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Coulomb blockade by electron-hole pairs in coupled single-electron transistors
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~Received 21 April 2000!

We have theoretically investigated parallel coupled single-electron transistors~SET’s! at strong coupling.
We have found that the Coulomb diamond of the coupled SET’s fragments into subdomains—triangular
strips—which can be labeled by the number of electron-hole pairs and whose number increases as the coupling
strengthens. The Coulomb blockading electron-hole pairs lead to the appearance of satellite Coulomb blockade
oscillations in the expanded insulating region.
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Recently, much attention has been given to series
parallel coupled metal and semiconducting systems wh
exhibit the Coulomb blockade~CB! effect. Numerous studie
on the series coupled systems have focused on the role o
dot-to-dot coupling on the electronic and transport proper
of the systems.1 On the other hand, in most of the studi
involving the parallel coupled systems, one of two para
circuits served as an electrometer to detect the pote
changes of the other device circuit, and for that purpo
weak coupling was considered.2–5 There have been, how
ever, a few interesting studies on the parallel coupled s
tems with strong coupling; the exciton transport in the Co
lomb blockade regime was investigated theoretically6 and
experimentally7 in strongly coupled parallel arrays, and th
interaction between two pairs of double dots were inve
gated with both of the parallel arrays in the conducting sta8

The system we consider in this work is parallel coup
single-electron transistors at strong coupling. For weak c
pling, the transport characteristics of the coupled SET’s
the same as those of the single SET, with the stability d
gram exhibiting usual Coulomb diamonds. When the c
pling becomes sufficiently strong, however, electron-h
binding becomes important as in the case of the str
coupled arrays considered in Refs. 6 and 7, but in contra
the previous works carried out in the cotunneling-dominat
CB regime, we studye-h binding in the sequential
tunneling-dominating conducting regime and the depende
of the number of thee-h pairs on the charges induced by
side gate. The major findings in this work are that the C
lomb diamonds in the conducting regime break up intofine
internal structuresat strong coupling, and that, although th
cotunneling processes are much less frequent, they non
less play a crucial role.

The coupled SET’s comprise two metallic islands.
each island separate electrodes of source, drain, and ga
attached~see Fig. 1! and the two islands are capacitive
coupled with capacitanceCa . For simplicity, we assume tha
the four tunnel junctions in the system are identical w
capacitancesC and resistancesR. Only the lower SET of the
coupled SET’s is active. Namely, we apply the symme
bias voltageV and the gate voltageVg to the lower SET, but
ground all the electrodes of the upper SET.~The upper gate
is omitted in the figure. In the following, we neverthele
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assume that it is attached to island 2, but inclusion of
upper gate is onlya matter of formalityto avoid unnecessary
complications.!

At zero gate voltage, the potentialsf1 andf2 of islands 1
and 2, respectively, are given by

f152c0@n11Can2 /~Ca12!#, ~1!

f252c0@n21Can1 /~Ca12!#, ~2!

where

c05~Ca12!/4~Ca11! ~3!

andn1 andn2 are the net charges on islands 1 and 2, resp
tively. Capacitance and potential were scaled by the u
C̃5C1Cg/2 andṼ5e/C̃, respectively. The electrostatic en
ergy E(n1 ,n2) for a charge configuration (n1 ,n2) is then

E~n1 ,n2!5c0~n1
21n2

2!/21Can1n2/4~Ca11!. ~4!

To account for the lower gate at voltageVg , we simply
rewrite the above equations by replacingn1 with n11Qg
whereQg[2CgVg .

The electrostatic energy is minimized whenn252n1
5n, that is, the system prefers to form thee-h pairs on
islands 1 and 2. If we consider the sequential tunneling o
~see below the effect of cotunneling!, the mechanism for this
pair formation is transfer of a charge to island 1, followed
attraction of a charge with opposite sign to island 2 by
Coulomb interaction. But if the charging energy for the a
dition of the charge on island 2@the first term of Eq.~4!# is
greater than the Coulomb-energy drop by the formation o

FIG. 1. Parallel coupled single-electron transistors. The do
lines represent tunnel junctions.
9951 ©2000 The American Physical Society
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e-h pair @the second term of Eq.~4!#, it would not be at-
tracted to island 2. Then, from the condition thatDE5E
(21,1)2E(21,0),0, we obtainCa>2 for thee-h forma-
tion. ~Note that, since the upper SET is zero-biased,DE
5DF for the addition of charges to island 2, whereDF is the
free energy change.! In fact, for Ca<2, the upper SET in-
significantly influences the lower SET and the stability d
gram of the lower SET resembles that of a single SET@see
Fig. 2~a!#.

For strong coupling, or forCa>2, electrons or holes ar
attracted to island 2 and, depending on the bias voltageV and
the gate chargeQg , they either are trapped there, or fluctua
with a certain mean value. Whenn charges are trapped o
island 2, two possibilities arise in the lower SET: eith
2n charges are trapped on island 1, thereby producinge-h
pairs withn charges on island 2, or the tunneling proces
2n→2n21→2n occur incessantly. Let us call the regio
where the former case holds regionA and the latter regionB.
Specifically, in regionA, the free energyF(2n,n),F(2n
71,n) and F(2n,n),F(2n,n61) holds, so the charge
configuration (2n,n) is a local minimum in the free energ
space and thusstationary. Consequently, the lower SET i
insulating in regionA. In region B, F(2n,n),F(2n,n
61), butF(2n,n).F(2n21,n) for tunneling over the left
junction andF(2n21,n).F(2n,n) for tunneling over the
right junction. Therefore the lower SET is conducting wi
the tunneling processes2n→2n21→2n. @But F(2n
21,n),F(2n21,n61) holds, so then charges on island 2
remain trapped.#

As shown in Figs. 2~b! and 2~c!, regionsA andB occupy
areas of the previously conducting diamonds@shaded dia-
monds in Fig. 2~a!#. The remaining regions of the previous
conducting diamonds are denoted as regionC in the figures.
In regionC, the charges on island 2 fluctuate with a certa
mean value. RegionC is comparable to regionA: In region
A, the charge configurations (2n,n) are stationary, but in
regionC, they fluctuate with (̂n1&,^n2&)'(2n,n).

If we index the areas ofA, B, and C by n ~in fact, by

FIG. 2. In ~a!, the Coulomb diamonds forCa,2 are shown.
The conducting diamonds that are fragmented at stronger coup
are shaded.~b! and~c! are the stability diagrams forCa520 and 40,
respectively. In~b!, the strips with stable states (2n,n) are marked
with the corresponding numbern, and in~c!, dotted lines delimit the
three regions mentioned in the text.~d! is the stability diagram in
the limit of strong coupling, where the reduced conducting d
monds are shaded.
-
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^n2&'n for C), we obtain nested triangular structures
shown in Figs. 2~b! and 2~c!.9 There is an equal number o
triangular strips in the left and right sides of the diamo
separated by a medial vertical strip. For the left part,
outermost strip hasn51, andn increases by one as eac
strip is crossed inward. For the right part, we start w
n521 for the outermost strip, andn decreases one by on
toward the innermost strip. The vertical strip at the center
the diamond corresponds to the state withn50. See
Fig. 2~b! where the strips are marked with correspondingn.

The boundaries of the nested triangular structures w
drawn by the three sets of lines:

f 1~V,Qg ;n!5V2n/~Ca11!2~122Qg!c0 , ~5!

f 2~V,Qg ;n!5V1n/~Ca11!2~112Qg!c0 , ~6!

f 3~V,Qg ;n!5Qg12n/Ca21/221/Ca , ~7!

which we obtain by considering the following six tunnelin
processes starting with the configuration (2n,n). The free
energy changes,DFl ,r

6 , for the single-electron tunneling pro
cesses over the left (l ) or right (r ) junction of the lower SET
through which the number of electrons in island 1 chan
by 61, are given by

DFl
657~Qg22n!c01~c07n7V!/2, ~8!

DFr
657~Qg22n!c01~c07n6V!/2. ~9!

And the free energy changesD f 6 for the tunneling processe
over the tunnel junctions of the upper SET are

D f 656~Qg22n!c01~c07Qg6n!/2. ~10!

A remarkable feature in the stability diagrams at strong c
pling is that the number ofe-h pairs constituting the station
ary configurations strongly depends on the gate chargeQg .
At Qg50 and 1/2, noe-h pair can be formed, but at aroun
Qg51/4 and 3/4, the maximal number ofe-h pairs can be
formed atV5c0. Given Ca , the maximal number ofe-h
pairs or the numberns of the triangular strips in each half o
the fragmented conducting diamond is given by

ns5 b~Ca12!2/8~Ca11!c' bCa/8c for Ca@1,
~11!

where bxc is the greatest integer not exceedingx. Therefore
the conducting diamonds are more fragmented at stron
coupling, which is illustrated in Figs. 2~b! and 2~c!. Only the
conducting Coulomb diamonds@shaded ones in Fig. 2~a!# are
divided into subdomains, while others remain intact.

One of the key results in this paper is the conversion
the previously conducting region to an insulating region~re-
gion A) by the formation ofe-h pairs. In the limit of very
strong coupling, the insulating regions of the coupled SE
are thus expanded and take on a hexagonal shape, and
consequence, the conducting diamonds are shrunk.
Fig. 2~d!. Note that the conducting diamonds in the limit
Ca→` are shrunk by the ratio of 1/4 compared to those
Ca50.

We have calculated the currentI 1 through the lower SET
by solving the master equations10 with cotunneling processe
included, using the approximation by Jensen and Martini11
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Figure 3 shows theQg-I 1 characteristics forCa51(a),
5(b),10(c),20(d),40(e), and 60(f ). The bias voltages are
fixed at V5c0 and temperatureT/T̃50.001 where T̃

5e2/kBC̃. First, note the gradual shrinkage of the condu
ing region as Ca increases, from@0,1# for Ca,2 to
@1/4,3/4# for Ca@1, which accords with the stability dia
grams of Fig. 2. Second, as the key feature of theQg-I 1
characteristics, satellite oscillations are seen in the ‘tail’
gions of @0,1/4# and @3/4,1#, which correspond to regionA
of the stability diagram. The property of the oscillations
exactly the same as that of the CB oscillations of the us
SET. Namely, regionA consists of multiple insulating phase
labeled by the number of Coulomb-blockinge-h pairs, and
the oscillation peak arises during each transition from o
insulating phase to another, whereby the number ofe-h pairs
increases or decreases by one. Therefore, the number o
cillations, that equals tons of Eq. ~11!, increases asCa in-
creases.

Thee-h CB oscillations are best seen at the bias voltagV
close toc0. Our numerical simulations indicated that ifV
&3/4c0, the oscillation amplitudes become so small co
pared to the background quantum fluctuations that the o
lations are hardly observed. Similar oscillations can also
seen in regionC ~by the similar argument applied for regio
A), although the oscillations are quickly blurred by the bac
ground currents asV is increased fromc0.

Third, in the central region (1/4<Qg<3/4) of Fig. 3, the
currents show discrete jumps. Recall that in regionB of the
stability diagram to which the central region belongs,n
charges are trapped on the upper island while the lower S
is conducting. From the viewpoint of the lower SET, t
presence ofn charges on the upper island is formally th
same as ifqu charges were induced on the lower island
the upper island charges, wherequ(n)5Can/(Ca12).
Therefore, ifn changes by 1, the effectively induced char
qu changes discretely byCa /(Ca12), and so the currentI 1
jumps abruptly. See Fig. 4. Sincen changes fromns to
2ns in regionB of the stability diagram, there exist 2ns such
jumps forV5c0. Clear jumps are observed in the entire ar
of regionB of Figs. 2~b! and 2~c!.

FIG. 3. Qg-I 1 characteristics forCa51(a),5(b),10(c),20(d),
40(e), and 60(f ). For clearer view, each curve is offset by 0.0
from the one immediately below it.@The curve~f! has no offset.#
The bias voltageV was fixed atc0, and the resistanceR5106 V

andT/T̃50.001. The unit of current ise/RC̃.
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Our numerical simulations suggest that the above m
tionede-h CB oscillations and current jumps are observed
the range accessible by experiments:R*105 V, T&10 mK
for C̃;0.1 fF and 5&Ca /C̃&50. And, although we applied
symmetric biases to the lower SET and grounded the up
SET for convenience, we note that the physics should be
same independently of the detailed way of biasing the s
tem, as long as thee-h pairs can be formed as described
this work.

Let us now discuss the role of cotunneling in the hexa
nal insulating region of the stability diagram.~In other re-
gions, it simply acts as the usual background fluctuation!
The insulating region is represented by the configurati
n0[(2n0 ,n0), where

n05 b~Ca11!V2~Ca12!~122Qg!/4c ~12!

if V>(122Qg)c0, and n050 otherwise. Recall thatn0 is
the stationaryconfiguration satisfyingF(2n0 ,n0),F(2n0
71,n0) andF(2n0 ,n0),F(2n0 ,n061), and it is not nec-
essarily the free-energy minimum. The relevant free-ene
minimum isn15(2n1,n1), where

n15 b~Ca11!V/21Qg/2c, ~13!

which is obtained by minimizing the free energ
F1(2n,n)5E(2n,n)2nV/2. Thatn1 differs from n0(n1

>n0) implies the metastability of the configurationn0. The
fluctuations, which are caused by the thermally activated
quential tunneling or by theforward cotunneling that would
bring the system fromn0 toward n1, would quickly move
the system out of its local minimumn0 and settle it at the
more stable pointn1, and the stability diagrams which wer
drawn based onn0 would collapse. However, on the pat
between n0 and n1, the backward cotunneling process
@which promotes (2n,n)→(2n11,n21)# is dominant: its
free energy change,

DFC
2~n,Qg!5@~12Qg!/21n#/~Ca11!2V/2, ~14!

is much lower thanDFC
1(n,Qg)@5DFC

2(2n,2Qg)# of the
forward cotunneling process, and its rate is much grea

FIG. 4. Central region forCa540 at T50 ~solid line!. The
dotted lines representQg-I 1 curves of the equivalent SET with ef
fectively induced chargesqu(n) on island 1 wheren50(a),1(b),
2(c),3(d), and 4(e). The points where jump occurs are marked
arrows.
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than the thermally activated sequential tunneling rate at r
tively low temperatures@;exp(2DFS/kBT), where DFS
(.0) is free-energy change of relevant sequential tunn
ings#. Therefore, the backward cotunneling process preve
the system from drifting ton1 by pulling the system back to
n0. In short, bythe combined effectof thermal and quantum
fluctuations, the system fluctuates back and forth withn0 its
midpoint. Our numerical simulations confirmed the resto
tion of the stability diagram by the quantum fluctuations
relatively low temperatures.

In conclusion, the Coulomb diamond of the coupl
SET’s at strong coupling fragments into subdomains wh
can be labeled by the number ofe-h pairs. As a conse-
quence, the insulating regions considerably expand and
the shape of hexagons. In the expanded insulating reg
,
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e-h pairs Coulomb-blockade the system, resulting in satel
Coulomb-blockade oscillations in a gate voltage sweep
the shrunken conducting region, the current jumps are
served. In this paper, the coupling between SET’s is pur
capacitive, but the case where there is a resistor in par
would be also interesting because the process of breakup
restoration of thee-h pairs—which should be subject to th
magnitude of the junction resistance—is expected to t
place.
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