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Single-electron transistors in electromagnetic environments
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The current—voltagel V) characteristics of single-electron transist¢8ET9 have been measured in
various electromagnetic environments. Some SETs were biased with one-dimensional arrays of dc supercon-
ducting quantum interference devid&QUIDS. The purpose was to provide the SETs with a magnetic-field-
tunable environment in the superconducting state, and a high-impedance environment in the normal state. The
comparison of SETs with SQUID arrays and those without arrays in the normal state confirmed that the
effective charging energy of SETs in the normal state becomes larger in the high-impedance environment, as
expected theoretically. In SETs with SQUID arrays in the superconducting state, as the zero-bias resistance of
the SQUID arrays was increased to be much larger than the quantum resiRigabée’~26 kQ, a sharp
Coulomb blockade was induced, and the current modulation by the gate-induced charge was changed from
periodic to 2 periodic at a bias point @|V|<2A,/e, whereA, is the superconducting energy gap. The
author discusses the Coulomb blockade and its dependence on the gate-induced charge in terms of the single
Josephson junction with gate-tunable junction capacitance.
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. INTRODUCTION low-impedance environment, where [R¢w)] was much
smaller than the quantum resistanceﬁzQEh/(Ze)2
The single-electron transistdSET), which consists of ~6.5 k) for Cooper pairs an®=h/e?~26 k() for quasi-
two small-capacitance tunnel junctions in series and a gatparticles. In order to obtain higher R )], thin-film
electrode, is an important example of the single-electronresistor$® can be used for the on-chip leads. A supercon-
tunneling circuit. Although the SET is more complex thanducting SET was biased witk-50 k) Cr resistors, and a
the single junction, the SET has an advantage over the singl€oulomb blockade was observed in theV curve® Similar
junction in that the single-electron charging effects typifiedresistors (2—20®) were also employed for the study of
by “Coulomb blockade” are easily observed in the SET. As Cooper-pair cotunneling in superconducting SE*A . draw-
a result, the SET can be used, e.g., as an electrometer with @ack of these thin-film resistors is that the resistance is not
extremely high sensitivityge/ﬁ (e.g., Ref. 1. When the  tunable, i.e., the same SET cannot be measured in different
electrodes of the tunnel junctions in the SET are in the suenvironments. A tunable environment has been realized by
perconducting state, the SET is also important from thecapacitively coupling a two-dimensional electron gas to a
viewpoint of quantum computing; the first one-quantum-bitSET*?12 In the work presented here, a simpler method is
operation in solid-state electronic devices was demonstratesinployed to create tunable environments for superconduct-
in a circuit with small-capacitance Josephson tunnel juncing SETSs.
tions, and the state of the quantum bit was read out by mea- We use one-dimensionélD) arrays of dc superconduct-
suring the Josephson-quasipartiCcl®P current of a super- ing quantum interference devicéSQUIDS for the on-chip
conducting SET.The supercurrent of superconducting SETsleads!** which can be fabricated simultaneously with su-
has also been studied extensivél@ne expects that the su- perconducting SETs. The SQUID configuration enables us to
percurrent is 2 periodic in the gate-induced charge. In many vary in situ the effective impedance of the arrays by applying
experiments, however, a period efhas been seen, which a weak external magnetic field—10 mT perpendicular to
suggests the existence of subgap quasiparticle States, the SQUID loop. The superconducting SET in our samples,
“quasiparticle poisoning.” The periodicity of the current was on the other hand, does not have a SQUID configuration, and
also discussed at finite voltageé€ The periodicity depends therefore its parameters are practically independent of the
strongly on how the leads connected to the sample arexternal magnetic field. The zero-bias resistance of SQUID
filtered? so that the “quasiparticle poisoning” would be arrays at low temperatures can be controlled over several
viewed as an environmental effect. orders of magnitudé¢e.g., Fig. 13 of Ref. 15 and SQUID
Theoretically! the details of single-electron charging ef- arrays are especially suitable for achieving a high-impedance
fects in SETs depend on the impedance of the electromagnvironment. In fact, distinct Coulomb blockade was ob-
netic environmentZ(w), both in the normal state and in the served in single Josephson junctions by biasing with SQUID
superconducting state. It is predicted that agZRe)] is  arrays:* When the sample is driven to the normal state, the
increased, the voltage scale of the Coulomb blockade in tharray leads are no longer tunable, but the resistance can be
normal-state current—voltagé-{V) characteristics becomes much larger tharRx . Hence, it is still possible to study the
larger, and in the superconducting state, the supercurrent environmental effects on SETs by comparing the samples
replaced by the Coulomb blockade. The experinefiten  with and without array leads. In this paper, the environmental
superconducting SETs mentioned above were done in theffects on SETs is discussed both in the normal state and in
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TABLE I. List of the samplesR,, is the normal-state resistance
of the single-electron transistar, is the normal-state resistance per
junction pair of the SQUID-array leads, a@}, is the capacitance
between the island electrode and the gate electrode. Samples 1b, 2b,
and 3b do not have SQUID arrays in the leads.

Sample R, (kQ) r; (kQ) Cq (ap
la 82 e 6.0
1b 102 5.6 6.0
2a 57 cee 4.8
2b 85 4.1 4.9
3a 17 S 4.8
3b 23 1.4 4.8

the order of 1-10 mT were applied by means of a supercon-
ducting solenoid. In this magnetic-field range, the tempera-
ture error of ruthenium—oxide thermometers due to magne-
FIG. 1. (Color online A scanning electron micrograph of an toresistance is negligibly smale.g., a typical value of the
Al/AI ,05/Al single-electron transistofSET) with SQUID-array  error atT=0.05 K is less than 0.194° The samples were
leads. An equivalent circuit for the SET is shown in the top left placed inside a copper can which was thermally connected to
corner. the mixing chamber. Because there was no low-temperature
filtering, we inserted low-pass filters between the cables con-
the superconducting state. An emphasis is placed on the cagected to the cryostat and the measurement circuit.
of a high-impedance environment, which has not been thor- Thel-V curve of the SET was measured in a four-point
oughly experimentally studied. configuration(see Fig. 1 The bias was applied through one-
pair of leads, and the potential difference was measured
through the other pair of leads with a differential voltage
amplifier (DL Instruments, 1201>1 G() input impedancke
A. Fabrication of small-capacitance tunnel junctions The current was measured with a current amplifl@t In-

The tunnel junctions (Al/AIO;/Al) were fabricated on a struments, 12])_1The_SQUID arrays could be measured in a
two-point configuration(same current and voltage leads

SIO,/Si substrate with Au/Ni bonding. pads. We employed 8When we measure the arrays on the same side of the SET
process based on electron-beam lithography and doubl?é_g_ I+ andV+ in Fig. 1), current does not flow through

angle shadow evaporation, which is similar to the one defhe SET, and the series resistance of two arrays is obtained.

scribed in Ref. 15. The evaporation of Al was done at an ratel_ . ; o ; : .
. . he zero-bias resistance measured in this configuration will
of 0.1-0.2 nm/s in a vacuum system with the base pressure

of <10 8 Pa. During the evaporation, the pressure wasbe discussed in Sec. Il C.
usually (2—4)x10 ¢ Pa. The A}O; tunnel barrier was
formed by exposing the base Al layer to 1-20 Pa off@r
0.5—-2 min. before the deposition of the top Al layer. The ] ) ) ]
thickness of the barrier determines the normal-state resis- [N this work, we measured the three pairs of SETs listed in
tance of the junction per unit junction area. The normal-statdable 1. Each paife.g., samples l1a and jitvas fabricated
resistance is a key parameter of the sample, and will be digimultaneously on the same chip. One SET has SQUID-array
cussed in Sec. Il C. leads withN= 65 junction pairs in each array, while the other
Figure 1 shows a scanning electron micrograph of aSET has no SQUID-array leadbl0). For all the samples,
sample. The SET is biased with two pairs of leads enablinghe junction area was designed to be QL1 um? in the

four-point measurements. A part of each lead close to th&ET and 0.%0.1 um? in the SQUID arrays.
SET consists of a 1D array of dc SQUIDs. The uniformity of the SQUID arrays could be estimated

by measuring the normal-state resistance in all two-point
configurationg(six in total). In some configurations, current
flows through the SET and thus the normal-state resistance
The samples were measured inHe—*He dilution re- R, of the SET has to be subtracted from the measured resis-
frigerator (Oxford Instruments, Kelvinox 400mainly atT ~ tance in order to obtain the series resistance of two arrays.
=0.02-0.6 K, and the normal-state resistance was detefor our samples, the results of the two-point measurements
mined atT=1.8-4.5 K.(Note that the superconducting tran- agreed with one another within 3%—-4%. By averaging all
sition temperature of Al is 1.2 KThe temperature was cal- the results, the normal-state resistan¢@er junction pair of
culated from the resistance of a ruthenium—oxidethe arrays is calculated, and shown in Table I. If the tunnel-
thermometer fixed to the mixing chamber. Magnetic fields orbarrier thickness is identical for all junctions on the same

II. EXPERIMENT

C. Characterization of the samples

B. Measurement at low temperatures
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FIG. 2. (Color onling Zero-bias resistance of two SQUID-array NG the electromagnetic environment of the SET. | also as-
leads connected in series on the same side of the SET vs exterrigf!Me€ that the SET is in a high-impedance environment when
magnetic field for sample 2b dt=0.02, 0.3, and 0.6 K. Ro>Rx . As for the samples without SQUID arrays, the re-

sistance of the leads is always much smaller tRan and
chip, one would expecR,/r/~12 from the junction area. the SET is in a low-impedance environment. The Josephson
From Table |, the ratio is 16—21, which is the correct orderenergy in the SET is calculated in a similar way, but note that
of magnitude. it does not oscillate as a function Bfbecause the junctions
From the normal-state resistance, | calculate the Josepli? the SET do not have a SQUID configuration.
son energy, which is an important parameter of the samples. Another important parameter is the charging energy,

For example, the maximum Josephson endfgy between ~ Which is inversely proportional to the capacitance of the
adjacent islands in the SQUID arrays is given by thelunction. The capacitance can be estimated from the junction

Ambegaokar-Baratoff formula, area with a specific capacitance on the order GffEDum?.
In our samples, the junction area is much larger, or the charg-
hA, ing effect is much weaker, in the SQUID arrays than in the
Ejo= (1) SET. In the normal state, for example, theV curve of the

2.1
8er, SQUID arrays is almost lineddata not shown, similar to the
whereA is the superconducting energy gap@.2 meV for ~ bottom curve in Fig. 3 of Ref. J%ven when the SET shows

ES = Efuo

Al). Because of the SQUID configuration, the effective Jo-a well developed Coulomb blockade like in Figbh which
sephson energl} in the arrays is modulated periodically by Would be favorable when the arrays are used as leads.
applying an external magnetic fieB perpendicular to the ~ The capacitanc€, between the island electrode and the
SQUID loop, gate electrode is determined by the period of the gate modu-
lation in the normal state. An example is shown in Fig. 3.
BA Though the design of the SET is the same for all the samples,
COS( W@To) ' ) the values ofCy in Table | are divided into two groups: 6 aF
for samples 1a and 1b, ard5 aF for the others. The reason
SO |Ong asB iS Sufﬁciently Sma”er than the Critical f|e|d, Cou|d be that we used two SiQB| Wafers Whose thickne$s
where®,=h/2e=2x10""> Wh is the superconducting flux of the SiQ, layer is different, and that we fabricated samples
quantum, andA is the effective area of the SQUID loop, 13 and 1b on one wafet#0.2 xm) and samples 2a—3b on
which is 0.7<0.2 um? in our samples. Equatiof2) is akey  the other {=0.5 um).
to understand Fig. 2, which shows that the zero-bias resis-
tanceR}, of two SQUID arrays in series oscillates as a func-

tion of B until .B becomes comparable to the critical field. IIl. RESULTS AND DISCUSSION
Note that the first peak appearsBat7 mT, where the nor-
malized flux BA/®, is 0.5 for our samples withA A. Single-electron transistors in the normal state

=0.14 4. In Ref. 17, the SQUID array was modeled as a At T=0, thel -V curve of the SET in the normal state is
network of capacitors and inductors, and the real part of th@xpected to have a region whete-0. Such a region is
array impedance was shown to be proportional tgEl/ at  called a “Coulomb gap,” and depends not only on the gate
low enough frequencies. A8=60 mT in Fig. 2, the super- voltage V, but also on the electromagnetic environmént.
conductivity is suppressed, aiR} takes a value comparable The circuit considered in the thedrys shown in Fig. 4,

to 2Nr,. The small temperature dependence in thiswhereC; andR;(i=1,2) are the capacitance and the tunnel
magnetic-field regime is due to the single-electron chargingesistance, respectively, for thth junction, andZ(w) is the
effect. In general, thé—V curve of SQUID arrays is nonlin- impedance of the electromagnetic environment. The theory
ear(e.g., Fig. 3 of Ref. 1§ and therefore, SQUID arrays are assumes tha®, >Rk andR;>Rdq Z(w)]. In Fig. 4, the gate
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FIG. 4. (Color onling Double-junction system connected to a Voltage Voltage
voltage sourcé/s via electromagnetic environmed{ w). ] o )
FIG. 6. (Color online Current—voltage characteristics of single-
is not drawn explicitly because Whé?L]>Cg which is the  €lectron transistors in the normal state(@ low-impedance envi-

case in our samples, the influence of the gate can be includégnment for sample 1a and itb) high-impedance environment
in the effective island charge for sample 1b. The current and the voltage are in unite/¢R;

+R,)(C,+C,) ande/(C,+C,), respectively. The solid circles are

g=ne+CgyVy+Qo, 3 experimental data aB=0.1 T and T=0.02 K, whereR;+R,
) ) ) =R, andC;+C,=1 fF are employed. The solitlashed curves
wheren is an integer an@, is the background charge. are the theoretical prediction faT/Ec=0.1(0.3), R, /R,=1.0,

In the theory, the drift ofQ, is not considered, and thus andcC,/C,=1.0. The uppeflower) data sets are fogq=0.5 (0.0).
for simplicity, Q=0 in Eq.(3). In the experiment, however, The origin of the current axis is offset for each curve for clarity.
the drift often becomes a problem. In samples 1a, 1b, 3a, and . . . .
3b, the drift was usually<0.1e/day, which is negligible for 1 Ne 9ap vanishes in the low-impedance environment, but
the discussion in this paper. In samples 2a and 2b, on thgHVIVes 1N 'the high-impedance environment. These _theoret-
other hand, the drift was not slow enough &/ hour) com- ical predictions have been confirmed in our experiments.

pared to the time needed to measure hundreds-éfcurves Figure 6 shows the normal-staleV curves at'l_'=0.02 K
at different values o¥/, in our experimental setup. Thus, for for samples 1a and 1b. We drove the samples into the normal

samples 2a and 2b, we mainly measures V. keeping the state by applying a magnetic field of 0.1 T perpendicular to
sourge voltage/, constant y g ping the substrate. In the normal state, the SQUID arrays of
S " r__ —

Figure 5 shows the theoretical Coulomb gap on theS@mple 1bhav&,=1.4 MQ>Ry atT=0.02 K, and thus, |
V, -V, plane for Z(w)=0 (low-impedance environment &SSume that the SET in sample 1b is in a high-impedance
agd for RéZ(w)]> Ry (high-impedance environmentrhe environment. The SET in sample 1a, on the other hand, is in
Coulomb gap is perigdic iV for both the cases. However 2 low-impedance environment because it is not biased with
the magnitude of the gap ?s different, and e.g.VgE0, the arrays. In _the_lower _data sau%_0.0), the size of the_
+e/Cy, +2€/Cy, ..., the gap in théigh-impedance en- C.oulomb gap in F|gl. @) is about twice as large as that in
vironment is about twice as large as that in the low-F9- 6@. Moreover, in the upper data s&j£0.5), thel -V
impedance environment. It is important to note a qualitativecUve in Fig. &a) is linear, i.e., no Coulomb gap, while the

: curve in Fig. &b) still shows a considerable nonlinearity.
difference atVy=+0.5/Cy, +1.5/Cy, *2.5/Cy, . .. . 9. 6b) y
| have also calculated the-V curves based on the theory

assuming?; +R,=R,,. For the lower data set in Fig(l§), a
(a) (b) perfect agreement is obtained witR;/R,=1.0, C,/C,
=1.0, C;+Cy=11F, and kgT/Ec=0.1 (T=0.09 K),
where Ec=€%/2(C,+C,). These parameters are employed
for all the solid curves in Fig. 6. The solid curve does not
always reproduce the experimental data very well, but | nev-
ertheless conclude that our experiments have demonstrated
the environmental effects predicted by the theory. | empha-
size that the solid curves are calculated with the same set of
parameters, and the discrepancy is reduced if the parameters
are adjusted for the calculation for each data set. The dashed
curves for the lower data set of Fig(a and for the upper

FIG. 5. The theoretical region of zero currenffat 0 (Coulomb ~ data set of Fig. @), which agree better with the experimen-
gap for single-electron transistors with,/C,=1.5 in(a) the low-  tal data, are obtained by raising the temperature in the calcu-
impedance environment and i) the high-impedance environ- lation to kgT/Ec=0.3 (T=0.28 K), keeping the other pa-
ment. The source voltagé, is in units ofe/(C,+C,) and the gate rameters constant.
voltageVy is in units ofe/Cy. At finite temperatures, nonzero current flows even within

1

<o
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FIG. 7. (Color onling Offset voltage defined in Eq4) as an = 0}
estimate of the Coulomb gap féa) sample 1a angb) sample 1b. ~
The broken lines are the theoretical predictions fay low-
impedance environment arft) high-impedance environment. The oL
units of the axes are the same as in Fig. 5, and the param@ters,
R,, C4, andC,, are the same as in Fig. 6.
the Coulomb gap. Therefore, it is not straightforward to de- -80 |-
termine the Coulomb gap from the experiment. As an esti-
mate of the Coulomb gap, | have calculated the offset volt-
ageV by fitting _10 L 1L i
|0C(V—Voﬁ) (4) | IR RS | R RS |
-0.3 0.0 0.3 -0.3 0.0 0.3

to the data in the high-bias regimlez —0.3¢/(R;+R,)(C,
+C,) for Vx>0 and1=<0.3e/(R;+Ry)(C,+Cy) for Vg
<0. The results for samples 1a and 1b are plotted in Fig. 7 k|G, 8. (Color onling Sets of the current—voltage curves of the
together with the theoretical predictions for the low- same superconducting SESample 1bin different environments:
impedance environment and high-impedance environmentg) R,=0.2 MQ (B=0), and (b) R,=0.3 G (B=6.8mT),
respectively. Here, | used the same parameters as in Fig. @here R, is the zero-bias resistance of two SQUID-array leads
The experimental/ 4 is consistent with the theoretical pre- connected in series. Both i@ and (b), from bottom to top, the
diction. normalized gate-induced chargeC4Vy+Qo)/e increases from

In fact, one of the assumptions in the theory for the high-—2.0 to+2.0 in steps of 0.5. The origin of the current axis is offset
impedance cas®;>Rd Z(w)], is not fulfilled in the experi- for each curve for clarity. All the curves were measuredTat
ment. In the normal stat®,<R{ in sample 1b, so that the =0.02 K.
SET in sample 1b is current-biased. However, | am still con-

vinced that the comparison with the theory is meaningful.sQuiD-array leads, thé—V curve of the superconducting
because we measured the SET in four-terminal configuratiorge developed a Coulomb blockadeR{swas increased by
and because the measuredv curves are qualitatively ex- yning the field. Figure 8 shows theV curves of the SET in
plained within the theory. Furthermore, the parameters use ample 1b in two different environments. As | mentioned
in the calculations for Flg. 6 are reasonable. It is common tQarlier, the parameters of the SET should be independent of
observe that the effective electron temperature becomes Cofje field. because the SET does not have a SQUID configu-
siderably higher than the temperature of the mixing chambefayion and the field applied in Fig. 8 is much smaller than the
in the experiments of small-capacitance tunnel junctdns. cyitical field. The electromagnetic environment for the SET
The temperature difference is likely to be large when the(the SQUID arrays on the other hand, is strongly varied
cryostat leads are not filtered at low temperatures, which igit the field as we have seen in Fig. 2. The behavior of the

the case in our cryostat. Most important, + C,=1 fF s SET demonstrated in Fig. 8 does not result from the
consistent with our junction size, and as | mentioned ear“ermagnetic-field influence on the-V curve of the SET. but
much larger thai€, . This value of the total capacitance Will rather from an environmental effect on the SET. | note here
be used again in the discussion in Sec. Il B. that the SETs without SQUID arrays were also measured at
B=0 and atB~7 mT, and that thé—V curves were almost
B. Single-electron transistors in the superconducting state the same. The well-developed Coulomb blockade in Fig). 8

For the samples with SQUID-array leads, the same Supe}ndjcatgs that. the SE.T is in a high-impedance envirpnment,
conducting SET can be studied in different electromagneti®vhich is consistent witfRy=0.3 &) >Rq . From the view-
environments by changing the external magnetic field on th@oint of Ry, the SET is not in a low-impedance environment
order of a few mT. In this work, | look at the low-bias region in Fig. 8@ becausék|=0.2 MQ is already larger thaRg .
of |V|<2A,, where thd -V curve is sensitive to the state of Thus, in order to study the low-impedance case, we have to
the electromagnetic environment. In all the samples withmeasure samples without SQUID-array leads. Rather surpris-

V (mV)
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FIG. 9. (Color onling Modulation of the current by the gate-
induced charge i_n the same SET as in Fig. 8. The potential drop g 10. (Color onling Blockade voltage/,, as a function of the
across the SET is 0.15 mV both i) and (b). The state of the  gate induced charge in the same SET as in Figs. 8 and 9. The state
environment for the SET ifie) and (b) is the same as in Fig&  of the environment is the same as in Fig&)&nd 9b). The dotted
and Fig. 8b), respectively. (broken curves denote the potential drop across the SET=at
+0.2 pA (0.8 pA).

ingly, e.g., in sample 1a, thie-V curve and its dependence . i

on the gate-induced charge were qualitatively almost th@nalytic expression o¥/,, at low temperatures has been ob-

same as Fig. @), and the supercurrent was too small to bet@ned for single Josephson junctions as

seen in thd =V curve. This is due to “quasiparticle poison-

ing,” which is likely to occur in our cryostat which has no meo_zfﬁ (5)

low-temperature noise filters. In addition, our biasing scheme C

is not ideal for the supercurrent measurement because tl?g

samples without SQUID-array are voltage biased. The super-

current was not detected in samples 2a or 3a, either. o [E.\34 £\ 12
“Quasiparticle poisoning” is also suggested by th@e- Vo _<_J) ex;{ — ( 8—)

riodicity in the current modulation by the gate-induced ClEc

charge, which was obsgryed in all samples W'thOUt SQUID'for E;/Ec>1, whereC is the capacitance of the single junc-
array leads. The periodicity was also found in sample 1b

tion.
whenR;=0.2 MQ, as shown in Fig. @), where the poten- The relationship between a superconducting SET and a
tial drop across the SET is 0.15 mV. WhBj is increased to  single Josephson junction in the low-impedance environment
0.3 G [Fig. Ab)], it was replaced by & periodicity, which  has been discussédand by examining the Hamiltonian, it
indicates Cooper-pair transport. The SQUID arrays with sufhas been shown that a superconducting SET can be viewed
ficiently largeR; acted as a filter that suppresses the contri-as a single Josephson junction with gate-tunhle | have
bution of quasiparticles to the charge transport. This changfound a similar relationship for the high-impedance case,
in the periodicity was also found in sample 2b. In sample 3bwhich explains the variation 0¥, in Fig. 10. In the high-
however, onlye periodicity was seen probably because theimpedance environment, not only the island cha@g
maximum ofRj was only 9 M). The curve in Fig. @) is —Q, [=q in Eq. (3)] but also the total chargeC,Q,
calculated from thé—V curves, because we could not fix the +C;Q,)/(C;+C,) seen from the outside contributes to the
potential drop across the SET when it is much smaller tharharging energy,whereQ; is the charge on thigh junction.
that across the SQUID arrays in our experimental setup. This is why in Fig. 5, the Coulomb gap is larger in the
Below | focus on the case d®y>Rq, and discuss the high-impedance environment. Let us compare Fig) With
Coulomb blockade of Cooper-pair tunneling. In the high-the Coulomb gap for a single junction in the high-impedance
impedance environment, a current-biased single Josephsemvironment, which is +e/2C. In this environment, an SET
junction is expected theoreticalll® to have a “back- can be viewed as a single junction with gate-tunabler
bending” I-V curve, which has been experimentd®> E., where the minimum ofC is ~0.25(C,+C,) and the
confirmed. The “back-bending” is also seen in Figbgfor =~ maximum is~0.5(C;+C,). | do not know the exact ex-
certain values of the gate-induced charge. When the “backpression for the effectivee; of the SET in the high-
bending” is clearly seen in the SEIFV curve, | define the impedance environment, however, the magnitude should be
blockade voltageV, as the local voltage maximurgmini-  similar to the low-impedance cadeshA,/8e’R,. From
mum) for V>0 (V,<0) in the low-current part of the—=V ~ Table | andC,+ C,=1 fF, which was obtained from the
curve. The measured, is plotted in Fig. 10 as a function of curve fit in Fig. 6, the effectivé&;/E of the SET in Fig. 10
the gate-induced charge. The dotted and broken curves refs always smaller than 0.04<1). Thus, from Eq(5), our
resentV at constant calculated from thé—V curves. These model predicts thatV, oscillates between~0.08 and
curves would also characterize the Coulomb blockade. The-0.16 mV in Fig. 10. The order of magnitude is correct and

r E;/Ec<1, and

(6
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the gate dependence is explained. Note that the notion ctEh/e’~26 k(). This change in the periodicity suggests that
gate-tunableC is a key because &;/Ec<1, V,, depends SQUID arrays with sufficiently larg&; suppress the contri-
only onC. bution of quasiparticles to the charge transport. WIRgn
>Ry, a sharp Coulomb blockade appears in the current—
IV. CONCLUSION voltage characteristics, and the blockade voltsgevaries

. . . depending on the gate-induced charge. The variatioh,a$
S e o cesmmgrone Sy APANEG Wi & model il e  Superconducing SET
ronments. In half of the samples, SQUID-array leads wer as a single Josephson junction with gate-tunable junction ca-

. . ' T .Ff:)acitance in the high-impedance environment.

employed in order to realize a magnetic-field-tunable envi-
ronment in the superconducting state and a high-impedance
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