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“Superconductor-Insulator Transition” in a Single Josephson Junction
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VI curves of resistively shunted single Josephson junctions with different capacitances and tunn
resistances are found to display a crossover between two types ofVI curves: one without and another
with a resistance bump (negative second derivative) at zero bias. The crossover correspon
the dissipative phase transition(superconductor-insulator transition) at which macroscopic quantu
tunneling delocalizes the Josephson phase and destroys superconductivity. Our measured
diagram does not agree with the diagram predicted by the original theory, but does coincide
a theory that takes into account the accuracy of voltage measurements and thermal fluctua
[S0031-9007(98)08351-3]
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A Josephson junction is a unique physical object
which one can test a great variety of important phys
cal concepts of modern physics, such as macrosco
quantum tunneling of the phase, quantum mechanical
herence, Coulomb blockade, etc. An important place
this list is occupied by the so calleddissipative phase
transition (DPT), predicted for various systems [1–3
The physical origin of this transition is the suppre
sion of macroscopic quantum tunneling of the phase
the interaction with a dissipative quantum-mechanic
environment, described by the Caldeira-Leggett mod
Macroscopic quantum tunneling destroys superconduc
ity of a junction, whereas suppression of tunneling r
stores Josephson current. Hence, this transition is of
called a superconductor-insulator transition (SIT).

The detection of DPT in asingle Josephson junction
is of principal importance since it is the simplest syste
where this transition is expected, without any risk of bein
masked by other physical processes, as is possible in m
complicated systems such as regular or random Joseph
junction arrays. Some evidence of DPT (SIT) in a sing
Josephson junction has already been reported [4], but o
for the case of weak Josephson coupling. It has not be
enough to trace the whole phase diagram, including
range of strong Josephson coupling where the theoret
predictions are especially intriguing.

In this Letter, we present results of our measureme
on R  dVydI vs I curves, for a variety of single smal
isolated Josephson junctions, shunted and unshunted,
different values of capacitanceC and normal state tun-
neling resistanceRT . We have detected a crossover b
tween two types ofRI curves with an essentially differen
behavior at small currents. Relating this crossover w
the DPT, we were able to map out thewhole phase dia-
gram for a Josephson junction. The position of the o
served phase boundary does not agree with that expe
from the original theory. However, the theory, revised
take into account a finite accuracy of our voltage me
surements (viz., the minimum voltage that we are able
0031-9007y99y82(5)y1004(4)$15.00
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detect), explains well the observed phase diagram. W
also argue that the real signature of DPT is a modific
tion of VI curves as observed in our experiment: the SI
traditionally defined as the change of sign of thermores
tancedRydT , is not necessarily identical to the DPT. Th
measured phase diagram provides the first observation
DPT for a single Josephson junction in the whole interv
of the Josephson coupling.

Our sample consists of a shunted superconduct
Al -AlOx-Al tunnel junction (area150 3 150 nm2). Its
resistanceRT  3.4 21 kV was determined by reducing
the shunt resistanceRs  4 75 kV off from the normal
state resistance measured at 0.1 K. The shunted junc
was connected to four measurement leads via20 mm long
thin film Cr resistorsRL ø 100 kV. This ensures a well-
defined resistive environment governed by the shunt (s
Fig. 1). The value ofRs was deduced using the length o
the shunt and the measured resistivity of the Cr sections
the leads. The circuits, both shunted and unshunted, w
fabricated using electron beam lithography and tripl
angle evaporation. The Cr resistors and shunt (10–15
thick, 100 nm wide) were evaporated at right angle
incidence. When exposing the chrome metal sectio
in e-beam writing, an accurately tuned electron do
ensured that the Al replicas were evaporated on the s
of the resist and thus removed during lift-off. Within

FIG. 1. Schematic diagram of shunted tunnel junction in
resistive environment.
© 1999 The American Physical Society
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5%, no change was observed inRs when B and T were
swept over0 . . . 2 T and0.1 . . . 4 K, respectively. On the
dilution refrigerator, the samples were mounted inside
tight copper enclosure, and the measurement leads w
filtered using 0.5 m of Thermocoax cable.

Two types of observedRI curves are shown in Fig. 2.
In the “superconductor” type (Fig. 2a), the resistance h
its minimum at zero bias and increases monotonically u
to subgap resistance (in parallel withRs) given by the
maxima in the figures. In the “blockade” type (Fig. 2b)
a higher resistance “bump” appears at small currents, i.
the resistance is maximum at zero bias. The width
this feature becomes more pronounced with decreas
Josephson coupling [5]. In both cases, the resistan
returns smoothly to its normal state value after the subg
maximum.

In order to determine the phase diagram, we plot
Fig. 3 the character of our samples (“superconducto
“insulator”) on the coordinate plane (RqyR, EJyEC) which
are the intrinsic parameters of DPT [2]. The DPT bound
ary is to separate open and solid symbols in Fig. 3. He
Rq 

h
s2ed2  6.5 kV is the quantum resistance, and th

resistanceR  RsRqpysRs 1 Rqpd characterizes the total
Ohmic dissipation,Rqp being the quasiparticle resistance
The Josephson energyEJ was calculated fromRT using
the Ambegaokar-Baratoff relation while the Coulomb en
ergy EC  e2y2C was estimated from normal stateVI
curves: the junction capacitance was obtained from t
offset at large bias voltages using the formulaVoffset 
sey2Cd fRsysRs 1 RT dg that comes from a simple balance
of currents through the junction and the shunt. As se
from the summary of junction parameters in Table I, th
ratio EJyEC falls between 0.85 and 14.1.

Zero-bias resistanceR0 is displayed as a function of
temperature in Fig. 4. NearTc, all of the samples have
a pronounced peak which has also been observed
Shimazuet al. [6]. At lower temperatures, the resistanc

FIG. 2. Resistance vs current for two samples showing d
ferent behavior: (a) sample 3 withRT  3.7 kV and Rs 
11 kV; (b) sample 5 withRT  12.4 kV andRs  22 kV.
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first decreases and then starts to increase again (Fig.
This reentrant behavior is not observed in samples w
large EJyEC which stay superconducting all the wa
down to lowest temperatures (Fig. 4a).

Let us discuss the phase diagram for DPT expec
from theory. In the classical limit at zero temperatur
the Josephson phasew is trapped in some well of
the “tilted washboard” potentialUswd  2EJ cosw 2

sh̄y2edIw. This localized-phase state corresponds to
superconducting state. In fact, this localization is nev
perfect: (i) at finite temperatures, the phase can hop fr
one well to another via thermal activation; (ii) at ver
low temperatures, the phase is able to escape from
well via macroscopic quantum tunneling which is a
exponential function of the barrier height~EJ [7]. When
we say that the junction is a superconductor, we me
that (i) its resistance is essentially smaller than the norm
junction resistance, and (ii) its resistance increases w
temperature such as in a metal because enhanced the
fluctuations produce an increased phase slip ratedwydt.

Because of quantum-mechanical tunneling, the bou
states in different wells form an energy band such as in
solid [8]. The band energy is a periodic function of th
quasichargeQ (an analog of quasimomentum in a solid
with the period 2e. If EJyEC ¿ 1, that corresponds
to the “tight binding” limit in the solid-state theory,
then EsQd  EsQ 1 2ed  Df1 2 cosspQyedg. Here,
the band half-width is given by [8]

D 
16

p
8p

√
EJ

2EC

!1y4

h̄vp exp

"
2

√
8EJ

EC

!1y2#
, (1)

wherevp 
p

8EJECyh̄ is the plasma frequency. For a
small quasichargeQ ø 2e one may use the “effective-
mass” approximation EsQd  Q2y2Cp, where the

FIG. 3. Phase diagram of shunted Josephson junction. T
phase boundary lies between insulatorlike (open symbols
and superconductorlike (solid symbols, S) samples. Unshun
samples (squares) are collected atRqyR  0. The solid line
is the theoretical phase boundary calculated using Eq. (3) w
vp  2 3 1011 1ys andts  2 3 1029 s. The dotted line is
the transition line for strong dissipation to a state with n
supercurrent (N) found by Yagiet al. [4]. For details, see text.
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TABLE I. Measured shunted junctions.RT is deduced from
the slope of the normal stateIV curve at high bias voltage. The
effect of parallel shuntRs is subtracted. C is calculated from
the high bias offset voltage usingVoffset  sey2Cd fRsysRs 1
RT dg. The value of Rs is estimated from the known wire
resistivity.

Sample RT skVd C sfFd Rs skVd EJyEc

1 9.7 1.8 75 1.4
2 4.5 2.5 31 4.0
3 3.7 3.4 11 6.8
4 3.4 6.6 11 14.1
5 12.4 1.5 22 0.85
6 8.1 1.7 10 1.4
7 5.9 2.2 8.6 1.1
8 21 0.8 4.2 0.25

effective capacitance (an analog of the effective mas
Cp  e2yp2D can exceed the geometric capacitanceC
essentially.

The band theory predicts Ohm’s lawV  RI at small
current biasI ø eyRCp. This corresponds to the qua-
sichargeQ  CpV  IRCp. However, with increasing
current bias the quasicharge approaches the Brillou
zone boundary (Q  6e). Then another regime of phase
motion sets in [8]: The phase performs Bloch osci
lations, w  2eEsQdyh̄I, with Q  It leading to the
period2eyI. In this regime dissipation is suppressed, co
responding to a decreasing resistanceVyI.

Thus, at small current bias theRI curve must have
a bump of width eyRCp (a voltage of eyCp), and
the Josephson junctionalways behaves as a normal
junction with Ohmic resistanceR. At larger currentsI ¿
eyRCp, however, the junction has a tendency to becom
superconducting again. This behavior is a direct outcom
of the band picture for the phase motion, as was shown
Ref. [8]. It was obtained also using more rigorous path
integral methods [23]. Therefore, a blockade bump in th
RI curve of a Josephson junction is a clear manifestatio
of phase delocalization and the band picture.

FIG. 4. Zero-bias resistanceR0 as a function of temperature
for samples 3 and 5.
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The bump on theRI curve at small bias looks simila
to the bump due to the Coulomb blockade of sing
electron tunneling and, moreover, is governed by
same effective Coulomb energye2yCp. On the other
hand, in the model which we are discussing here, th
is no single-electron tunneling at all if the resistanceR
is dominated by the shunt resistanceRs (quasiparticle
resistanceRqp ¿ Rs). In fact, we deal with the Coulomb
blockade indeed, but it is the Cooper-pair current chan
that is blocked [5]. However, in an unshunted junctio
with R  Rqp the additional Coulomb blockade of single
electron tunneling can increase the zero-bias resista
well aboveR.

The theory as summarized above would indicate t
any Josephson junction must have a blockade bu
at zero bias. However, we must take into account
important effect of the environment: suppression of t
quantum tunneling between wells by dissipation [1–
This decreases the band half-width which now is given

D̃  D

√
D

h̄vp

!ays12ad

. (2)

Here,a  RqyR is the dissipation parameter. The reno
malized energỹD vanishes ata  1 where the band dis-
appears and quantum tunneling becomes impossible
Then, the junction is superconducting down to the low
current bias. Consequently, the phase line separating
insulator from the superconductor is thea  1 line inde-
pendently of the energy ratioEJyEC (the dashed vertical
line on the phase diagram, Fig. 3) [10].

This phase diagram, in which the Josephson junct
under weak dissipation remains an insulator even
the limit of EJyEC ! `, is difficult to confirm because
the putative, very slow delocalization of phase leads
exceedingly small voltages. Experimentally, the insula
behavior can be observed only if the voltage of the bum
the effective Coulomb gapeyCp , D̃ye, exceeds the
minimum voltageVmin detectable in our measurement
Therefore, it is reasonable to assume that our measu
DPT corresponds not to the conditioñD  0, but to
D̃ , eVmin. Together with Eqs. (1) and (2) [neglecting a
unimportant factor ofsEJy2ECd1y4 in Eq. (1)], the latter
condition yields the crossover from the superconductor
the insulator behavior at

EJ

EC


1
8

√
ln

16
p

8p
1 s1 2 ad ln vpts

!2

. (3)

Here, ts  h̄yeVmin is the phase slip time for the mini
mum detectable voltageVmin. This is the time necessar
for a phase change by2p, i.e., for the phase motion be
tween two wells. In our case,Vmin is about0.5 mV which
corresponds tots ø 2 3 1029 s. The curve obtained
from Eq. (3) using the plasma frequency2 3 1011 Hz is
displayed in Fig. 3. Within our quite large statistical un
certainty, Eq. (3) agrees with the experimental crosso
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between superconductor and blockade types ofRI curves.
If we apply the argument by Schön and Zaikin [2] tha
an insulator state is observable when the phase spread
time h̄yD̃ is smaller than the observation timet in our
experiment, then the crossover [replacingts by t , 1 s
in Eq. (3)] would take place atEJyEC ø 100 in contrast
to EJyEC , 10 observed in the experiment. Thus, the
ability to reveal the blockade bump (insulator behavior)
restricted not by the observation time, but by the accura
of the voltage measurement.

According to Ref. [8], thermal fluctuations are also abl
to “wash out” the blockade bump if thermal energykT is
on the order of or larger thane2yCp. In this case, the
crossover is given by Eq. (3) again, but withts replaced
by h̄ykT which is about 5 times less thants at our
minimum temperature of 50 mK. Since the crossove
depends logarithmically onts, small uncertainties ints

do not shift its position essentially when compared wit
our experimental uncertainty. In fact, since the numeric
factors in the conditionskT , e2yCp and Vmin , eyCp

are not known, it is difficult to judge which one of these
restrictions is stronger.

Finally, we want to compare the concepts ofthe
superconductor-insulator transitionand the dissipative
phase transition. The common formulation is that super-
conductor and insulator are specified by the positive a
negative sign ofdR0ydT , respectively. Accordingly, one
may identify the peak inR0sT d (see Fig. 4) also as SIT.
But the SIT nearTc has nothing to do with DPT pre-
dicted theoretically [1–3]: the peak in Fig. 4 correspond
to the temperature at which the normal junction (with th
RI curve noted by N in Fig. 3) becomes superconductin
i.e., a Josephson junction with adetectablecritical cur-
rent (RI curve noted by S in Fig. 3). The DPT theory
assumes that the critical current is initially finite, but in
reality it may be essentially smaller thaneEJyh̄ because
fluctuations are especially important at smallEJyEC . We
believe that this discussion is relevant for understandin
the data of Yagiet al. [4], who observed the SIT for
EJyEC between 0.1 and 0.2 for strong dissipationa . 1
(horizontal dotted line in Fig. 3). These results were con
sidered to be contradictory to the DPT theory which doe
not predict any transition to the insulating phase ata . 1.
In fact, there is no disagreement: Yagiet al. did not ob-
serve DPT where the energy bandwidth is to vanish, b
SIT where the critical current disappears. So, our im
portant conclusion is that the concepts of DPT and S
are not completely identical: both are accompanied by t
sign change ofdR0ydT and thus any DPT is SIT, butnot
vice versa[11]. In our case, the zero slope ofdR0ydT oc-
curred at aboutRs  10 kV, which roughly agrees with
the DPT line obtained from theRI curves.
t
ing

is
cy

e

r

h
al

nd

s
e
g,

g

-
s

ut
-

IT
he

In summary, our experiments clearly confirm the exis
tence of the dissipative phase transition in a single Josep
son junction, though the observed phase diagram is qu
different from that expected originally. The agreemen
with theory is achieved by taking into account that th
position of the measured phase boundary is governed n
only by intrinsic junction parameters but also by the ac
curacy of voltage measurements. Our work is a stron
demonstration of quantum effects in a single Josephs
junction, especially of the Josephson phase delocalizati
and the band picture of phase motion.
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