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Coupling-driven transition from multiple to single-dot interference in open quantum-dot arrays
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The details of electron interference in open quantum-dot arrays are studied in experiment and numerical
simulations. Reproducible fluctuations are observed in their low-temperature magnetoconductance and the
characteristics of these are suggested to be consistent with a transition from multiple to single-dot interference,
which occurs as the strength of the interdot coupling is varied. These results therefore reveal a nontrivial
scaling of the conductance fluctuations in quantum-dot arrays, which is thought to arise due to the influence of
the interdot coupling on energy hybridization.
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I. INTRODUCTION very different to that exhibited in similar studies of indi-
vidual quantum dots, which leads us to suggest that it results
The electrical properties of quantum dots are known to bdrom a transition at multiple to single-dot interference, which
strongly influenced by electron interference, an effect that i®ccurs as the strength of the interdot coupling is varied.
responsible for the observation of reproducible fluctuationsSimilar behavior is also found in realistic simulations of the
in their magnetoconductanée'® In a semiclassical interpre- arrays, which reveal an unexpected scaling of the conduc-
tation, the fluctuations are understood to result when théance fluctuations in these structures. An important finding of
magnetic field modulates the total phase of electron partigdur studies is that the nature of interference in coupled quan-
waves trapped within the déﬂ'he fluctuations may equiva- tum dots can be Critically determined by the strength of the
|ent|y be viewed as arising, however, when the magnetidnterdot Coupling, and we discuss this result in terms of the
field sweeps the discrete states of the dot past the Ferniifluence of the coupling on energy hybridizatiér*in the
level >812-15Wjith the dot coupled to its reservoirs by meansarrays.
of multimode quantum point contacts, its eigenstates develop The organization of this report is as follows. In the fol-
a nonuniform broadeninbr’,and the fluctuations can be asso- Iowing section, we describe the basic details of the fabrica-
ciated with those few states that persist in the presence dfon, and low-temperature characterization, of the split-gate
this coupling®® The fluctuations provide a powerful experi- quantum-dot arrays. Our main experimental results are then
mental tool for the study of quantum chaos, and have beeRresented in Sec. lll, and are followed by the result of our
used in recent years to in\/estigate signatures of randonflumeriCm simulations in Sec. IV. Our final conclusions are
matrix theory* wave-function scarring? and phase-space Presented in Sec. V.
dynamics? For a recent overview of these studies we refer
the interested reader to Ref. 16. . II. DEVICE FABRICATION AND BASIC
While the details of electron interference in open quantum CHARACTERIZATION
dots are well understood, few studies to date have considered
how this interference is modified when several dots are Split-gate quantum-dot arrays, consisting of three identi-
coupled to each othéf.In this report, we therefore investi- cal dots connected in series, were formed in the two-
gate the factors that influence electron interference in opedimensional electron gas of a GaAs/AlGaAs heterojunéfion
systems of coupled quantum-dot arrays, by studying th€Fig. 1, left insel. Results from two arrays are presented
characteristics of the interference-related fluctuations obhere, whose dots had lithographic dimensions of 0.6
served in their low-temperature magnetoconductance. Th& 1.0um? and 0.4 0.7 wm?. The sample was mounted in a
guantum-dot arrays are realized in high-mobility heterojunc-dilution refrigerator and measurements at 1.7 K revealed that
tion material, and the magnitude of the fluctuations observethe two-dimensional electron gas had a carrier density of
in their magnetoconductance is found to approaéth at  3.8x10"cm 2 and a mobility of 1.X 10 cn?/Vs, from
low temperatures, indicating thieighly coherentnature of  which we infer a transport mean-free path of at leasuh®
transport within the arrays. We focus here on the results ofhis value is several times larger than the total length of the
experimental studies of the influence of the split-gate voltagarrays that we study. Unless stated otherwise, the magneto-
on the frequency content of these fluctuations. Our main obeonductance measurements we present here were made at a
servation is a suppression of the high-frequency content ofryostat temperature of 10 mK, using a longitudinal four-
the fluctuations, which we observe as the gate voltage iprobe configuration. Standard lock-in techniques were em-
made increasingly negative. Such behavior is shown to bployed for these measurements, which were performed at a
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FIG. 2. Conductance fluctuations measured in an array with dot
dimensions of 0.40.7um? Successive curves differ by a gate-
/\ ] voltage increment of 10 mV and are shifted upwardsebth for
aan A A S\ JANNED AW clarity. The gate voltage ranged from0.61 to —0.66 V in the
left-hand panel and from-1.04 to—1.09 V in the right-hand one.
The average conductanceef/h is indicated by the numbers on the
left-hand side of each plot.
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FIG. 1. The gate-voltage-dependent evolution of the magnetoreWaShed out completely and the average conductance should

sistance of the array with dot dimensions of 8B50xm? From P& limited by the quantum-point-contact transmissipns.
bottom to top, the different curves were obtained for gate voltage&Onsequently, we expect that the Coulomb blockade should
of 0V, —0.64 V,—0.74 V, and—0.82 V, respectively. The left inset be suppressed and that the transport studies should allow an
shows a scanning electron micrograph of an array with a similatinambiguous probe of interference effects in the arrays.
geometry to that studied here. The right inset illustrates the tem-

perature dependence of the magnetoresistance. The fluctuating I1l. EXPERIMENTAL RESULTS

curve was obtained at 0.05 K, while the smooth one was obtained at

4 K. The gate voltage was 1.08 V for both curves. Our interest in this report lies in studying the influence of

the split-gate voltage on the characteristic features of the

frequency of 11 Hz using a constant current of 0.5 nA. magnetoconductance fluctuations observed in the arrays.

In Fig. 1, we illustrate the gate-voltage-dependent evoluThese fluctuations disappear on increasing the temperature to
tion of the magnetoresistance of one of the arrays. Generia few degrees Kelvi@Fig. 1, right inse}, indicating that their
features here include the observation of reproducible fluctuaerigin lies in a coherent interference effect. In Fig. 2, we
tions at low magnetic fieldé<1 T), and the emergence of show examples of these fluctuations on an expanded
guantum-Hall plateaus at much higher fielgds3 T). An magnetic-field scale. These fluctuations were obtained by
analysis of the evolution of the fluctuations, between thesubtracting a slowly varying background from the raw mag-
low-field and quantum-Hall regimes, allows an estimate fometoresistance data. The choice of this background is moti-
the phase-breaking time of the electrons to be obtathadd  vated by proper physical considerations, as we illustrate in
for the arrays we study here a typical value of 100 ps ighe right-hand inset to Fig. 1. As this figure shows, at a
obtained for this parameter at base temperature. Importantifemperature of 4 K, the fluctuations are washed out com-
we note that, during this long time interval, electrons trappedletely but an oscillating background remains. Although not
within the arrays may travel a total distance of 2 before  shown here, these slower oscillations persist with only a
losing phase coherence. Since this distance is very mucheakly reduced amplitude to temperatures higher than 7 K,
longer than the maximum lithographic length of the arrays,suggesting that they result from a classical magnetofocusing
we expect the details of electron transport within them to beeffect®? To subtract these oscillations from the raw data,
strongly influenced by the details of the interdot coupling.we simply mimic the low-frequency magnetoconductance
Finally, we point out that the measurements presented heneriation with an appropriate polynomial fitVhile the spe-
were obtained under conditions where the average conducific choice of this background may affect the low-frequency
tance of the arrays ranged from1—8e?/h. (At any gate components of the fluctuations, it will have little influence on
voltage, we define the average conductance as the expethe high-frequency components, whose characteristics we
mentally measured value at a temperature of 3 K, in thewvill be concerned with for an analysis in this repprt.
absence of an applied magnetic field. At this elevated tem- Returning to the data presented in Fig. 2, the left-hand
perature, any transport features due to interference anglot shows the fluctuations obtained at six closely spaced
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gate voltages for which the average conductance of the arra
was close to &%/h. The right-hand plot, on the other hand,
was obtained for an average conductance close ¢3/8,

and the first feature of these two plots that we notice is the
large amplitude of the conductance fluctuations. In all cases
shown, these are roughly of ordef/h in magnitude, indi-
cating that transport remains coherent in spite of the strong
coupling that exists between the three dots. The other impor
tant feature of Fig. 2 is a marked suppression of the high-
frequency content of the fluctuations, which arises as we
make the gate voltage more negative and so reduce the a\
erage conductance. This can also be seen in the upper tw
panels of Fig. 3, in which we use color contours to plot the
gate-voltage-dependent evolution of the fluctuation, Fourier _
spectra of the two array$These contours were constructed =
from measurements performed at 50, equally spaced, gat
voltages in each arrgyAs the gate voltage is made more
negative, a damping of the high-frequency features in theo
contours occurs, which is consistent with the evolution
shown earlier in Fig. 2.

We emphasize that the behavior shown in Figs. 2 and 3 is
very different to that found in our previous studiesiodi-
vidual quantum dots, in which we typically find that the fre- o 150 300
qguency content of the fluctuations is largely insensitive to
changes in the gate voltage. In Fig. 4, for example, we show
the conductance fluctuations measured in a single dot for ¢
wide range of its average conductance. The dot is litho-
graphically square, with a linear gate dimension of g
(for further details see Ref.)6and it is clear from Fig. 4 that
the frequency content of its fluctuations is not significantly
altered as the dot conductance is varied over a wide range
This in turn leads us to suggest that it is the influence of the
gate voltage on theterdot couplingthat is responsible for
the behavior we observe in the arrays. To further explore this
possibility, in the following section we present the results of
realistic numerical simulations of quantum transport in the

arrays. MAGNETIC FREQUENCY (T}
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FIG. 3. (Color Upper panel: Fourier contour plot constructed
from the results of 50 magnetoresistance measurements of the array

To simulate the behavior found in experiment, we beginwith dot dimensions of 0%40.7 m* The gate voltage was incre-
by using a Poisson solver to compute the potential profile ofented by 10 mV between successive measurements. Center pan-
the arrays at a series of closely spaced gate voltages. Tigg Fourier contour plot constructed from the results of 50 magne-
solver uses the wafer parameters as inputs and reproduc@éeSiStagce measurements of the_ array with dot dimensions of 0.6
closely the pinch-off characteristics of the arrays. Here we*1.04m". The gate voltage was incremented by 10 mV between
present results obtained for an array whose Component dofélCCESSIve measurements. Bottom panel: _FOUI’IeI’ contour plot
have lithographic dimensions of 0-<4)-7Mm2 and examples constructed from the rgsults of 25 magnetoresistance measurements
of the computed profiles are illustrated in Fig. 5. At each gt & 0-4#m lithographically square dot. The gate voltage was in-
voltage, the conductance is computed as a function of magi:_remented nonuniformly l_:)e'Fween successive measurements. In all

L2 ) . - o hree panels, a color variation from blue to red corresponds to a
neth_ f|.eld and engrgy, using a lattice _dlscretlzat|0n .Of thechange in Fourier amplitude from 5 to 70, respectively.
Schralinger equation. The role of the interdot coupling is
naturally included in the simulations, which use the com- To establish the connection between the conductance of
puted profile of the open arrays in the lattice discretizationthe arrays and their density of states, in Fig. 6 we plot the
The finite phase-breaking time of the electrons is accountedariation of their conductance fluctuations in the energy-
for in the simulations by adding to the Hamiltonian an imagi-magnetic-field plane. Each of these conductance contours
nary potential ¥;,=h7%/27,) that is chosen to match the was obtained by computing the variation of conductance
values of 7, inferred from experiment. Further details on with magnetic field at 40 equidistant energies in the range
these calculational approaches are providedrom 15.15 to 15.30 meV. The choice of this energy range is
elsewherd;12:26:27 not significant, although it is close to the experimentally de-

IV. NUMERICAL SIMULATIONS
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. . ) FIG. 6. Conductance contour plots for a three-dot array with
FIG. 4. Conductance fluctuations measured sirgle dot with b y

. S lithographic dot dimensions of 0:61.0m? and a gate voltage of
a lithographic size of 0.um (see Ref. 6 for further detajls Suc- 0.6 V (upper pane| the same array at a gate voltage-08.9 V

cessive traces are offset by 0.85h for clarity. The average con- (middle panel, and a single dot of dimensions &@&.0.m? and a

ductance is indicated by the number associated with each data tracgeate voltage of-0.9 V (lower panel. Note that conductandiuc-

] ) ) tuationsare plotted in this figure and were obtained by subtracting
termined Fermi energyl4 me\). The resulting grayscale the average conductance from the raw data. The color variation
plots shown in Fig. 6 were each obtained assuming a fixetom black to white corresponds to a conductance variation from
gate voltage, and indicate the conductance modulation thato.1e%h to 0.2e%h in all three plots.
results when the magnetic field and/or the Fermi energy are

varied. In previous studies of single dots, such conductancd@ilS of the density of states, with the strongly striated fea-

contours have been found to be intimately related to the delres that run through the contours being found to follow the
evolution of specific eigenstates in the magnetic figfdAs

was mentioned already in the introduction, opening the dot

to its external reservoirs by means of quantum-point-contact
leads gives rise to a nonuniform broadening of its discrete
states. For the purpose of the discussion here, the important
point to note is that a variation of the magnetic field in ex-
periment may be used to sweep this density of states past the
Fermi level, giving rise to the resulting fluctuations in the

magnetoconductand@.
The conductance contours plotted in Fig. 6 were obtained

for the dot-array system of Fig. 5, and for a single dot whose
lithographic dimensions were taken to be identical to those
of the component dots that form the array. In the uppermost

0-7 ym panel of Fig. 6, we show the conductance contour for the dot

array, with a voltage of-0.6 V applied to its defining gates.
The center panel was obtained for this same array, but this
time with a gate voltage 0f 0.9 V, corresponding to the case

0.4 pum of weaker interdot couplingcompare the potential profiles
plotted in Fig. 5. Finally, the lower panel of Fig. 6 was
FIG. 5. The self-consistently computed potential profiles of theobtained for the single dot, with a gate voltage-60.9 V.
dot-array system that we model. The upper profile was obtainedfrom a comparison of the features plotted in the upper two
assuming a gate voltage ef0.9 V, while the lower one was ob- panels, it is clear that the high-frequency structure in the
tained for a gate voltage 6£0.6 V. magnetoconductance of the arrays becomes suppressed when
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the gate voltage is made more negative. This is quite consis
tent with the behavior that we observe in experiment, as
illustrated in Fig. 2, and in the upper two panels of Fig. 3.
Quite surprisingly, however, from a comparison of the be-
havior in the lower two panels of Fig. 6, we see that the
features exhibited by the arragsemble very closely those

that are found for the single dot. That is, increasing the g

negative gate voltage applied to the array appears to induceg
a transition from multiple dot to single-dot-like interference

V. DISCUSSION AND CONCLUSIONS

Given the connection that the conductance contours pro-
vide to the density of states, the differences apparent in the
upper two panels of Fig. 6 indicate that the level spectrum
within the arrays develops finer structure as the gate volt-
age is maddessnegative. We believe that this effect results
from the influence of the interdot coupling on
hybridizatiort’~2%of the density of states in the arrays. As we
demonstrate below, the main effect of the gate-voltage varia:
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tion is to change the number of propagating modes supporte:
by the quantum-point-contact leads. As the number of these .
modes is increased, the hybridization should become increas- FIG. 7. Main panel: Aharonov-Bohm oscillations measured at
ingly resolved, with direct consequences for the frequency.01 K in the three-dot array with lithographic dot dimensions of
content of the magnetoconductance fluctuations. Specifically)-6x 1.0um?. The applied gate voltage is1.9 V. Inset: Variation
when a magnetic-field variation is used to sweep this densef the magnetic-field position of successive oscillation minima with
density of states past the Fermi level, rapid oscillation<scillation indgx. The_open squares were _obtained for a gate voltage
should be observed in the conductance. Reduction of th@ —1.9 V. while the filled ones were obtained for a gate voltage of
interdot coupling should quench the hybridization, however,fO'G V. The solid lines represent the best linear fits to the data.
resulting in a sparser level spectrum and an associated sup-

pression of high-frequency features in the magnetoconducf)f the array, b_ut is critically influenced by the details of the
tance. It is exactly this coupling-driven transition from mul- interdot coupling.

tiple to single-dot interference that we believe we observe in 10 conclusively demonstrate that the behavior observed in
our experiment. experiment does indeed result from a change in the coupling

While the influence of varying the interdot coupling may strength _between_th_e_dots, it is necessary to rule out other,
be discussed in terms of energy hybridization, it should als ore trivial, possibilities. In particular, it might be argued

. ! . . . : hat the behavior observed in Figs. 2 and 3 simply results
be possible to provide aaquivalentsemiclassical descrip- from a gate-voltage-induced squgezing of the totpa?l area of
tion of this effect. In this regard, we recall that high-

. he arrays. From the observation of Aharonov-Bohm oscilla-
frequency features in the magnetoconductance are genera tns in the high-field magnetoresistance, we exclude such a
thought to be associated with semiclassical orbits that e !

rbossibility, however. In the main panel of Fig. 7, we show

close large areas within the device. According to this 'mer'examples of these oscillations, which were obtained for the

pretation, the steady reduction in the high-frequency content, st negative voltage applied to the gate<.9 V). In the

of the fluctuations suggests that the effect of reducing thgnset to Fig. 7, we plot the magnetic-field position of succes-
interdot coupling is to suppress the contribution to interfer-siye oscillations as open squares and, from the slope of the
ence of orbits thatoherentlyspan multiple dots of the array. resulting straight line, obtain an average oscillation period of
Since theseylobal orbits are the very ones that should give 18.5 mT. The solid squares in this inset show the results of a
rise to hybridization of the energy spectrum, we believe thakimilar analysis, performed for the oscillations observed with
this semiclassical interpretation is quite consistent with thehe least-negative voltage applied to the g#te8.6 V). The
arguments given in the preceding paragraph. Whether wperiod here is 14.5 mT, and from the change in oscillation
chose to discuss this effect in terms of energy hybridizationperiod with gate voltage we infer an associated variation of
or the contribution of semiclassical orbits, however, the im-roughly 20% in the effective area of the arrays. This finding
portant feature of the studies presented here is that they rés in good agreement with the results of our self-consistent
veal a nontrivial scaling of the interference in open dot ar-potential-profile simulations, which show little variation in
rays. In particular, we have seen that, when a number of dothe effective size of the array over the gate-voltage range for
are coupled to each other, the frequency content of the rewhich the dramatic changes in the frequency content of the
sulting fluctuations is not simply determined by the total aredluctuations occur. Further evidence that the behavior we dis-

MAGNETIC FIELD (TESLA)
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cuss does indeed result from the role of the interdot couplingoupling is varied, while maintaining tunnel coupling be-

is provided by our studies of single dots. This can be seertween the dots and their charge reservoirs. The relevant ex-
for example, in the lower panel of Fig. 3, in which we show perimental probe is the Coulomb oscillations in the conduc-
the Fourier contour obtained in studies of a single dottance, which are washed out once the dot system is opened to
Clearly, the frequency components of its fluctuations do notts external reservoirs. This doastimply, however, that the
depend sensitively on gate voltage, a behavior very differenfybridization is washed out at the same time. We point here
from that found in the arrays. to previous studies of transport in open dots, which have

An important issue we have not discussed so far concerf§vealed that opening the dot to external reservoi[slsgives rise

the range of coupling strength for which the transition be-t° adnonun|forrr]r1broader;]ng of its dﬁcretehsta;t‘céé% De-

tween the single- and multiple dot regimes occurs. Accordin endent on their coupling strength to the leatsertain
tates of the open structure survive to give rise to measurable

to our experiments, the transition occurs while the array tot ; B Gi thi bust nat f th
remain open, a finding that is confirmed by the results of tha!'2gNetoransport resufts.>iven this robust nature ot the

numerical studies. For the two gate voltages shown in Fig. 6d0t spectrum, it does not seem su.rprisin_g that we are able to
the point contacts support five-0.6 V) and threg(—0.9 V) Observe features due to hybridization of its states in the open
propagating modes, for which the numbers for the averagf%lrrays that we study. Indeed, such a possibility was even

conductance of the array are 4 argfth, respectively. Such suggested in an earlier theoretical stdfijt is also interest-
a variation is consistent with the results of experiment, in"g to note that, in studies of tunnel-coupled dots, evidence

. for hybridization is found in situations where the couplin
which 2the average conductance ranges frmﬂkzlh and bemgen the component dots is provided by tEnngeI
3\7 ellye I\/Irc])t el r;ntr::?gu %p;;?ngnctigt?i;ﬁiugs doéiglegbfa Ehr:i%ic_barriers?g"”’ In contrast, the transition to single-dot behavior

) : ’ . orted here clearly occurs while the point-contact leads
tour plots, we show the change in the average conductance P R
which the gate-voltage variation gives rise. For the data plotE at couple the dots support several modes. The situation in

ted in the center panel, this variation is smaller than that jpur experiments Is quite different to that in the tunnel-

the upper panel, which might account for the less dramatigogp(ljed dots, hqwever,|_3|nce n OL:;. calse we valry the dot-dot
evolution of the frequency content seen in the center panela.m ot-reservoir coupling strengtasnultaneously . .

We actually expect that the characteristic coupling strength In conclusmr(lj, the magﬂetoc%nductfanc% fluctu?]'glt)qns n
for which the transition in interference occurs should depen(%)pen quantum-dot arrays have been found to exhibit evi-

on the degree of decoherence in the arrays, with strong%ence for a transition from multiple to single-dot interference
coupling required to resolve the multiple dot behavior as th at occurs as the strength of the interdot coupling is varied.

phase-breaking time is decreased. In the future, it will theree-rhese results therefore reveal a nontrivial scaling of the con-

fore be of interest to study the influence of temperature or$j uctance fluctuations in 'ghe arrays, WhiCh is thought to a_rise
the interference characteristics of the arrays. In the ultimate o™ the influence of_the interdot _coupll_ng on energy hybrid-

limit of infinite dephasing time, one would expect to observe 2aton. In an equivalent semiclassical defscnp_non, the
sharp conductance resonances, whose line shape reflects ﬁpéamge in the frequency content of the quptuqﬂons is thought
lifetime of different quasibound states in the array. While this. 2 result from a Suppression of thg contnbutlon.to coherent
regime cannot be accessed in mesoscopic experiments, |r.1[terference from global orbits, which span mult|ple dots of

should be possible to perform analog studies using couple e array. Support for these arguments is provided by the

. " : : n f h behavior in ivalent experiment r-
microwave cavities, which are generally less susceptible t bsence o suc behavio equivaient experiments pe
ormed on single dots, and by the results of realistic numeri-

decoherencé’ cal simulations
Finally, we consider the connection of this work to previ- '
ous studies of molecular states tinnnel-coupledquantum This work was supported by the Office of Naval Research

dots!®23In these experiments, the strength of the interdotand by the NSF/JSPS.
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