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Single-electron tunneling through a double quantum dot: The artificial molecule
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Single-electron tunneling through two coupled quantum dots is strongly influenced by the electrostatic
interaction between the dots. At low temperatures, we observe the formation of a molecularlike state in the
double-dot system. The dots are defined by split gates in aBal ,As-GaAs heterostructure. They are of
different size and coupled in series, leading to two different charging energies. In the linear transport regime we
find the charging diagram for the double quantum dot. This diagram exhibits the operation points of the system
to be employed as an electron pump.

Transport through zero-dimensional electron systems, s@hown in the SEM micrograph in the left inset of Fig. 1. To
called quantum dots, is dominated by Coulomb blockade efdefine two quantum dots of different size, the following
fects and single-electron tunnelit§ET).! Apart from these negative voltages are applied to the different gates:
electrostatic phenomena, quantum effects become observablgss= —335 MV, Vgg7=—343 mV, Vg1 ,3=—767 mV,
in nanoscale semiconductor deviéésThe electronic prop- andVgg ;6= —1198 mV. The separate definition of the two
erties of these single quantum dots have been experlmentalqlf'ferent quantum dots is also possibfe.
investigated by transport or capacitance spectroscomnd The voltage of one side of the center split gat&s¢) is
led to the expression “artificial atom.” varied in order to shift the electrostatic potentials of the

Here, we study the conductance resonances of a doublguantum dots. In the description below, this center gate is
dot system(DDS), consisting of two quantum dots of differ- called top gate(TG), since the other top-gate voltages are
ent size coupled in series by a tunneling barrier. In contraskept fixed. The opposite center gate is coupled deliberately to
to measurements on tunneling through a vertical double ddhe lower left gate. A back gatBG), situated 0.5 mm be-
structuré our system is realized in a two-dimensional elec-neath the 2DEG, is used to additionally shift the electrostatic
tron gas(2DEG) by a split-gate technique. The voltages of potentials of the quantum dots. The small and large quantum
the gate electrodes determine the charging diagram of thdots will be referred to ag andB, respectively. The con-
DDS. From this diagram we extract the gate voltages at
which our semiconductor DDS can be operated as a single-
electron pumg.The charging diagram is strongly influenced
by the interactions between the dots. There exist two inter-
action mechanisms: one is the electrostatic influence and the
other is the direct coupling of electron wave functions in the
different quantum dots. Concerning the electrostatic influ-
ence, a shift of the resonance condition for charging one dot
occurs when another electron is added to the other dot. In
these terms, one quantum dot acts as an electrometer mea-
suring the charging process of the other dot, as is known
from metallic systenfsor from using a single split-gate
channel as an electromefeMeasurements performed by
Ford et all° show some features, which can be related to a
two-dot system, while an electrostatic coupling was also
found by Waughet al* In the case of direct coupling, an
interaction of the wave functions is expected to form a mo-
lecularlike state, which can be imagined as a covalent bind-
ing of the two dots by an exchanged electtérfhe Cou-
lomb interaction is clearly seen in the measurements
discussed below and indications for a coherent state within
the DDS are also found.

The double quantum dots for lateral transport experiments
are realized by patterning a 2DE@O nm below the sub-
strate surface with the help of split gates defined by
electron-beam lithography in an fba; - ,As-GaAs hetero- FIG. 1. Conductancer of the double-dot system vs top-gate
structure grown by molecular beam epitaxy. The carner denvoltageV- for different back-gate voltageggg ranging from -60
sity at a temperature of 4.2 K is=2.11x10"*m 2 witha  V to -25 V. Left inset: SEM micrograph of the split-gate device.
mobility of w=79 m?/Vs. The geometry of the split gates is Right inset: simplified circuit diagram of the system.
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FIG. 2. The data of Fig. 1 shown as a gray-scale plot. The

conductance data are represented in the rangeQf=0 uS FIG. 3. A magnified part of the charging diagram in Fig. 2 is
(white) and oy=2 1S (black. In the lower part Ygg=—60 V shown schematically. Different regions of Coulomb block&@dB)

to ~—47 V) the conductance limitso.,;,=0 uS and are characterized by their charging state, e, 01g) specifies the
omax=0.2 uS are chosen, to enhance the resolution. CB area withn, electrons in doA andng electrons in doB. Full

circles (@) denote the electron transfer process through the double-

ductivity measurements are performed ifte/*He dilution ~ dot system sketched in the upper part of the inset, which corre-
refrigerator with a base temperature & 23 mK by using  sponds to the counterclockwise pa&hThe empty circles©) can
common lock-in amplification techniques with an excitation be interpreted as the hole proceimwer part of the insef which
voltage ofVe,=4.6 1V and a frequency of =13 Hz.  corresponds to the clockwise path

The conduction through these electron islands defined by
the split gates is governed by the Coulomb blockade effectwo dots to the top and back gatesse right inset of Fig.)l
(CB). In Fig. 1 a plot of the conductance at zero drain-sourcevhich allows us to distinguish the different dots in the mea-
voltage (Vs=Vp) as a function of the top-gate voltage surements. Using the drain source vs top-gate voltage depen-
(V1g) is shown for different back-gate voltagedds), step-  dence of these oscillations ®g=—50 V for calibration®
ping fromVgg=—60 V to — 25 V with a step size of 0.5 V. we find values for the Coulomb blockade energies of
Sharp conductance resonances representing single-electrBfi/2=1.8 meV andE2/2=0.45 meV. The total capacitances
tunneling are observed as a function of the gate voltages. Af the two dots are found to b@ézeZ/Eé;45 aF and
better representation of the DDS'’s conductance data is giveggzeZ/Egg 178 aF.
in Fig. 2. Here the conductance is represented in a gray scale, The appearance of two periodicities is readily comprehen-
whereo =0 uS refers to white andr,,,>2 uS refers  sible when considering two quantum dots connected in se-
to black(upper part of Fig. 2 In the lower part of Fig. 2 the  ries. Without any electrostatic coupling a conductance reso-
maximum conductance is set tgn,,=0.2 1S, to amplify  nance pattern will be found representing the superposition of
the smaller conductance peaks. The important points to bgye inverse of the conductiviti¢d, o *=0, 1+ o5z 1. Com-
noted are that in comparison to a single quantum dot, Weyaring the measured charging diagram of the DDS with the
gate voltages have to be varied to obtain a complete condugxpected superposition of the resonance patterns of two sepa-
tance resonance pattern. Passing a conductance resonance¢ dots, we observe a pronounchticrossing” of the
either dotA or B will change the number of electrons in the resonance lines instead of a simple crossing. The “anticross-
DDS by one. This conductance resonance pattern can be ifhg” of the resonance lines indicates the electrostatic inter-
terpreted as a charging diagram. . action between the two dots. The resonances in Fig. 2 can

In contrast to the conductance resonances of a singlgest be understood in the schematic charging diagram of Fig.
quantum dot, the resonance pattern of the DDS shwes 3 pepending on the two gate voltageé; and Vi) re-
periodic oscillations, referring to thevo charging or Cou-  gions with different numbers of electroms, and ng in dot
lomb .blockadeAenergltis of th “smgI%" dots. The;\ ENEIYIeSA andB can be distinguishet?. These regions are separated
are given byEc=e’/CS and EZ=e?/Cs, whereCy, C¥ by boundaries which mark the change of the number of elec-
represent the total capacitances of the do&ndB, respec-  trons in dotA and/or dotB by one electron. There are three
tively. The two kinds of resonances can be clearly distin-gjfferent boundaries corresponding to the charging ofAlot
guished in Fig. 2: one with a short period in gate voltage() or of dotB () with an electron from the leadsolid
(8Vge) and a large slopedV?s/oVee) and the other one |ines), and the exchange of an electron between both dots
with a long period 6V5;) and a more gentle slope (v, dotted ling. These charging processes are possible when
(5V$G/5V‘B\G). The different periodicities of the two dots are the following energy conditions in dependence of the gate
marked in Fig. 2 and have values o6V4;=13V  voltagesVgg and Vi are fulfilled: «, ESp(na+1ng)
(8V45=220 mV) for dot A and VE;=25V (6VEB;=22 —Eg(na.ng)=eVs; B, ESp(na,ng+1)—ESs(na,Ng)
mV) for dot B. The period VA of dot A varies, as is =eVp; ¥ ESp(Nat+1ng)—ESh(na,ng+1)=0; where
known to occur in very small quantum ddthe different  Vp and Vg give the electrostatic potentials of the drain and
slopes result from the different capacitative couplings of thesource lead. Using the notation of the circuit diagraight
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inset of Fig. 1 the electrostatic energy can be written as “25 4 e D
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regarding the Einstein sum convention withj=A,B, and eod . -@ -
k denoting all gate and lead contributions. The cha@Qgs "-'ﬁ'* ‘
and Qg are integer multiples of the electron charge, s ] T :~rtm\hx
Qa=—npe and Qg=—nge. The inverted capacitance ma- ”.‘.;k 'z
trix C;; comprises the capacitance relations of the single dots o [ rihtpeak  Cwe]

and of the coupled system. The diagonal ter@s<1/Cy
determine the charging energies of the isolated dots, while
the off-diagonal element€;;=C;y/(CyC) with i#j and
Cag=Cga are responsible for the “anti-crossing.” The val-
uesCy (i=A,B) are the total capacitances of the single dots
which are found by the summation over the geometrical ca-
pacitances of the whole dot syste@y denotes the interdot | :
capacitance. The matrist [ Cj/Cy—CigCj/(CxCl)] 0 % Vi (mV) ° =
(i#]) is dimensionless and describes the capacitative cou-
pling of the dotsA andB to the back gate, the top gates, and  F|G. 4. Charging diagram of the double-dot system, taken at
the leads. different temperatured =23 mK (upper ploj and 1.6 K (lower

For a DDS a conductance resonance is found when apiot). The gray-scale is given in the limits,j,=0 S (white) and
electron is tunneling throughoth dots The conditions for o,=3 S (black. The arrows mark two triple points and the
such a process are met, whenever three boundaries in tlralley between them. In the inset the complete temperature depen-
charging diagrantFig. 3) meet in a pointThese triple points dence of the points marked by the arrows is given in a double-
determine the gate voltages at which the DDS can be enlegarithmic representation.
ployed as a single-electron pumipNe can distinguish two

kinds of triple points, marked by a filled circl#®) and an 16 noneycomb pattern of Fig. 3 is found, formed by the
open circle ), which correspond to different transfer pro- coylomb blockade regions. The splitting of the triple points
cesses. The first proces®] is given by the following se- ¢4sed by the electrostatic interdot coupling appears as an
quence of transitions:n(x,ng) —(Na+1ne)—(Na.Ne+t1)  “anticrossing” of the resonance lines.
—(na,ng). This is marked by the counterclockwise path The mutual electrostatic influence can be identified by the
in the charging diagram and is illustrated in the upper insekteps found in the resonance lines which corresponds to a
of Fig. 3 as an electron sequentially tunneling from one leadixeqd charging process of one dot. This is best seen in the
to Ithe other. The eneTgy conditions folr these transitions argest resonance line of Fig. 2 arouNgg=—55 V, which
Efp(na.ng) +eVs=Egp(nat1ng) =Efp(nang+1). The  represents the charging of dat At certain positions, steps
second process () is characterized by the sequenceoccur resulting from the charging of d@. As dot B is
(nat+1ng+1)—(natlng)—(na,ngt+l)—(na+1ng+1),  charged with another electron, a sudden change in the elec-
marked by the clockwise path. This can be interpreted trostatic potential of dot A is induced, which shifts the reso-
as a sequential tunneling of a hole in a direction opposite tance conditionThus, dotA acts as an electrometer measur-
the electron, as is shown in the lower part of the inseqng the charging processes of d& The step size is
of Fig. 3. In this case the energy conditions for theproportional to the strength of the electrostatic interdot cou-
transitions areE,(na+1ng+1)—eVo=Efp(na+1Nng)  pling.
=EgpH(na,ng+1).1® From the energy conditions for both  The observation of the conductance resonances away
processes @ and O) it is found that the displacement from the triple points contradicts the model of a strictly se-
(dashed line betweea and h) of the two triple points is quential tunneling processee Fig. 2 The exchange of an
proportional to the interdot capacitanCg, . For electrostati- electron between the dots without altering the total number
cally decoupled dots, i.eG;4— 0, the triple points are at the of electrons in the system suggests the formation of a coher-
same position in the charging diagram. The electrostatic couent mode in the DDS. Similar to the symmetric and antisym-
pling lifts the degeneracy of these points and results in anetric wave functions in a double square-well potehtiat
splitting of the resonance conditions for different tunnelingthe covalent binding in a molecuté,the electron in this
processes through the DDS. mode cannot be localized in one of the dots. This coherent
In Fig. 2 the triple points are clearly seen together withmode extends in the region between the splitted triple points
the resonances marking the charging of dofrhe resonance (see pointe andh in Fig. 3).
corresponding to the charging of ddtis well pronounced in Since the temperature introduces a dephasing
the upper right part of the measured charging diagram. Thelechanisnt® thus destroying a coherent mode, we deter-
exchange of an electron between the detnditiony) oc-  mined the charging diagram as a function of the temperature.
curs without a charge transfer from one lead to the othern Fig. 4 the diagram is shown at low and high temperatures
thus, no conductance resonance is caused by this transitigit,=23 mK andT,=1.6 K). The encircled regions mark
alone(dotted line in Fig. 3. Extending the resonance lines, some of the conductance peaks split due to the Coulomb
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interaction between the dots. The positions marked by the In summary, we presented transport measurements of a
arrows refer to two triple points and to the transition regioncoupled DDS with two quantum dots of different size. The
between them, the so-called valley. In the inset of Fig. 4 theharging diagram of the DDS is determined by varying two
full temperature dependences of the valley of conductancgate voltages as external parameters. The triple points of this
and the two conductance triple points are given. As can bgiagram are associated with the sequential tunneling of an
seen, the valley has a high conductivity at low temperaturessjectron, respectively of a hole through the DDS. They de-
which saturates at temperatures below 100 mK, while ahote the voltages at which the device can be employed as a
higher temperatures its conductance is considerably morgngie-electron pump. The finite electrostatic coupling of the
suppressed than the triple points conductanceTALL.6 K yutq |eads to an “anticrossing” of the conductance reso-
the decrease in conductance in the valley is almost 75% Qi ces. The existence of a coherent tunneling mode in the

the low temperature \_/alue. This t_)ehavior i.S also found forDDS is indicated by the fast decrease of conductance with
other valleys. Assuming sequential tunneling, CondUCtanC%creasing temperature

resonances are expected revealing a temperature-dependent
broadening only, whereas the observed dradécreasein We would especially like to thank V. Fal'ko for valuable
conductance witlincreasingtemperature indicates the exist- and helpful discussions. We gratefully acknowledge discus-
ence of a coherent mode in the DDBhis delocalized mode sions with H. Pothier, F. Stern, and K. Richter. We would like
represents a molecular like state in the DD higher tem-  to thank Y. Kershaw for reading the manuscript. We ac-
peratures this state is dephased and only sequential tunnelikgowledge the technical support of A. Gollhardt, M. Riek, F.
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