may correand undergo peak height modulations as the magnetic field
late over ranges of magnetic field or gate voltdg®lt is  varies. This behavior is shown schematically by the sets of
noteworthy that the more complicated double dot systensolid lines labeled dot 2 and dot 1, which represent conduc-
also locks into a long-range pattern. tance peaks; the peaks shift at different frequencies for the
Figure 3d) plots double-dot conductance Vg,=Vg,and  two different sized dots. If we superpose these two struc-
magnetic field at an interdot conductar®g,=0.66e%/h. In  tures, postulating that the double-dot conductance is modu-
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The repeated pattern of double-dot conductance modula-
tions suggests a frequency locking effect, in which interdot
interactions drive periodic electron redistributions at a fre-
qguency that is close to a commensuration frequency for the
two dots. In the simplest picture of noninteracting dots, the
conductance modulations would be quasiperiodic and would
form a repeated pattern only to the extent that the ratio of the
two periods is rational. The measured ratio of the periods of
the two dots is 0.7F 0.06, which is approximately a rational

A 'Bl C | D E, F ratio of three to four. Although it would be possible to ob-
— > serve this repeated pattern if the frequency ratio were per-
Magnetic field fectly rational, it could be difficult to maintain because the

- . . eriods do vary with changing gate voltages. A more likely
FIG. 4. Schematic diagram of a possible mechanism for thé(gg)xplanation of the repeated pattern is that the double-dot

observed double-dot conductance modulations. The top two line duct dulati t iust th f the sinal
represent conductance modulations of individual dots; bottom lindonductance modulations are not Just the sum or the single-

represents a double-dot conductance modulation occurring wher‘fi-ot modulations, but rather lock onto the commensuration

ever either dot undergoes a conductance modulation. The resultif§duency corresponding to the almost rational frequency ra-
patternA-F is marked. tio of the individual dots.
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