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Measuring interactions between tunnel-coupled quantum dots

F. R. Waugh' M. J. Berry! C. H. Crouch, C. Livermore, D. J. Mdrand R. M. Westervelt
Division of Applied Sciences and Department of Physics, Harvard University, Cambridge, Massachusetts 02138

K. L. Campman and A. C. Gossard
Materials Department, University of California, Santa Barbara, California 93106
(Received 30 June 1995; revised manuscript received 25 September 1995

We report low-temperature tunneling measurements through double and triple quantum dots with adjustable
interdot tunnel conductance, fabricated in a GaAg¥d; _,As heterostructure. As interdot tunnel conductance
is increased, Coulomb blockade conductance peaks split into two peaks for double dots and three for triple
dots. The splitting approaches zero for weak tunneling and saturates as the dots merge for strong tunneling.
Coupled double and triple dots with different gate capacitance show quasiperiodic beating and peak suppres-
sion for weak interdot tunneling. Analysis of the data in terms of tunneling and classical charging theories
shows that quantum charge fluctuations due to interdot tunneling dominate dot interactions when interdot
tunnel conductance approaches’/h.

[. INTRODUCTION blockade conductance peaks vs gate voltage, which split into
two peaks for double dots and three peaks for triple dots as

Quantum dots are often described as artificial atoms an e tunnel conductance increases. The splitting approaches

as singlg—electron trgnsistdr‘s‘? Both labels imply thgir USe oo for weak tunnelingG,<2e?/h, and saturates as the
as building blocks in larger structures. In. the first Caseyots merge for strong tunnelings,,— 2e%/h, consistent
quantum-dot arrays may formlfustom-englneered artificialyith recent theories of tunnel-coupled d&¥s$! For dot ar-
molecules or art|f_|C|aI crystafs.}* These differ from their rays with unequal gate capacitances, conductance peaks ex-
real counterparts in that leads may be attached and condugibit beating, quasiperiodicity and peak suppression for weak
tance spectroscopy performed as gates tune their size, shagerdot tunneling. While our observations fowveakly
electron number, or coupling. In the second case, quantungoupled dots are consistent with classical capacitive
dot arrays may form logic circuits in which individual elec- charging'~*72%?223ve show that peak splitting fastrongly
trons represent bits of informatidr:*>~*’Arrays of submi-  coupled dots is a quantum phenomenon arising from interdot
cron metal islands already demonstrate useful computingunneling. Such tunneling interactions have been predicted
functions®1° for coupled dot& ~3*and also for single dots coupled to their

An understanding of interactions between quantum dots ifeads®?>~>° but they have not been reported in other recent
crucial to these uses of dot arrays. The many phenomenzoupled dot experiments®
predicted for interacting dof8;3! which include conduc- Models of interacting quantum dots are summarized in
tance peak splitting, miniband formation, quasiperiodic pealSec. Il. Section Il describes sample fabrication and measure-
suppression, and single-electron solitons, can be difficult tanent. Section IV characterizes the point contacts and indi-
observe without experimental control over interdot coupling.vidual dots that form the arrays. Double-dot and triple-dot
However, many array architectures do not allow such conexperimental data are presented in Secs. V and VI, respec-
trol: couplings between metal islands or between verticatively, and are compared to predictions of quantum tunneling
semiconductor dots are fixed in fabricattit® and cou- and classical charging theories. Section VII summarizes our
plings between lateral semiconductor dots are often not inresults.
dependently tunable because a single modulated gate defines
the dot array.*** Il. MODELS OF COUPLED QUANTUM DOTS

In this paper, we extend a previous stifd} of interdot '
tunneling in two- and three-dot arrays defined in a two- Peak splitting in tunnel-coupled dot arrays can be
dimensional electron gas by tunable gates. The device archimderstootf3%3! by starting with single-dot capacitive
tecture permits separate control of tunnel barriers and corsharging model$-* Consider two or three identical dots
fining walls, allowing compensation for impurity-induced weakly tunnel coupled to external leads, so that the total
disorder and also enabling the interdot tunnel conductanceumber of electron®N;,=2N; is a good quantum number,
G to be varied. We find that interdot tunneling leads to awhere N; is the number of electrons on dot If interdot
variety of phenomena not observed for single dots. Openingunneling is also weak, then tié for each dot are also good
the interdot quantum point contacts leads to a continuouguantum numbers and the “orthodox” theory of single elec-
transition from isolated dots to one large dot astron charging™* applies: the energy of a single dot is the
Gin—2€?/h. lIsolated dot arrays show strong Coulomb charging energy
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y _(eN—CgVy)?
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plus the sum over single-particle statég. In Eq. (1), 3

Cy.Vg, andCy are the gate capacitance, gate voltage, and g )
total capacitance, assumed to be the same for all dots. \
We first consider dot arrays with negligible interdot tunnel ,
conductance and negligible interdot capacitance. In keeping | @ 1l —r3
with our experiments, we taker>U>AE>KkgT, with E¢

the Fermi energy,U=e?/Cy the charging energy, and

AE=2E(/N the average level spacing. At these low tem- o _ )

peratures, the ground state for each dot charge configuration FIG- 1. Schematic diagrams @ triple dot (deviceA) and (b)

(N;N, . . .) dominates equilibrium transport. In the absencedouble dot(device B). Dots are formed in a GaAs/fBa; -,As

of dot interactions, the ground-state energy is simply the surféterostructure, and have a lithographic area<@.s um®.

of the single-dot charging energiés from Eq. (1), mini-

mized over all charge configurations. Charge configurationtogarithmic form for strong tunnelingG;,— 2e%h. We

with no internal polarization, meaning that tihg are the show in Sec. V that these recent theories agree well with our

same for all dots, have the lowest energy; polarized configuexperiments, which have two interdot tunneling modes and

rations with differentN; on some or all dots have higher AE=0.1e%/Cy .

energy and do not participate in transprThus the array Classical interdot capacitance also reduces the energy of

conductance vs gate voltalyg is qualitatively similar to that  polarized charge configurations and leads to conductance

of a single dot, with conductance peaks occurring when alpeak splitting?>“*A purely capacitive description of the ob-

N; simultaneously change by’%. served peak splitting, however, requires that interdot capaci-
When interdot tunnel conductance is no longer negligiblefance increase strongly while interdot tunnel conductance re-

quantum charge fluctuations between dots can destroy polafains negligible. We show in Secs. V and VI that our

ization, allowing polarized configurations to decrease in enexperiments fulfill neither of these requirements. Neverthe-

ergy and participate in transport. As shown in Ref. 12, dess, other interesting phenomena are associated with capaci-

decreasa in the energy of a polarized configuration leads totive charging in dot arrays. Unequal gate capacitance can

(1) (a) device A (b) device B

conductance peak splitting lead to conductance peak suppression through the stochastic
Coulomb blockadé?>?3°For double quantum dots, peak

2Cy suppression results from quasiperiodic beating between peri-
AVs:C_geA- 2 ods~e/Cgy; and~e/Cgy,, leading to peak amplitude modu-

_ o _ lation with period~e/|Cy;—Cg|, whereCgy; andCy, are
For strong tunneling, peak splitting must physically saturatehe gate capacitances for dots 1 and 2. A similar beating
when the dots merge into one. At saturation, the decrease iiccurs for more than two dots. With increased interdot tunnel
ground-state energy reaches its maximum valueconductance, peak suppression is lifted and peaks split
A may=€%/4Cy for double dots and\ = €?/3Cy for triple  through the same mechanism described aBBve.
dots. A useful quantity is the fractional peak splittifg
which compareAV; to the peak separatioAV,=e/Cy in

the absence of splitting, and is defined so thetFo<1: Ill. DEVICE FABRICATION AND MEASUREMENT
2AV We studied two devices: a triple d@eviceA), used also
s (double dot for double-dot experiments by not energizing all gates; and a
F— iz AVy 3) similar double dot(device B). Schematic diagrams of both
A max 3AV, _ devices appear in Fig. 1, and a scanning electron micrograph
24V, (triple dots. of device A appears as Fig.(4) of Ref. 12. Both devices

were fabricated using the same GaAs/&h;_,As hetero-
The quantitiesAVs and AV, are shown in Fig. &) for  structure, which contains a two-dimensional electron gas lo-
double dots. cated 470 A beneath the surface with sheet density
Peak splitting due to interdot tunneling has been studieshs=3.7x10"* cm~2, mobility x=5x10° cm?/Vs at
theoretically using a variety of approaches. Hubbard model' =10 K, and a phase coherence lengt20 um for T<1
calculationé’~?%for vertical dots with many tunneling modes K.®
and withAE~e?/Cy predict a peak splitting proportional to Device A consists of 14 Schottky gates fabricated on the
an interdot tunneling matrix element they fail to capture heterostructure surface with electron-beam lithography and
the splitting saturation for strong tunneling. More recently,chrome/gold evaporation. As shown in Fidall eight gates
many-body calculatioi§®! have been performed for form the four quantum point contacts used as tunnel barriers,
coupled dots with few tunneling modes and with and six gates form the dot confining walls, when sufficient
AE<e?/Cy, as in our experiments. The peak splitting is negative voltage is applied to deplete the electron gas under-
found to be a universal functioR(G;,,) of the interdot tun- neath. The lithographic area of each dotAg,=0.5x0.8
nel conductancé,, that saturates exactly &(2e*/h)=1  um?2. The number of electrons per dot is considerably less
for tunnel barriers with two modes. The splitting is propor-thannsA4; = 1500, because depletion extends beyond the
tional to G;,, for weak tunneling,G;<2e?/h, and has a gates and because the electron density is reduced throughout
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the dots. The device is wired with six independently tunable 16 —
gate voltages: one for each tunnel barrisf (throughV,) ()
and one for each set of confining walls at the t&f)( and 12
bottom (V) of the array; note that the confining wall for dot &
2 on gate 6 is intentionally made smaller than the others. ”5 i=1
Double-dot experiments were conducted using dewday & 4
not energizingV,. Device B, shown schematically in Fig. 1G]
1(b), is similar to deviceA but consists of ten Schottky gates 2
forming two coupled quantum dots, also with area device A
Agoi=0.5x0.8 um?. ) 09 08 07 06
The samples were cooled in a He dilution refrigerator at 16 —
the base mixing chamber temperatiitg.=14 mK. Care was (b)
taken to shield them from external electromagnetic radiation,
which can induce photon-assisted tunneling through conduc-
tance channels that are otherwise energetically forbid6&h.
The electromagnetic shielding of our dilution refrigerator is
discussed in Ref. 38. The differential conductance of quan-
tum point contacts, single dots, and tunnel-coupled dot ar- 4 1
rays was measured at the base temperature with no dc device B
source-drain bias by applying a sméiypically 5-10 V) 0 -ols _0'7 _0'6 _0'5 04
ac voltage at 11 Hz and recording the current with a current ’ ’ V. ’ '
preamplifier and lock-in amplifier. In addition, the differen-
tial conductance of single dots was measui¢at tempera- FIG. 2. (a) For deviceA, four quantum point contact character-
tures between the base and 400 mK with no dc source-draigtics Ggpe VS their respective gate voltagds, i=1,...,4, la-
bias, andii) at base temperature with dc source-drain biaseseled as in Fig. (). (b) For deviceB, three quantum point contact
up to 500uV in magnitude. characteristics Gg,c Vs their respective gate voltages
V;, i=1,...,3,labeled as in Fig. (). The spread in pinchoff
voltages demonstrates the need for independent tunabilitya)In
and (b), each characteristic is measured with all other gates
grounded, and each curve is offset bg?th from the curve below.

An important advantage of our quantum-dot arrays is that

each component is controlled by separate gates and can B@tside the Coulomb blockade region arise from single-
individually tested and adjusted. This section describes megsarticle levels with separatioAE=50 peV.

surements characterizing the quantum point contacts, gates, The temperature dependence of conductance peak ampli-

and single dots that make up the arrays. . tudes and widths also provides information about dot energy
Tunability is particularly important for the quantum point scales. Figure @ shows the zero-bias single-dot conduc-

e e e e o™ e, gae voltagel o dot L of deviceh, messured
9 purtty p ' at four mixing chamber temperaturds,. from 40 to 400

shown in Fig. 2a), the four nominally identical quantum . : . .
X . mK. Figure 4b) shows the amplitudéleft axis) and width
point contacts of devicé, separately measured, each Show(right axig of a single peak of Fig. @ vs T... The peak

high-quality characteristic&,. vs gate voltage with up to  ° - .
five quantized conductance plateaus and with pinchoff voltWidth AVs, determined from fits to a thermally broadened

ages ranging from-0.92 to —1.02 V. The three quantum 'n€ shape“‘,“"_“'42 has been converted to an electron tem-
point contacts of devic8 also show high-quality character- PeratureT using the relatiorkgT=€CzsAVs/2Cy , where
istics, plotted in Fig. &), with up to six plateaus and with Css=41 aF is the measured capacitance between dot 3 and
pinchoff voltages from—0.77 to—0.82 V. For both devices date 5(see below There are two important features of Fig.
the spread in pinchoff voltages demonstrates the need fakb). First, the sharp increase in peak amplitudeTas de-
independent gate tunability, as it is not possible to bias altreases indicates that at each conductance peak electrons tun-
point contacts in the tunneling regime using a single gatael through a single dot state, implying thegT<AE.*?
voltage. Second,T decreases to well below 100 mK at the lowest
The total capacitance and single-particle level spacind ., SO thatkgT=7ueV.
were measured for a single dot by applying a dc source-drain The separation in gate voltage/, between adjacent con-
biasVpiasto dot 1 of deviceA. Figure 3a) plots the location  ductance peaks determines the capacitaiyge-e/AV, be-
of conductance peaks in the plane\tf,s and gate voltage tween doti and gatea.!~* Measurements similar to Fig(a)
Vs, clearly showing rhombus-shaped regions of Coulombwvere made at the base temperature for all three dots of de-
blockade!~**! The vertical extent of these regions experi- vice A using gates 5 and 6, and for both dots of device
mentally determines the single-dot total capacitanceusing gates 4 and 5. For devide the gate capacitances
Cy=360 aF and charging energy =e?/Cy=440 ueV. are C,5=38aF, Cy,s=43 aF, Cgs=41aF, C;5=41 aF,
Figure 3b) shows the single-dot differential conductance C,5=32 aF, andC3;s=39 aF. For devic®, the gate capaci-
d1/dVyas VS Vpias for the value ofVg corresponding to the tances areCq.,=43 aF, C,,=42aF, C;s=44 aF, and
vertical dashed line in Fig.(d). Additional peaks in Fig.®)  C,s=25 aF.

IV. QUANTUM POINT CONTACTS
AND SINGLE QUANTUM DOTS
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FIG. 4. (a) Single-dot conductanc€&, vs gate voltage/s for
Viias (MV) dot 1 of deviceA for mixing chamber temperatur&g,.=40 mK
(solid), 100 mK (short dash 200 mk (long dash, and 400 mK
FIG. 3. (8 Location of conductance peaks in the plane of bias(dOt'dasb" (b.) For the peak_ avs= _0'87.1 Vin(@), pea_k ampli-
voltageVy,s and gate voltag¥'s for dot 1 of deviceA. The height tudeQPeak(trlangles, left axisand peak W|dt.r(squarejs, right axjs
of the rhombus-shaped Coulomb blockade regions determines the MXing chamber temper_atu?l’enc._ Peak widthA Vs is conve_rted
total capacitance Cs=360 aF and charging energy to elec_tron temperatur® usingkgT=eC35AV5/2Cs . Dashed lines
U=e%Cy=400 weV. (b) Single-dot differential conductance are guides.
d1/dVyias VS Vyias for Vs=—0.8516 V, corresponding to the vertical
dashed line ir{a). Peaks outside the Coulomb blockade region arise A . . S .
from single-particle levels with separatidE=50 peV. that in Fig. 5a). A similar p_eak spll_ttmg with increased in--
terdot tunnel conductance is seen in double dots formed with
device A, and appears as Fig. 2 of Ref. 12. While uncon-
V. DOUBLE QUANTUM DOTS trolled peak splitting attributed to disorder has been observed
in dots and metal island$;*® Ref. 12 was, to our knowl-
This section describes experiments on double dots thaidge, the first observation of peak splitting controlled via
show how interdot tunneling leads to conductance peak splitunable gates.
ting. The experiments determine the dot interaction energy Recent calculatiori$®! predict a universal relationship
A due to tunneling, as well as the relationsiipG;,) be- F(G;,) between peak splitting and tunnel conductance for
tween peak splitting®, defined in Eq(3), and interdot tun-  tunnel-coupled dots with few tunneling modes and with an
nel barrier conductanc®;,;. For unequal gate capacitances, energy-level spacing less than the charging energy
peak amplitude and splitting show quasiperiodic beating du@ E<e?/Cy . Remarkably, the theory predicts that the split-
to the stochastic Coulomb blockafié?2330 ting saturates exactly &t (2e?/h)=1 for dots coupled by
Figures %a)—5(d) show changes in the conductanBgy;  two tunneling modes. In addition, the calculations predict
of a double dot vs gate voltage with increasing interdot tunfunctional forms for F(G;,) in the weak- and strong-
nel conductanc&;,;. The double dot is formed in devid®  tunneling limits:
by energizing all gates; gate voltayg is swept, and gate

voltageV, controlsGy,;. In Fig. 5a), interdot tunneling is 41n2 hGjn, :

weak. The double-dot conductance consists of weakly split F(Gin) = a2 262 (weak tunneling, Gin<2e%/h),
peaks, with the same average separafidfy in gate voltage (4)
that appears in Fig.(4) for single dots. Each conductance

peak in Fig. %a) corresponds to adding two electrons to the 16e” hG; hGi
double dot, one to each dot. In Figgbband 5c), each peak F(Gin=1+ ?< 1= 5 )' ( T a2 )
clearly splits into two peaks whose separation increases with

interdot tunnel conductance. Finally, in Figdp the tunnel (strong tunnelingG;,— 2€?/h), (5)

barrier between dots 2 and 3 is removed, and the conduc-
tance is that of a single large dot with a peak separation halivhere y=0.577 in Eq.(5).
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© FIG. 6. Fractional peak splitting [Eq. (3)] plotted vs the tunnel
barrier conductanc&;,; for the double dot of devic&. Triangles
and asterisks are data from Figga3and 3b) of Ref. 12, respec-
0.00 . . . tively. Curves are theoretically predicted formsF(fG;,,), Eqs.(4)

0.01:10 -1.08 -1.06 -1.04 -1.02 and (5), for weak and strong tunnelingrefs. 31 and 3@ the only
’ (d) ' ' ' adjustable parameter is the weak-tunneling interde@®;,.=0),
which accounts for interdot capacitanGg,=20 aF.

0.00 L .
91.24 -1.22 -1.20 -1.18 -1.16

gate voltage V, (V)

experiment. However, several features of the simulations are
inconsistent with our experiments. Classical charging models
assume that electrons are point charges, dots hold integer
FIG. 5. For device, double-dot conductand@y, vs gate voltage ympers of electrons, and tunneling is a sequential Markov
Va as the .|nterdot tunnel conductance Increases fE@nto (d). Tun- process whose rate is determined by the electrostatic energy
neling splits the conductance peaks, with split peak separatién difference before and after tunneling occurs. In these models,

proportional to the interaction energy [Eq. (2)]. Gate voltageV, . . .
controlling interdot tunnel barrier 2 i&) —0.770 V, (b) —0.760 V, the capacitanc€,,; between dots determines the dot interac-

(0) —0.750 V. andd) —0.700 V. The double dot of deviok shows tion energy; tunneling interactiof’s*® between dots are ig-

a similar behavior, reported in Fig. 2 of Ref. 12. nored. _ _ _ _ _
Classical charging simulations of our experiments appear

in Fig. 7, which shows the simulated double-dot conductance
Gyq for identical dots as interdot capacitanCg; increases.
Figure 6 plots the experimentally measured relationshipgrhe figure shows that classical charging can qualitatively
betweenF and G, for double dots formed in devicA by  reproduce the observed peak splittiigdowever, quantita-
grounding gate 1 and energizing all other gates, so that gateve agreement with experiment requires interdot capaci-
voltageV; controlsG;,.. Each triangle represents the aver- tancesC,, that increase strongly, unlike the classical capaci-
age value ofF over different sweeps of gate voltadg, tance for our geometff to a valueCj,,~5 fF that is over
with V3 changed between sweeps; each asterisk representn times greater than thetal capacitanc€s measured for
the value ofF in a single sweep of gate voltagé;, with  single dots. Furthermore the tunnel conductance is assumed
Vs held constanfsee Fig. 3 of Ref. 12 Values ofG;,; are  to be negligible, while the actual measured tunnel conduc-
determined by horizontally shifting the separately measuretance is~e?/h. For similar reasons, the reported strong in-
tunnel barrier conductance from Fig@a2 by 70 mV to ac- crease in effective dot-to-lead capacitance of single dots as
count for the influence of other gat&sAs predicted by the the quantum point contacts are opeHeis most likely a
theory, the observed splitting plotted in Fig. 6 approacheguantum effect controlled by tunneliig:3®
zero for weak tunneling and saturates for strong tunneling. For double dots with mismatched gate capacitances, we
Also displayed in Fig. 6 are the limiting forms of Eq4l) observe not only tunneling induced peak splitting but also
and (5). The universal theory has no adjustable parametersjuasiperiodicity arising from classical chargihtf:?>*°Fig-
but we have added a small offsetfnat G;,,=0 to account ure 8 illustrates the conductan€®,, of the double dot of
for an interdot capacitance ;=20 aF***°This value is device A using intentionally mismatched gate capacitances
consistent with the measured gate capacitafces40 aF. A C,5 and C56, both controlled byg. As in Fig. 5, conduc-
careful analysis of the slopes of the rhombus edges in Couance peaks split as interdot tunnel conductance increases
lomb blockade data similar to Fig(& for coupled dots in  from Figs. &)—8(d). Additional phenomena arising from
device A also yieldsC;,=20 aF** Using Eq.(3) with the  unequal gate capacitance are also evident. Fig(aed@m-
measured valu€y =360 aF implies thaA ranges from 0 to  onstrates the stochastic Coulomb block&&e?*=°in which
110 neV in the transition from weak to strong tunneling.  conductance peaks become sparse at low temperatures for
Numerical simulationS of a classical charging double dots with different gate capacitance and negligible
modef®?223also give peak splittings qualitatively similar to interdot tunnel conductance. As shown in Figéb)88(d),



1418 F. R. WAUGH et al. 53

T T T
A @ evicea
L evice
C, =0 aF 0.05 -
0.35 J f\
0’08 8JL 0| /g_ h N
0.7 07 0.74 -0.72
C, = 50 aF , .
028 \ 0.05+ (b) -
N
S C,, = 150 aF
—_
NN 0.21 L = 0.00
\/_“ NN -0.
1" NN =
C,, =500 aF o 004
0.14 VL
0.02
0.07 \ 004‘
Cyp = 5 1F 0.02
000/ \J \J
0.00 0.01 0.02
gate voltage Vs (V) 0'98.78 -0.76 -0.74 -0.72

gate voltage Vi (V)
FIG. 7. Simulated double-dot conductarfé%d Vs gate voltage

Vg for increasing interdot capacitan€®,; between identical dots. FIG. 8. For deviceA, double-dot conductand®yy vs gate volt-

The classical charging model qualitatively resembles experiment;—,lge\/6 as the interdot coupling increases fréay to (d); the double

Fig. 5, but requires a negligible tunneling rate and unrealisticallydot is formed using dots 2 and 3. Gate capacitance mismatch causes
large interdot capacitandg,;, in contrast with experiment. From peak suppression i@ and quasiperiodicity itic). The barrier con-

top to bottom,C,;=0 aF, 50 aF, 150 aF, 500 aF, 1.5 fF, and 5 fF. ductance in units &/h is (a) 0.14, (b) 0.48,(c) 0.71, and(d) 0.95.
Curves are offset by 0.e?/h and use approximate experimental The gate voltageVs controlling interdot tunnel barrier 3 i)

values as follows: total dot capacitan@xcluding interdot capaci- —0.901 V,(b) —0.895 V,(c) —0.890 V, and(d) —0.880 V.
tance Cy =480 aF, gate capacitan€@s= C3s=40 aF, temperature

T=100 mk, voltage biasV,,e=10 wV, and junction resistance

R=160 K}. . . .
mix of single, double, and triple peaks occurs when gate

capacitances are mismatched.

stronger interdot tunnel conductance lifts the stochastic Cou- The measured _change in_triple-dot conductfi@;@ Vs
ate voltageVs as interdot tunnel conductance increases is

lomb blockade, but capacitance mismatch is still apparent g aE s ,
quasiperiodic modulation of the peak amplitude and pealP'otted in Fig. 9, which is analogous to Fig. 5 for double
splitting3° This is in contrast to dots with nearly identical dots. Weakly tunnel-coupled triple dots, Figag show con-
gate capacitances, shown in Fig. 5, for which the amplitudéluctance peaks with uniform spacing that is equal to the
and splitting are more uniform. The measured beat period o$pacing for single dots in Fig.(d). As interdot tunnel con-
~23 mV for Fig. §c) equals the perio@/|Cs5— C, =23  ductance increases in Figsbpand 9c), peaks split in two
mV calculated with the gate capacitances measured foand in three; triply split peaks are more prevalent for stronger
single dots. When the gate capacitances are more nearynneling. The mismatch of gate capacitanCgs, C,s, and
matched, the beat period is longer and these phenomena b@x5is observable as an asymmetry of the split peaks. Finally,
come less prominent. For the top gates controlledgy  Fig. Ad) shows the conductance when the tunnel barriers
beating is sometimes observed with a period0 mV, in  have been removed to create a single, large dot.
good agreement with the expected per&¢Czs— C,5 =80 Figure 10 shows the triple-dot conductanGg vs gate
mV. No beating is observed for devidg, for which the yoltageVy; this figure is analogous to Fig. 8 for double dots.
measured gate capacitand@g, andC,, are equal to within - As in Fig. 9, increased tunnel conductance causes peaks to
a few percent. split into double and triple peaks, with triple peaks prevalent
for stronger tunneling. In addition, quasiperiodic beating ap-
pears due to the intentional mismatch of gate capacitance
C,e; the observed beat period in Figs.(hpand 1Qc) is
Peak splitting and quasiperiodicity are also observed for-26 mV, agreeing well with the capacitances measured from
the triple dot formed by energizing all gates of devitke single-dot data and with the double-dot beat period when
Conductance peaks split into three peaks when all gate caate voltage/g is swept. As for double dots, increasing tun-
pacitances are nealy equal, while complicated beating with ael conductance destroys the stochastic Coulomb blockade.

VI. TRIPLE QUANTUM DOTS
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FIG. 9. For device), triple-dot conductancE vs gate voltage FIG. 10. For deviceA, triple-dot conductanc& vs gate volt-

Vs as the interdot coupling increases fr@ay to (d). Interdot cou-  ageVs as the interdot coupling increases frde to (d). The gate
pling splits the conductance peaks into three peaks. Gate voltag&@pacitance mismatch causes peak suppressi@ amd quasiperi-
V, and V3, controlling interdot tunnel barriers 2 and 3, a@ odicity in (c). Gate voltage¥, andV; controlling tunnel barriers 2
—0.839 V, —0.892 V; (b) —0.833 V, —0.887 V; (c) —0.828 v, and 3, arg@ —0.835V,—0.890 V;(b) —0.833 V,—0.888 V;(c)
—0.883 V, and(d) —0.795 V,—0.840 V. —0.823V,—0.878 V, and(d) —0.784 V,—0.838 V.

Numerical simulations of a classical charging in splitting with barrier conductance. The conductance be-
modef®?223for triple dots qualitatively resemble the data of tween strongly coupled dots approaches?/B, so that a
Figs. 9 and 10, capturing both the splitting into triple peaksclassical capacitive picture assuming negligible interdot tun-
for identical dots and the complicated beating with single,nel conductance is mapproprlate Moreover, our data agree
double, and triple peaks for mismatched dots. However, agell with theoretical predictior’$3! of a universal relation-
discussed in Sec. V for double dots, the simulations requiréhip F(G;,) between splittind= and interdot tunnel conduc-
unphysically large interdot capacitance and negligible intertanceG;,, with limiting forms F(0)—0 for weak tunneling
dot tunnel conductance, in contrast with experiment. and F(2e?/h)—1 for strong tunneling. Finally, numerical

simulations of a capacitive charging model do not agree with

experiment, requiring interdot capacitance to increase

Vil. SUMMARY strongly, unlike the classical capacitance for our geometry, to
We have presented measurements of the tunnel Condutmphysmally large values. For these reasons we believe that

tance of double and triple quantum dots, showing that |nterq;%m(;’;‘ Iﬁ?ggélgzgt;‘?'tzre‘slst‘é‘: dtoot Igéigfét;%régegngrgzgu;as

dot tunneling leads to a variety of phenomena not observell 27h. PP

in single dots. The most salient of these, conductance pe£<e

splitting controlled by interdot tunnel conductance, occurs
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