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Quantum effects in small-capacitance single Josephson junctions
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We have measured the current-voltage/) characteristics of small-capacitance single Josephson junctions
at low temperaturesT(= 0.02—-0.6 K), where the strength of the coupling between the single junction and the
electromagnetic environment was controlled with one-dimensional arrays of dc superconducting quantum
interence device§SQUIDS. The single-junctior-V curve is sensitive to the impedance of the environment,
which can be tuneth situ. We have observed Coulomb blockade of Cooper-pair tunneling and even a region
of negative differential resistance, where the zero-bias resisijpoéthe SQUID arrays is much higher than
the quantum resistand@,=h/e?~26 k(). The negative differential resistance is evidence of the coherent
single-Cooper-pair tunneling within the theory of current-biased single Josephson junctions. Based on this
theory, we have calculated theV curves numerically in order to compare then with the experimental ones at
Ry>Ry . The numerical calculation agrees with the experiments qualitatively. We also discu’s depen-
dence of the single-Josephson-junctie¥ curve in terms of the superconductor-insulator transition driven by
changing the coupling to the environment.
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I. INTRODUCTION terms of the superconductor-insulat&) transition’~*°The
single junction in our samples, on the other hand, does not
Small-capacitance superconducting tunnel junctions prohave a SQUID configuration, and therefore its parameters are
vide an ideal system for studying the interplay betweerpractically independent of the external magnetic field. This
guantum-mechanically conjugate variables: the Josephsornables us to study treamesingle junction indifferenten-
phase difference across the junction and the charge on théronments. We show that tHeV curve of the single junc-
junction electrode. Their behavior is influenced by dissipation is indeed sensitive to the state of the environment. Fur-
tion, such as discrete tunneling of quasiparticles, coupling téhermore, we can induce a transition to a Coulomb blockade
an electromagnetic environment, etc. The simplest and thgf the single junction by increasing the zero-bias resistance
most fundamental example is th.e smgle ancnon. CurrentRé of the SQUID arrays. WheR), is much higher than the
voltage.Q—V) charactgrlstlcs of .smg_le junptlops have beenquantum resistances®=h/e?~26 kQ for quasiparticles
the su_bject of _extenswe theoretlc_:al investigatibfé small and RQEh/(Ze)2~6.5 kQ for Cooper pairs, single-junction
capacitance gives a large charging energg/2C, and thus I-V curve has a region of negative differential resistance.

the theo_ry predicts that. at low enough temperat““mp@r' The negative differential resistance is a result of coherent
conductingsmall-capacitance tunnel junction behaves like an

insulator so long as the junction is isolated from the electro_smgle-Cooper—palr .tunnellr.lg from the V|e\{vp0|r_|t of the
magnetic environment. Experimentally, however, the obser'Eheory for curr.ent-b|a§ed single Josephson anptlons Whose
vation of this charging effediCoulomb blockadgin a single glectromagr;eﬂc environment has a sufficiently high
junction is not straightforward, because the measuremerimpedance:
leads attached to the single junction should have a high N the context of the theory, we calculate th& curves
enough impedance to isolate the junctioFor this reason, numerically by following Ref. 11, and compare with the ex-
thin-film resistors were employed for the leads, and Coulomiperimental ones aR;>Ry . The numerical results are in
blockade was successfully observed in single Josephsditialitative agreement with the experimetftiowever, some
junctions® Tunnel-junction arrays were also tried for the quantitative discrepancies suggest that eveRjat Ry, the
leads, and an increase of differential resistance ardvind single-junctionl-V curve would be influenced by the envi-
=0 was reported? ronment. According to the perturbation thebiy°that deals

We use one-dimensionélD) arrays of dc superconduct- with the effect of a linear-impedance environmé&iw) on
ing quantum interference devicéSQUIDS for the lead$  single Josephson junctions, [éw)], or the dissipation,
The advantage of this SQUID configuration is that the effecplays a key role. An insulating behavior characterized by the
tive impedance of an array can be variadsitu by applying  Coulomb blockade of Cooper-pair tunneling is expected for
an external magnetic field perpendicular to the SQUID loopthe single junction when R&(w)]>Rg, i.e., the dissipa-
Thus, the zero-bias resistance of the SQUID arrays at lowion is sufficiently small, because the large[Réw)] sup-
temperatures can be controlled over several orders of magresses the charge fluctuation. The dissipative dynamics of
nitude. This phenomenon has been extensively studied isingle Josephson junctions has also been discussed by study-
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ing resistively shunted junctions both theoreticaty!’and 2
experimentally®1°As the dissipation is increaséthe shunt
resistance is decreagethe tunneling of the Josephson phase

is suppressed, and as a result the Josephson junction exhibits
a transition from an insulator to a superconductor. The theo-
retical phase diagrahior this Sl transition was supported by
the experiment§*® qualitatively. The superconducting be-
havior has been observed experimentally in single Josephson
junctions not only by shunting with a resistor but also by
biasing with a low-impedance circiff,i.e., by achieving a
low-impedance electromagnetic environment. Thus, we ex-
pect that there should be a Sl transition driven by the elec-
tromagnetic environment. We discuss the environment- 0
driven Sl transition in our system, where the environment is

tunable with the SQUID arrays.

E (E.=€'2C)

1.0
Il. THEORY
The Hamiltonian of a single Josephson junction in an en- 08
vironment with sufficiently high impedance is written as o
g 0.6
&
Q? 5
H= E—EJCOqu, (1) . 04
where Q is the charge on the junction electrodg,is the 02

capacitance of the junctioik; is the Josephson energy, and
¢ is the Josephson-phase difference across the junction. The 0.0
chargeQ and % ¢/2e are quantum-mechanically conjugate ' .

valuables, and a set of the eigenfunctions are Bloch waves of 0.0 0.1 0.2 0.3 0.4
the form <V> (efC)

B . FIG. 1. (a) Energy diagrantenergy eigenvalue in units &¢ vs
P(¢)=u(g)expipalze), (2 quasichargeand (b) theoretical current-voltage characteristics for a
single  Josephson junction withE;/Ec=0.3 and Rg,

whereq is called quasicharge and ¢) is a periodic func- =10 (h/m?e?) atkgT/Ec=0.3, whereE, is the Josephson energy,

tion, Ec=e?/2C is the charging energyR,, is the quasiparticle resis-
tance, ankgT is the thermal energyThe energy diagram depends
U(p+2m)=u(e). 3 only onEJ/BEC.)
The energy eigenvalug plotted as a function ofj has a dP(i,,q)
band structure, and in all the allowed bands, itésp2riodic. L > A ,q,ip,9")P(iy,q")=0, (6)
An example of the energy diagram f&;/Ec-=0.3, where dt ip.a’

Ec=e?/2C is the charging energy, is shown in Fig(al
Under constant current bidg, in the absence of quasiparti-
cle or Cooper-pair tunnelingy increases uniformly in time
according to

where the matrix elemeri(i,,q,i,,,q’) describes the rate

of transition between the states,(q) and (,,q’). The

dominant process foA(iy,,q,i,,q’) depends on the magni-

tude ofl,.

dq .An example qf.the theoreticdl-\/ curve is shovyn in
at =1y, 4) Fig. 1(b). For suff|C|ent_Iy smaII_X (reglon CB, thg dominant

process is stochastic quasiparticle tunneling, where
so that the state of the system advances toward higher changes be. This tunneling always occurs along the energy

within a given band as time goes on. The average voltage Rarabolaq®/2C, such that,, changes by 0 ot- 1 if the initial
state is in the lowest band=1) and by=1 for all the

given by I oY= e
other initial state$.The rate for the quasiparticle tunneling is
. dE(iy,q) given by
V)= P(iy,,q)———, 5
V)= 2, Plis0) g, © AE/€®Ry,

T(AE)= — )
wherei,, is the band index anB (i, ,q) is the probability that exAE/kgT)~1
the system is in the staté,(,q). The probabilityP(iy,q) whereR, is the quasiparticle resistance aa& is the dif-
can be calculated by solving a set of coupled differentiafference in energy between the initia}, (q) and final ¢;.,q")

equations of the form states,
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o

SQUID array (Z3)

AE=E(i5.q")—E(ip,q). )

At sufficiently low temperatures, the tunneling wittE>0

is extremely unfavorable, and theV curve is highly resis-

tive [Coulomb blockade, region CB in Fig(d)]. For larger

« [region BO in Fig. 1b)], the quasicharge is frequently
driven to the boundary of the Brillouin zong=e, then
taken to—e as a Cooper pair tunnel8loch oscillation.

This process decreas@g), and as a result thieV curve has

a region of negative differential resistance, or “back bend-
ing,” in the low-current part. For still largelr, [region ZT in

Fig. 1(b)], Zener tunneling becomes important, aid in-
creases again. In Zener tunneling, no quasicharge is trans-
ferred but the state of the system jumps from one band to
another as it passes by the gap between the bands. The prob-

(a)

Single
Josephson junction

ability of Zener tunneling from banig, toi,+ 1 or vice versa
is given by

m (AE)? e

PZ:eXF{ -

8 i,Ec il

9

Following Ref. 11 which takes into account the above tun-

neling processeguasiparticle, Cooper pair, and Zephere
have calculated the-V curve numerically’ The parameters
for the calculation ar&;/E, kgT/Ec, and
- (10)
= 2.2
€ Ryp

The current and the voltage are in unitsedR,,C ande/C,
respectively.
As we have seen in Fig.(}), a typicall -V curve consists

pnomn

b

F

2l

113
g

Hilﬂﬂﬂﬁh

(b) 200 nm

FIG. 2. (a) Schematic diagram of the samples and the circuit for
measurementsb) Scanning electron micrograph of a part of the 1D
SQUID array.

of three regions, so that it is characterized by the local voltarbitrary E;/Ec and «. For this reason, we have done the

age maximum, or blockade voltayg , and the local current
minimum, or crossover curremt,. (Here, we have to men-
tion that the back-bending feature is blurred olkgT/E or
a is increased considerablyAn analytical expression o,

and I, has been obtained theoretically for limiting caes.

The value ofV,, is a function ofE;/E., and given by

0.25e/C for E;/Ec<1
Vb%[ Sole  for E,/Ec>1, (D
asT—0, where
e2 1 \¥4 E, | E,| Y2
50:#(%) ) e -leg) | w2
is the half-width of the lowest energy-band. As 1gf,
Iu~@zReCym a3
ap
is expected forx<(E;/Ec)?<1 andT—0, where
l=— e& (14
8 HE

is the Zener breakdown current. Note thats much smaller

numerical calculation. The measur&t) and |, are com-
pared with the calculation in Sec. IV C.

I, EXPERIMENT
A. Sample preparation and characterization

A schematic diagram of the Al/AD;/Al samples is
shown in Fig. 2a). A single Josephson junction is at the
center of Fig. 2a). The junction area is 0:40.1 um?. For a
scanning electron micrograph of the single junction, see
Fig. 1 of Ref. 6. On each side of the single junction, there are
two leads enabling four-point measurements of the single
junction. A part of each lead close to the single junction
consists of a 1D array of dc SQUIDs. We show in Fig)2
a scanning electron micrograph of a part of the SQUID array.
Each of the electrodes in the array is connected to its neigh-
bors by two junctions in parallel, thus forming a dc SQUID
between nearest neighbors. The area of each junction in the
SQUID array is 0.%0.1 um? and the effective area of the
SQUID loop is 0.% 0.2 um?. All of the samples have the
same configuration, except for the numhbérof junction
pairs in each SQUID array. The samples are characterized by
the normal-state resistand®, of the single junction, the
normal-state resistanag€, per junction pair of the SQUID

thanlz. When we compare our experimental results with thearrays, and\. The parameters of the samples are listed in

theory, we need theoretical prediction for finkgT/E., and

Table .
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TABLE I. List of the samplesR,, is the normal-state resistance of the single Josephson junEtjas;the
Josephson energi-=e?/2C is the charging energy, where the capacita@idée estimated from the junction
area assuming 130 frfm?; V,, andl, are the blockade voltage and the crossover current, respectbesy
Figs. 1b) and 6; R, is the quasiparticle resistance, which is estimated from the meakyiiedSec. IV C;

N is the number of junction pairs in each SQUID-array legds the normal-state resistance per junction pair
of the SQUID-array leads.

Single Josephson junction Leads
Sample  R,(kQ) E;/Ec Vp(uV) I (NA) Rqp (k) N rh (kQ)
A 1.0 9 255 1.0
B 1.1 8 255 1.1
C 1.2 8 255 1.2
D 1.8 5 65 0.6
E 54 1.7 33 0.5
F 7.7 1.2 8 0.19 (0.6-1.8410° 255 1.0
G 9.0 1.0 10 0.19 (0.5-1.310° 255 1.1
H 12 0.8 11 0.08 (1-3%10° 33 1.2
I 17 0.5 25 0.08 (1-3%10° 65 1.4
J 31 0.3 29 0.02 (4-9910° 65 1.9
K 41 0.21 28 0.02 (4-9%10° 255 5
L 58 0.15 29 0.01 (6-12y10° 255 7

It is difficult to determine the uniformity of these 1D pumped vacuum system with the base pressure<@f
SQUID arrays when only the series resistance of all juncx10 ® Pa. The vacuum system is equipped with an angle
tions can be measured. Previous wWoshowed that the stage, and with the stage tilted to an anglé~13°, Al was
variations of the normal-state resistance per junction paideposited to a thickness of 20 nm. After deposition of the
were less than 6% for six arrays having nominally identicalbase electrode, Ywas introduced into the chamber to a
junctions made simultaneously on the same chip, with thressure of 1.3—4.0 Pa for a period of 2—10 min. The oxida-
number of junction pairs ranging from 7 to 255. Further-tion conditions, or the thickness of the /&8, layer, deter-
more, critical-current switching at zero magnetic field for minesR, andr/ . After oxidation, the top layer of Al was
these arrays indicated a high degree of uniforniifig. 4 of  deposited to a thickness of 30 nm with the stage tilted to an
Ref. 8, and the magnetic-field dependence of the arrays wagngle — 6.
smooth. For the samples of this work, the uniformity of the |n the above process, bonding pads ¢0®35 mnf)
SQUID arrays could be estimated by comparing the two arwere also fabricated simultaneously, i.e., the pads are

rays on the right- and left-hand sides of the single junction20+30=50 nm thick Al. Onto the pads, 2am diameter Al
On an average, the normal-state resistance of the arraygres were wedge bonded.

agreed to within 5%. However, if the tunnel-barrier thickness
was identical for all junctions, one would expeg}/r;~6
from the junction area for our samples. In Table |, we see a B. Measurements

large variation inR,/r;(=1-17), which would be mainly ~ The samples were measured irftde-*He dilution refrig-
due to the variation oR, for the following reasons: In order erator (Oxford instruments, Kelvinox AST-Minisojbat T
to obtainr;, we do not examine one junction pair in the =0.02-0.6 K. The temperature was determined by measur-
arrays, but measure two arrays in series and divide My 2 ing the resistance of a ruthenium oxide thermometer fixed at
This kind of “averaging” does not occur when we determine the mixing chamber. To measure the resistance of the ther-
R, . Moreover, the single junction is much smaller than themometer, we used an ac resistance briti}é-Elekroniikka,
junctions in the SQUID arrays, and small variations in theAVS-47). Magnetic fields of the orders of 1-10 mT were
lithography and evaporation angle cause larger changes @pplied by means of a superconducting solenoid. In this
the area of the smaller junction, thus leading to larger variamagnetic-field range, the temperature error of ruthenium ox-
tions in the junction area and thereby the resistance andle thermometers due to the magnetoresistance is negligibly
capacitance. small (e.g., a typical value of the error @=0.05 K is less
The tunnel junctions were fabricated on a $iSi sub-  than 0.1%.?> The samples were placed inside a copper rf-
strate with electron-beam lithography and a double-angl¢ight box that was thermally connected to the mixing cham-
shadow evaporation technigtleWe employed a double- ber. All the leads entering the rf-tight box were low-pass
layer resist(ZEP520/PMG) method in order to achieve a filtered by 1 m of thermocoax cablé&®
large enough undercut profile for the desired shift, which in  We measured thé-V curve of the single junction in a
our case was 0.2zm. The electron-gun evaporation of Al four-point configuratiorisee Fig. 2a)]. The bias was applied
was done at a rate of 0.1-0.4 nm/s in a turbo-molecularthrough one pair of SQUID-array leads, and the potential
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difference was measured through the other pair of SQUID- ' '

array leads with a high-input-impedance instrumentation am- B=0 e
plifier based on two operational amplifief8urr-Brown i 20 nA/div. -'" ]
OPA111BM, 133-10" Q input impedance according to the
data sheetand a preamplifiefStanford Research Systems B .
(SRS SR56(. The current was measured with a current pre-
amplifier (SRS SR570 When the voltage drop at the - .
SQUID arrays was much larger than that at the single junc-
tion, the single junction was practically current biased. L B=7mT

The SQUID arrays could be measured in a two-point con- = 2pA/diV/
figuration (same current and voltage leads the same side g L ¥ s
of the single junction. Note that the two arrays are connected S I Vs
in series and that current does not flow through the single L M‘ i
junction. In order to obtairR, andr/, we measured at <
=2-4 K (above the superconducting transition temperature | /x" |
of Al). P

IV. RESULTS AND DISCUSSION
A. SQUID arrays: Tunable electromagnetic environment B ‘,»f"" B=50mT .
for the single junction et 1 nA/div.
L 1 "

The effective Josephson enerfy between adjacent is- 1 0 1
lands in the SQUID arrays is modulated periodically by ap- Voltage (mV)
plying an external magnetic fiel® perpendicular to the
SQUID loop, FIG. 3. Low-temperatureT=0.05 K) current-voltage charac-

teristics of two SQUID-array leads connected in series at three mag-
netic fields for sample C. The origin of the current axis is offset for

!
Eje ' (15 each curve for clarity. Note the difference in the current scale.

{ BA
CO 7730
so long asB is sufficiently smaller than the critical field, Henceforth, we usedefined by Eq(16) rather tharB for the

where A is the effective area of the SQUID loop addy  purpose of indicating the external field.
=h/2e=2x10"1> Wb is the superconducting flux quantum.

Figure 3 shows how the-V curve of two SQUID arrays on
the same side of the single junction changes dependirig) on
The |-V curve is Josephson-like &=0, while a Coulomb

B. Coulomb blockade induced in the single Josephson junction
by tuning the environment

blockade is developed @&=7 mT, where the normalized In this section, we take sample G for example. We look at
flux the |-V curve and the influence of the electromagnetic envi-
BA ronment on it.(The |-V curves of sample | are shown in

=%: (16 g . . : : :

is close to 1/2 for our samples with=0.14 um?. Note that 107;_ <¢\ /& 3

the current scale foB=0 is 10* times larger than that for VR Coulomb

B=7 mT. In this manner, thé-V curve is varied periodi- o 10°F QA blockade

cally until B becomes comparable to the critical field. Bt S r

=50 mT, the superconductivity is suppressed considerably, = 10°F

and thel -V curve is almost linear. The magnetic-field depen- & |

dence of the SQUID arrays is summarized in Fig. 4, where & 10'F

the zero-bias resistande; of the same SQUID arrays is i

plotted vsB. As expected from Eq15), R; oscillates in the 10°F 1

low-field regime. In the shaded regions, a Coulomb blockade E , , , , ,

is clearly observed and the maximum valueRjfcan be as 0 10 20 30 40 50

high as 16-10"° Q (see Fig. 2 of Ref. 6 foR}, of sample B B (mT)

at 0<B=9 m,T). At B>40 mT, the QSC'”auon IS Sup- FIG. 4. Zero-bias resistance of the same SQUID-array leads as
pressed an®R, approaches the value in the normal state;i Fig. 3 ys external magnetic field &t=0.05 K. The solid curve is
2Nry. a guide to the eye. The shaded boxes and the broken horizontal line

In summary of this section, the SQUID arrays, which actrepresent the region where Coulomb blockade was clearly seen in
as an electromagnetic environment for the single junction inhe current-voltage curve and the normal-state resistance of the two
this work, can be tuned over a wide ranigesitu with f. leads, Nr/,, respectively.
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OF

-0.6 -0.3 0.0 03 0.6

V (mV)

I (0.4 nA/div.)

FIG. 5. Current-voltage characteristics of the single Josephson B
junction atT=0.04 K andf =0 for sample G. For the definition of
f, see EqQ. (16) The vertical broken lines represent the
superconducting-gap voltage2A,/e.

Figs. 3—5 of Ref. §.Figure 5 shows thé-V curves for the
single junction atf=0. The vertical broken lines represent B
the superconducting-gap voltage-2Ay/e, which is
+0.34 mV for Al according to Ref. 24. In a conventional
Josephson junctionE;>E¢), a finite current flows av
=0 as expected within the RCSdesistively and capaci-
tively shunted junctionmodel?® This supercurrent has also FIG. 6. Current-voltage (V) curves of the single Josephson
been observed in small-capacitanpe Jogephspn junc“‘?ﬁlﬁwction in a different environment af=0.04 K for sample G.
(E,~Ec), and when a small-capacitance junction was Di-grom top to bottom, the normalized flux defined by Etf) is 0,

ased _With a carefully filtered low-impedance Cir&?mhe 0.40, 0.45, and 0.46, respectively. The origin of the current axis is
magnitude of the supercurrent reached the value predicted Rjfiset for each curve for clarity.

the theory. Our single Josephson junction is biased with
SQUID arrays, whos®}, is much higher than the impedance

V (V)

R L L Josephson energy of the single junction is independeffit of
ghezfa(sle) g}f g;e %s;rl:glglgl;: Zfoljeg,z 2 Oe \éeané_lzt: ?n E?dr because it does not have a SQUID configuration and the field
g b 0 - N9 f®y/A<7 mT applied here is much smaller than the critical

and Graberf considered how phase fluctuations suppresT; Id. The elect i . t for the single i
the supercurrent in a small-capacitance Josephson junctio cld. 1he electromagnetic environment for the single junc-
n (the SQUID arrays however, is strongly varied with

The small capacitance of a junction is a source of phasgO _ _ ) _ A
fluctuations because the charge on the capacitance is the coH1€ behavior of the single junction demonstrated in Fig. 6

jugate variable to the Josephson-phase difference. In addfloes not result from the magnetic-field influence on the
tion, there is a strong relationship between the fluctuation§ingle-junctionl -V curve, but rather from an environmental
and the electromagnetic environment. They assumed a pureffféct on the single junction. This experiment demonstrates
Ohmic environmenR, and showed that the supercurrent isin @ direct way that the single-junctidaV curve is indeed
rounded aR is increased. In such a context, the shape of théensitive to the electromagnetic environment.
I-V curve in Fig. 5 may be explained for the region in the ~Figure 7 shows thé-V curves of the two SQUID-array
vicinity of V=0, although our SQUID arrays are not repre- leads connected in series at the safraeiln Fig. 6. Thd-V
sented by a purely Ohmic impedance. At higher voltages$Urves of the Ieadg are nonllnear, gnd, in general, the SQUID
finite currents still flow in Fig. 5 even within the supercon- &ray is not described by a liner impedance mJdelow-
ducting gap. Theoretically, at a finite voltagié|<2A,/e,  €Ver, the environment may be characterizeddgy From(a)
current can flow when the tunneling Cooper pairs can releas® (d) in Fig. 7, Rp=0.21 K}, 11 k2, 0.33 M2, and
their excess energyed/, e.g., to the degrees of freedom in 6.5 MQ, respectively. Coulomb blockade is distinct only
the electromagnetic environment. Quasiparticle excitationsvhenR;> Ry, which is consistent with the theoretical con-
would also be responsible for the current especiallj\dt ditions for the clear observation of Coulomb blockade in
~2Aq/e. Below we will concentrate on the immediate vi- single junctions* For an arbitrary linear environment char-
cinity of V=0 (typically +30 uV), where thel-V curve is  acterized byZ(w), R Z(w)]>R is required for the Cou-
most sensitive to the state of the electromagnetic environtomb blockade of single-electron tunneling and[Rw)]
ment. >R, for that of Cooper-pair tunnelinY. It is interesting to
Figure 6 shows how the single-junctidRV curve de- note that while the-V curve of the leads is “Josephson-
pends on the environment. Ass varied, the curve develops like” (differential resistance is lower arount=0) at all f
a Coulomb blockade. As we have mentioned in Sec. |, theshown in Fig. 7, that of the single junction is

094505-6



QUANTUM EFFECTS IN SMALL-CAPACITANCE SINGIE . . . PHYSICAL REVIEW B 67, 094505 (2003
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40_(a)f 2_(b)f 040 | 1§
— < S -
S
Of Oor ~, Olf E
i ~
/
-40p 2 0.01¢ 4
< 02 00 02 02 00 02
| (©) f=045 | () f=046 0.001¢ 3
0.01 0.1 10
E,/E,
/ |
FIG. 8. Blockade voltagé&/,, divided bye/C as a function of
E;/Ec. From top to bottom, the curves represent the numerical
- i calculations for normalized temperatuted/E-=0, 0.02, 0.1, and
. X . . . . 0.5, respectively. The boxes represent the samples with the nominal
02 0.0 02 -2 0 2 junction area of 0.0um? in Ref. 3.
V (mV)

FIG. 7. Current-voltage curves of the two SQUID-array IeadsWhICh was ol;talned for the junctions with ><P;§9,um2
connected in series d@t=0.04 K for sample G. Fronfa) to (d), the ~ @nd 7X54 um®, has been frequently e.mploy@a'.. Our
normalized flux defined by Eq16) is 0, 0.40, 0.45, and 0.46, apparently largecs may be partly explained by distributed
respectively. Note the difference in the current scale, and that théapacitance of the SQUID arrays or by the noninfinite
voltage scale fortd) is ten times larger than that for the others.  impedance of the environme(8QUID array$, which would

have the effect of shunting the single junction with an
“Coulomb-blockade-like” atf=0.40 and exhibits a clear additional capacitancésee Fig. 11 We also note that the

Coulomb blockade at=0.45. uncertainty incg seems to be large when the junction area is
on the order of 0.01um? or smaller, as we have discussed
C. Comparison with the numerical calculation in Ref. 6.

The region of negative differential resistance seen at the Fixing C:_1'3. TF’ we tried to reproduce the measuted .
bottom curve of Fig. 6 is related to coherent tunneling ofcUTVe by optimizing the other parameters of the numerical
single Cooper pairs according to the thédrpf a current-  calculation,a andkgT/Ec. Examples are shown in Fig. 9,
biased single Josephson junction in an environment with sufvhere we adjustedr roughly by considering the current
ficiently high impedance. Following Ref. 11, we have calcu-Scale. For both samples G and |, the slope of the experimen-
lated the blockade voltagé, numerically as a function of tal data a{V|<V, andl~0 can be fit by adjusting, so that
E,/Ec . The numerical results are compared with the meait is consistent with the theoretical curve flgT/Ec=0.05
suredV,, in Fig. 8. The data from Ref. 3 for the samples with (T=0.036 K forC=1.3 fF), which is close to the tempera-
the same nominal junction area (&0.1 um?) as in this ture of the mixing chamber, 0.02-0.04 K. At higher bias
work are also plotted. For sample G, we used the data aturrents, however, the theory predicts f4T/E-=0.05 a
f=0.46 (the bottom curve in Fig. )6in order to obtainV,,. “back bending” much bigger than that in the experimental
At f=0.46, the voltage drop at the SQUID arrays is’ 10 data. In terms of the magnitude of back bending, the curves
times larger than that at the single junction, and the singléor  higher  temperatures, kgT/Ec=0.3-0.6 (T
junction is therefore considered to be current biased. Com=0.21-0.43 K), are more similar to the data. Back bending
pare the voltage scale of Figs. 6 an@)7 We calculatecE;  in the theoretical curve disappears when the temperature is
from R,, raised tokgT/Ec=0.8 (T=0.57 K). Although the theory

explains the general shape of the measuir¥dcurve, it does

not yield a complete agreement. It would be reasonable to
_ hAg 1 assume that the effective temperature of the single junction
_8e2Rn' 17 depends on the bias current, and increases with increasing

current due to heating. This assumption reduces the discrep-

ancy between the experimental data and the theory. Another
For E¢, we employedt=130 fF/um?, and with this value possible origin of the discrepancy would be the imperfect
the experimental data, especially those for this workisolation of the single junction. While the theory assumes
(the circles in Fig. 8 agree with the numerical calculation. that the single junction is completely isolated from the envi-
Actually, a smaller value,cs=45+5 fF/um? (Ref. 26, ronment, we have biased the single junction with the SQUID

E,
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—_ ! (v)’_,.:" = . ', EI . A ] EJ/EC
E vy Qi) () @) (v) FIG. 10. Crossover curretht, vs E;/Ec . The curves represent
~ T s T the numerical calculations fa€=1.3 fF, and from top to bottom
: 2 (@, kgT/EQ)=(10"2,0), (1020.3), (10205), (10%0),

/_ (107%,0.3), (10°3,0.5), (10°%,0), (1074,0.3), and (104,0.5), re-
(vi) spectively. See Eq10) for the definition ofa.

large ¢, and the discrepancies in Fig. 9 suggest that the
single junction would still be dependent on the environment
- even atR;>Ry . The influence of a linear electromagnetic
environmentZ(w) on small-capacitance Josephson junction
has been studied in the framework of the perturbation
theory*~15by modeling the whole circuit as in Fig. (. By
assuming an Ohmic environmehfw) =R, the Cooper-pair
current-voltage characteristics have been calculated for
E;/Ec<1. The theory predicts Coulomb blockade of
30 Cooper-pair tunneling foRy/R<1, and supercurrent at or
in the vicinity V=0 for Ro/R>1. By comparing Fig. &)
V uv) with Fig. 11(a), we realize that the total impedanze seen
by the junction in Fig. 2a) corresponds t& in Fig. 11(a). If
FIG. 9. Current-voltage_ curves of single Josephson junctionsWe assume in Fig. (@) that the SQUID arrays alone deter-
(@) The measured curvesolid circleg of sample G af=0.04 K ine the effective environment for the single Josephson
and 7=0.46 is compared with the numerical calculanons_ forjunction at relevant frequencies, where all the four leads are
Ey/Ec=0.53 anda=0.006[see Eqs(10) and (1) for the defini- g \hia at the far ends of the SQUID arrays, and that the

tion of « andf, respectively. (b) sample | atT=0.02 K andf g\ 55 array is described by a linear impedance, we obtain
=0.49 with the calculatins foE;/E-=0.99 anda=0.003. For -1, o—1y—1 1, o1
both the figuresC=1.3 fF is assumed in the calculations, and from Zi=(Z,"+7, )_ t(Z37+2,7) =2y (@l the SQUI_D
(i) to (vi), ke T/Ec=0.05, 0.3, 0.4, 0.5, 0.6, and 0.8, respectively. aIrays are nominally the samélote that the dé-V curve is
the result of high-frequency quasicharge dynamics of the

arrays having noninfinit®),. Moreover, the SQUID arrays single junction, and thus one must consider what the junction

form a nonlinear environment. seems at high frequencies. The large capacitance introduced
Finally, in this section, we estima®, from I, based on by the cryostat leads will effectively shunt the sample with a

the theory. We plot the measuréd as a function oE;/Ec

in Fig. 10, together with some theoretical curves based on @) (b)

our numerical calculation. For the estimateRy,, we used & x

the numerical results fdtgT/Ec=0.3 and 0.5 T=0.21 and
0.36 K) because with these values, the numerical calculation [Z ()] [Z (0)
gave anl -V curve similar to the experimental one aroungd
as we have seen in Fig. 9. The estimatg is listed in
Table I. The order oRy, (Ry,= 10°—10" MQ) and the ratio ~ ~
=10°— ithi Vv 1
to R, (Ryp/Rn 107 105) are within a reasonable range. \VJ \/

FIG. 11. (a) Small-capacitance single Josephson junction biased
by an ideal-voltage source with an electromagnetic environment
Z(w) in series.(b) An equivalent circuit to(@) whenl=V/Z(w),

The numerical calculation in the preceding section agreewhere the single junction is biased by an ideal current source and
with the experiment qualitatively, however, the apparentlyshunted byZ(w).

D. Superconductor-insulator transition in single Josephson
junctions driven by the environment

094505-8
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C Ll
W“-l-l““ Ry/R,
10° | __
Iz .3 |4 .5 Is .7 FIG. 13. Phase diagram for the superconductor-insulator transi-
10 10 10 10 10 10 L . . . .
, tion in single Josephson junctions biased with tunable SQUID ar-
R, (@) rays. The transition is driven by the electromagnetic environment

characterized by the zero-bias resistaRgeof the SQUID arrays.
The horizontal axis is the ratio of the quantum resistafgg
=h/(2e)?~6.5 kK to R}. The vertical axis is the ratio of the Jo-
sephson energl; to the charging energl in the single junction.
See text for the meaning of the lines and symbols.

low impedance at the relevant frequencies. This is why we ) ) i
fabricated the SQUID arrays in the immediate vicinity of the ©f the value ofR,. In Ref. 20, special care was taken in
single junction in order to avoid the lead capacitance shuntorder to achieveZ/Z,<0.1 at all relevant frequencies.
ing the single junction, and this is why we assume that the . The interaction with a dissipative environment, or the dis-

SQUID arrays alone determine the environment for the5|pative dynamics of single Josephson junctions has also

: ; 6,17 ; T :
single junction. We have been characterizing the environp(.:“en studied theoreticafty>'” in the circuit shown in

ment by the zero-bias resistance of two arrays measured 19 1(b) W'th. Z(w)=R. Note that the tWO. c!rcu_lts In
ies R, SincezZ.~7.. it id b iate t ig. 11 are equivalent whdn=V/Z(w). As the dissipation is
SEMEesS, Ry . sinces~2s4, It would be more appropriate to increased, i.eR is decreased, the Josephson junction under-

useRy/2. The factor of 2, however, is not very important in goes 5 transition from an insulator to a superconductor. The
this work, and thus we keep usifiRj. We should note here phase diagram for this Sl transition has been defivet
that Z~Ry is a bold approximation. The-V curves of the qualitatively supported by the experimef#s® The phase
SQUID arrays are nonlinear as we have seen in Figs. 3 and ¥;superconductor” or “insulator’) is usually determined by
and in general, the SQUID array is not described by a linethel-V curve(or dV/dl vs | curve®) at the lowest tempera-
impedance. The frequency dependérisealso neglected in tures and/or the temperature dependence of the zero-bias
the approximation. resistancé® We also find evidence of the Sl transition in the
In order to examine thR(, dependence further, we plot in nonlinearity of thel-V curve. For sample G, shown in Fig. 6,
Fig. 12 the zero-bias resistanBg of the single junction vs W€ see that thé-V curve is Josephson-like when the leads
R} at three different temperatures for sample G. At all the@ve Ro=0.21 K (f=0), whereas atRy=0.33 M (f
temperaturesR, is a smooth function oR} and increases =0.45), there is a distinct Coulomb blockqde. The tempera-
o . , . . ture dependence @}, also supports the existence of the SI
with increasingR,, which supports the notion that the ap- " O
- 0 . transition. We see in Fig. 12 thatRf<10°—10* Q, R, has
pr_ox_|mat|on_Z~ RQ IS adeguate. Even gt the larg®%f, Ry is __little temperature dependence, which is similar to the behav-
.Stl|| increasing with no sign of’ saturation. The top left point ior of a 1D systerfr® in the superconducting phase. R
in Fig. 12 forT=0.04 K andR,=6.5 MQ) (f=0.46) corre- 30165 ) "on the other hand, we see insulating behavior,
sponds to the bottomv curve in Fig. 6. Thl;'SRO VSR also whereR,, increases rapidly as the temperature is lowered.
suggests that the single junction would still be influenced by \ye show in Fig. 13 the phase diagram for the Sl transition
the environment aRy>Ry. The change oRy is weak at  getermined by thé-V curves at the lowest temperatures of
Rp<10°—10* Q. This fact would be understood in the fol- 4| the samples studied in this work. Note tiRifwas varied
lowing context. In the limit ofR,— 0, the impedance of the over as large as nine orders of magnitude in this work. In
electromagnetic environment for the Josephson junction atamples F—H, we observed the Sl transition. The squares and
relevant frequencies is determined by the microwave impedthe solid lines to the left of the squares indicate that insulat-
ance of the leads, which is usually of the order of the freeing behavior (Coulomb blockade or “Coulomb-blockade-
space impedancg,~377 ). Thus, wherR; is of the order  [ike” 1-V curve) was observed. The circles and the solid lines
of Z, or smaller, our assumption that the SQUID arrays de+to the right of the circles represent the superconducting phase
termine the environment is not valid, add-Z, irrespective  (Josephson-likeé-V curve. In the range denoted by broken

FIG. 12. Zero-bias resistand®, of the single Josephson junc-
tion vs zero-bias resistandg, of the SQUID-array leads af
=0.04, 0.3, and 0.6 K for sample G.

094505-9



MICHIO WATANABE AND DAVID B. HAVILAND PHYSICAL REVIEW B 67, 094505 (2003

L L L L see that Fig. 13, the phase diagram for our system motin

04F . f=o0 / . Ohmicenvironment, is consistent with the theoretical phase
o =05 g ] diagram, where a®hmicshunt is assumed.
02+ ’ @g/ .
2 -~ 2 V. CONCLUSION
2 00L ] . -
~ E We have studied the current-voltage\() characteristics
o2b Pt ] of single Josephson junctions biased with a tunable electro-
[ Wp ] magnetic environment composed of SQUID arrays. We have
04f 7 ] demonstrated that the single junction is indeed sensitive to
[ ./. ] the state of the environment, and a Coulomb blockade is
06 03 0.0 03 0.6 induced in the single junction by increasing the zero-bias
V (mV) resistanceR)) of the SQUID arrays. WheR|, is much higher

than the quantum resistanBg=h/e?*~26 k(), a region of
FIG. 14. Current-voltage characteristics of the single Josephsonegative differential resistance has also been observed in the

junction in two different environment f0 and 0.5 at T |-V curve of the single junction. The negative differential
=0.04 K for sample D. For the definition ¢f see Eq(16). resistance is the evidence of coherent single-Cooper-pair tun-

neling according to the theory of current-biased single Jo-
lines, thel-V curve was almost linear, and it was hard to sephson junctions. Based on the theory, we have calculated
determine the phase. For samples Iisample E, the insu-  the -V curves numerically. The calculation has reproduced
lating (superconductingphase alone was identified. Samplesthe measured-V curves atR;,>Ry qualitatively. We have
A—-D have a largeE ;/Ec(=5), and we expect from Fig. 8 also discussed the superconductor-insulésdy transition in
that theirV, is too small <1 uV) to be detected in our dc @ single Josephson junction driven by the environment. We
measurements, i.e., the insulating phase is never identifiehave characterized the environment Ry and determined
Indeed, thd -V curve of samples A-D is almost independentthe phase diagram for the transition. This phase diagram is
of R;. As an example, we show in Fig. 14 the/ curve of consistent with the theoretical one for the Sl transition in
sample D at R;=0.14 k) (f=0) and Rj=2 MQ (f single Josephson junctions driven by an Ohmic shunt alone.
=0.5). It is Josephson-like and in contrast with the curve in
Fig. 5. We do not discuss the Sl transition for samples A-D,
and just indicate th&; range covered in the measurements \We are grateful to R. L. Kautz for great help in the nu-
by dot-dashed lines in Fig. 13. According to the théaof  merical calculation, and to T. Kato and F. W. J. Hekking for
single Josephson junctions with an Ohmic shignthe phase fruitful discussions. This work was supported by Swedish
boundary is located aRy/R=1, irrespective of the ratio NFR, and Special Postdoctoral Researchers Program and
E;/Ec when the quasiparticle tunneling is not important President’s Special Research Grant of RIKEN. M.W. would
(a<1) and the transition is driven solely B In samples like to thank the Japan Society for the Promotion of Science
F-L, a=10"%-10"2<1 from Table I. It is interesting to (JSP$ and the Swedish InstituteSI) for financial support.
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