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Correlated electron transport in coupled metal double dots
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The electrostatic interaction between two capacitively coupled, series-connected metal double dots
is studied at low temperatures. Experiment shows that when the Coulomb blockade is lifted, by
applying appropriate gate biases, in both double dots simultaneously, the conductance through each
double dot becomes significantly lower than when only one double dot is conducting a current. The
conductance lowering seen in interacting double dots is compared to that caused by an external ac
modulation applied to the double-dot gates. The results suggest that the conductance lowering in
each double dot is caused by a single-electron tunneling in the other double dot. Here, each double
dot responds to the instantaneous, rather than average, potentials on the other double dot. This leads
to correlated electron motion within the system, where the position of single electron in one double
dot controls the tunneling rate through the other double dot1998 American Institute of Physics.
[S0003-695(98)04445-3

In the last few years, much attention has been given t@nly one DD is in its transitional state, with the other DD
coupled Coulomb blockade systems; series and parallel comlectrons “locked” by Coulomb blockade. To study the ori-
nected metal and semiconductor systems were studied iin of this conductance reduction, we compare the conduc-
various aspectsCorrelated transport in capacitively coupled tance lowering observed for both DDs in the transitional
Coulomb blockade systems was studied recently botlstate to that caused by an exteraalmodulation applied to
theoretically and experimentally, but the discussion was the gates of one DD in the transitional state. The result sup-
limited to the second-ordécotunneling transport processes. ports the model that the conductance lowering for the DD in
Another example of a system utilizing correlated tunnelingthe transitional state is caused by the single-electron tunnel-
processes in coupled quantum dots is the basic cell dhg in the other DD. For noninteracting DDs, the conduc-
quantum-dot cellular automattQCA).* The basic cell of tance is limited by the tunneling rate of electrons through the
QCA consists of four dots situated at the corners of a rectbD, while in coupled DDs the tunneling rate is modified by
angle, and charged with two excess electrons. Due to thghe additional requirement that the excess electron on the
Coulomb repulsion, the electrons stay in the two possiblesther DD must be in the proper position before tunneling can
diagonal positions, which can be switched by applied inputake place. Thus, tunneling events in both DDs are strongly
signal. A functional QCA cell was first demonstrated in Ref. correlated and position of a single electron in one DD con-
5. More recently, the cell consisting of the two identical ca-trols the tunneling rate in the other DD. The most interesting
pacitively coupled double do@®Ds), was studied.In addi-  fact is that the conductance in one DD responds to the in-
tion to the possible applications, a QCA cell is an interestingstantaneous potential changes on the other DD. The fre-
model system allowing us to study interaction and correlaguency of that process is determined by the single-electron
tion effects of single electrons. In this letter, we report antunneling rate, and is greater than 20 MHz even at mil-
experimental study of correlated electron transport in a QCAjkelvin temperatures. On the contrary, the average potential
cell described by Amlanét al® cannot affect the tunneling in the other DD, since it is zero at

In contrast to previous work? which studied cotunnel-  the transitional statéThis shows that coupled quantum dots
ing in a similar system, in this letter, we Study the iﬂteractioncan respond to rap|d|y Changing input V0|tage5, which sug-
between DDs in the regime when single-electron tunnelinggests that the operating frequency of devices such as QCA
occurs in both DDs simultaneously. This is accomplished bytan be very high.
applying appropriate biases to the gates controlling the  Figure Xa) shows the scanning electron microscopy
charge state of the system, so that both of the DDs are in th&sEm) micrograph of the device; schematic diagram of the
transitional state. We define a transitional state for a DD as gevice and experimental setup is shown in Figp)1The
charge state where, if no source-drain bias is applied, agevice under study consists of two pairs of mesd) islands
excess electron bounces bet\{vgen dots, spending half of it§otg—D, D, and DD, connected in series by tunnel junc-
time on each of the dots. At finite temperature conductancgons, The DDs are electrostatically coupled to each other by
through the DD in this state is nonzero due to a contribution;apacitorsC,,. AIAIOX/Al tunnel junctions are fabricated on
to the conductance through excited states. We found that ¥ oxidized Si substrate using electron beam lithography and
both DDs are in the wransitional state the conductancpadow evaporatiohThe area of the junctions is about 50
through each DD becomes significantly lower than when, 50 nn?. Measurements were performed in a dilution re-

frigerator with a base temperature of 10 mK.
3E|ectronic mail: orlov.1@nd.edu Conductances of each DD were measured simulta-
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FIG. 2. Conductance through tH2;D, along Vg, for different charge
states ofD;D,: dashed line—f, ,n,); dotted line—f;+1, n,—1); solid
line—transitional state.

] + 6 Therefore, the region between each split peak forms a saddle
) point in G—V3;—V, space, which shows up as a conductance
V, (mv) ! .

peak alongVgag ON Fig. 1c). We use this peak as a marker,
FIG. 1. (&) SEM micrograph of the devicab) Schematic diagram of the ~Which corresponds to a border between states with different
device and experimentc) Contour plot of conductance through a double electron configurations. We will concentrate on the transition
dotD3D, as a function of gate voltagas; andV,; (nz,n,) is the number region between the two Charge Conﬁguration§ '(14) and
of excess electrons on dd; andD. (n3+1, n,—1). To set a DD in the transitional state, the
working point[V3,V9 in Fig. 1(c)] must be at the saddle

neously using standarak lock-in technique with 5uV ex- ~ point of a split peak, on the border between two charge con-
citation, and a magnetic fieldfd T applied to suppress the figurations €;,n;) and (+1, n;—1), wherei,j=1,2 and
superconductivity of Al. Capacitances of the circulg;( 3.4

~1.4%/mV, C.~0.9%/mV, C,~0.4%/mV) were deter- Each time an electron hops from one island of a DD to
m|ned from penods Of C0u|omb b|ockade OSC|”at|OnS andthe Other the electrostatic pOtentIal on the island IOS|ng the
|-V measurements.To suppress the effect of parasite electron becomes more positive and the potential on the is-
crosstalk capacitances between dots and nonadjacent gaté¥)d gaining that electron becomes more negative with re-
we used a charge cancellation technique described
elsewheré?

To understand the experiment, we need to look at the 1.0 fo----0_ 0.05
charging processes for one DD. By measuring the conduc- \ s I
tance through a DD as a function of the voltages applied to . " E 000
the DD gatesV; andV, (we will consider DDD3D,, but S B
D,D, is similan), we can determine the electron charge con- 08 N
figuration within the DD. A contour plot of the conductance \ +
throughD;D, as a function of gate voltages; andV, is I
shown in Fig. 1c). At low temperatures KT<E., where . Ve
E.~100uV is the charging energy dd;D,) current flows 06 L o
through a DD only at the settings of the gate voltages where ‘ A
the Coulomb blockade is lifted. Due to capacitive coupling -I'b
between dots each conductance peak splits in‘tizashed I
lines in Fig. 1c) delineate the regions where a particular
configurat_ion 63,n,) is the ground state, witm; and n, 0~40'60 : 0.;)5 . 0.|10 : 0.'15 o020
representing the number of excess electrons on [dgtand
D,, respectively:* An exchange of an electron between the Qoea (€)
two dots occurs along diagonal directidfy,g, while total ki, 3. Conductance peak height as a function of charge variation for DD
charge orD3;D, remains constant along this direction. D3Dy atVgiag=0, T=10 mK, f o= 335 Hz.V,,V, are set to lock electrons

As mentioned above, the conductance remains nonzer@ D,D, in the Coulomb blockade. Charge coordinate of the cross is the

: : : Khi : : theoretically calculated charge variation produced by a single electron tun-
in the midde of the Sp|lt peak at 50 hich we believe is neling from dotD, to D,. Insert: Potential onDj VS Vg solid line—

the actual electron temperature in our experimelte to a theory for 0 K, dashed line—theory for 50 mK, crosses show potential

contribution to the conductance through excited statesdifference extracted from the external modulation experiment.
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spect to ground. On average at the saddle point of a spléring observed in the experiment of Fig. 2. The observed
peak, the theoretically calculated excess occupation of eaatbnductance lowering was frequency independent up to 10
dot is 50% with a voltage phase difference of 180° betweerkHz (cutoff frequency of our experimental sejufhe posi-
them! In the transitional state, the potential on each dot as &on of the cross confirms that the conductance lowering oc-
function of time can be viewed as a series of voltagecurs due to the instantaneous potential variation caused by
“pulses” with amplitude 6V, corresponding to the pres- electrons tunneling through the other DD. The insert in Fig.
ence or absence of an electron. The “duty cycle” of these3 shows the theoretically calculated dot potential vekéyig,
pulses depends OWyi,g. FOr Viag=0, the duty cycle is 50%, at 0 K. The theoretical results are obtained by minimizing the
since an electron has an equal probability to be at either datlassical electrostatic energy for the array of islands and volt-
of DD. The frequency of the pulses is defined by single-age leads. Finite temperature smears the transition region,
electron tunneling rathkT/eZRj (whereRj~1 MQ) is the but for V,4=0, the instantaneous values of potential remain
resistance of a tunnel junctipmnd for T=50 mK is about the same, jumping between “high” and “low” levels, while
20 MHz. the average potential is zero. The crosses in the insert of Fig.
Therefore, this situation can be viewed as if the poten3 mark the amplitude of the normalized external modulation
tials on one DD act as a time varying effective gate voltagegt which the conductance peak height matches that observed
for the other DD. On the charging diagram in Figc)l the  in Fig. 2 and shows good agreement with theory. Therefore,
effect of such switching potential on the adjacent DD correthe external modulation experiment can be used to measure
sponds to the two settings of effective diagonal gate biaghe potential difference between the dots, and provides fur-
8V giag=£[(+ Vo) 2+ (— Vo) 21M2, where + 8V, is a  ther evidence that the conductance reduction is due to instan-
change of the electrostatic potential on the dot losing andianeous potential variations.
— 8V y4ot ON the dot gaining the electrove defineV gj,g=0 In summary, we report the observation of correlated
for V3=V3, V,=V9). In response to the instantaneous transport in the Coulomb coupled double dots. We found that
change of the potentiats 6V,g0n D1D;, the electron tun-  When single-electron tunneling takes place in both DDs si-
neling rate inD3D, reduces as evidenced by the reduction ofmultaneously the conductance through each of the interact-
conductance in Fig. (). In effect, a negative potential on ing DDs drops. We explain this conductance lowering by
dotD,, due to the presence of an electron, prevents anothélectrostatic interactions between DDs, where the conduc-
electron from tunneling ontd; until the first electron tance through each of the DDs is affected by instantaneous
moves toD,. As a result conductance &3D, drops com- changes of electrostatic potentials created by electrons tun-
pared to the case when charge@yD, is locked and poten- neling through the dots in the other DD. We confirm this by
tials onD, andD, are fixed, as seen in Fig. 2. At the samean experiment where square-wave modulation was applied
time, if conductance through one DD were affected by onlybetween the gates of DD to simulate potential changes
the average potential on the other DD, no conductance resaused by single-electron tunneling in the other DD, and find
duction is expected. Thus, according to the experiment oft good agreement with theoretical calculations. Our results
Fig. 2, transport of electrons through the system when botsuggest that coupled DD can respond to rapid changes of
DDs are in the transitional state becomes strongly correlatedyput voltages, implying very high operating frequencies of
with the probability for an electron to tunnel through one DD devices based on quantum dots, such as QCA.

dependent on the position of the excess electron on the other . .
DD. The effect of conductance reduction is observed in all This research was supported in part by DARPA, ONR

(Grant No. N00014-95-1-1166and NSF. The authors are
samples under studia total of three sampl@sThe correla- . . . :
. : rateful to W. Porod and J. Merz for stimulating discussions.
tion strength and conductance reduction depend on tempera-

ture and disappear &T~E,.’
At Viag=0, we can model the conductance modulation
caused by a single-electron switchingdRD, by applying a
- I 1 0
square-wave modulation with a 50% dUty CyCIe to the gateslL. P. Kouwenhoveret al, in Proceedings of the Advanced Study Institute

V3 _an_dV4. The applied signals must be out of phase by_ 180° 4, Mesoscopic Electron Transppgdited by L. L. Sohn, L. P. Kouwen-
to imitate the electron hop fror®, to D,. The potential hoven, and G. SchotKluwer, Dordrecht, 1991

difference produced by ,D, is 5V:VD1_VD27 and the 2D. V. Averin, A. N. Korotkov, and Yu. V. Nazarov, Phys. Rev. Lei,

. . 2818(1991).
ch_arge which affects thB3D, is thereforefsQ: oVC,. To 3p. Delsing, D. B. Haviland, and P. Davidsson, Czech. J. P#§s2359
mimic the same amount of charge variatiahQ= 6V,C, (1996.

=58V C,, a signal Of5Vg= 5VCc/Cg must be applied to the 4C. S. Lent, P. D. Tougaw, W. Porod, and G. H. Bernstein, Nanotechnol-

ogy 4, 49 (1993.
gates. Gate voltages @D, are set to lock electrons there 5. 0. Orlov, 1. Amlani, G. H. Bemstein, C. S. Lent, and G. L. Snider,

in Coulomb blockade to prevent any effectshigD, caused Science277, 928(1997.
by single-electron tunneling iB,D,. 61. Amlani, A. O. Orlov, G. L. Snider, C. S. Lent, and G. H. Bernstein,

We apply a square-wave differential modulation signal ,APP!- Phys. Lett.72, 2179(1998.
between the gatég; andV, with a frequency of 100—-10000 G. Toth and C. S. Lentunpublished
€ gatees 4 q Yy 8T, A. Fulton and G. H. Dolan, Phys. Rev. Lefi8, 109 (1987.

Hz, much lower than a single-electron tunneling rate. The®°c. Livermore, C. H. Crouch, R. M. Westervelt, K. L. Campman, and A. C.
result of this gate modulation experiment is shown on the Gossard, Scienc20, 1332(1996.

: 10G. L. Snider, A. O. Orlov, I. Amlani, G. H. Bernstein, C. S. Lent, J. L.
Fig. 3 V\./here the conductance of .t®3D4 meas.;ured at Merz, and W. Porod, Solid-State Electr@t2, 1355(1998.
Viag=0 Is plotted versus the amplitude of applied chargeuy poier, p. Lafarge, P. F. Orfila, C. Urbina, D. Esteve, and M. H.
modulation. The cross in Fig. 3 marks the conductance low- Devoret, Physica 69, 573 (1992).

Downloaded 29 Dec 2004 to 129.74.250.197. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



