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Decoupling of a current-biased intrinsic Josephson junction from its environment
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We have observed a dissipative phase diffusion branch in arrays of hysteretic high-Tc intrinsic Josephson
junctions. By comparing the data with a thermal activation model we extract the impedance seen by the
junction in which phase diffusion is occurring. At the plasma frequency this junction is isolated from its
environment and it sees its own large~; kV! impedance. Our results suggest that stacks of Josephson
junctions may be used for isolation purposes in the development of a solid state quantum computer.
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I. INTRODUCTION

The Josephson junction1–6 and the Josephson junctio
array7–9 are ideal systems on which to perform experime
on quantum phenomena such as macroscopic quantum
herence, single-electron tunnelling, and quantum crit
phenomena. The Josephson junction is described by two
jugate macroscopic variables, namely, the phase differenw
across the junction and the charge on itq. The well-defined
variable can be eitherw or q depending upon the ratio of th
Josephson energyEJ to the charging energyEc . This ratio
can be controlled both during fabrication~by changing the
junction area! and in situ ~by applying a magnetic field!.

In such experiments it is essential that the quantum co
ence is not destroyed by decoherent interactions with
environment. The fact that quantum phenomena are ge
ally observed in small Josephson junctions with lar
normal-state resistanceRN , thus poses the following prob
lem: the impedance seen by the junction~the dissipative part
of which determines the coherence lifetime! is not RN , but
the shunting impedance of the lines which make connect
to it, which at the frequencies of interest~; GHz! is less
than RN . What is required therefore is a small Josephs
junction attached to current bias leads which is isolated fr
the environment so that it sees it own large resistance.

Recently it has been shown that it is possible to con
the impedance seen by a low-Tc junction by integrating a
low-value resistor in parallel with it.10 Here we report our
experiments on an approach to enable a junction to se
own large impedance even when attached to current bias
circuitry. We have used high-Tc intrinsic Josephson junction
~IJJ’s!.11 IJJ’s are formed in series arrays ofN junctions, the
spatial periodicity of the array being;1.7 nm. Since the
IJJ’s are so closely spaced, the impedance seen by one o
lating junction is that of the otherN21 in series. At the
plasma frequencyf p the impedance of theseN21 junctions
is maximized, decoupling the oscillating junction from i
environment and allowing it to see its own resistance. T
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approach is similar to that used with low-Tc junctions by
Delsinget al.,7 although in this case the spatial periodicity
the junctions is two orders of magnitude greater than
IJJ’s.

II. EXPERIMENTAL

We have observed a dissipative phase-diffusion bra
~i.e., a nonzero-voltage branch of the current-voltage cha
teristics at current bias values less than the critical curren! in
hysteretic IJJ arrays. Since the spacing between adja
copper-oxide double planes~;1.5 nm! in an anisotropic
high-temperature superconductor is greater than thec-axis
coherence length, such planes are Josephson coupled. H
for transport currents normal to the planes, a single crysta
such a superconductor acts as a series array of IJJ’s.11 We
have created such an array by patterning~using a gallium
focussed ion beam! a bridge of widthw5500 nm and length
L53 mm in a Tl2Ba2CaCu2O8 ~TBCCO! thin film of thick-
nessb5240660 nm grown on a 20°-vicinal LaAlO3 sub-
strate. The bridge structure is shown in the inset to Fig. 1~b!.
Epitaxial growth of the TBCCO film on the vicinal substra
results in a 20° misalignment of the copper-oxide dou
planes with respect to the substrate surface. This fabrica
strategy allows us to measurec-axis coupling with a trans-
port current which is parallel to the substrate. Indeed, si
the critical current density in TBCCO is strongly anisotrop
the voltage drop across the bridge when it is current biase
due to dissipation resulting fromc-axis coupling. This, as we
will show below, is due to slip of the Josephson phase d
ference between adjacent copper-oxide double planes.

The number of junctions in the bridge is given by

N'
L sin 20°2b cos 20°

xc
, ~1!

wherexc is the periodicity of the real space crystal lattice
the c direction. Here theb cos 20° term accounts for th
©2003 The American Physical Society13-1
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junctions at either end of the bridge which are shorted
in-plane transport currents. The bridge reported here th
fore contains 460650 IJJ’s, the uncertainty arising due to th
fact that the ends of the bridge are not well defined w
respect to the sloping copper-oxide double planes. The
CCO epitaxy is confirmed both by x-ray diffraction an
transmission electron micrography.12 Four terminal contacts
are made to the bridges along TBCCO lines patterned in
same film. Details of film growth13 and device fabrication12

are found elsewhere. Transport measurements are mad
ing a low-frequency~;10 Hz! linear current bias sweep. Th
sample is mounted at the end of a probe immersed in he
vapor in a Dewar. The sample stage is shielded by a
metal cap. Coaxial lines along the length of the probe
coupled to the room-temperature current source and

FIG. 1. ~a! Current-voltage characteristics at 4.2 K in zero ma
netic field showing the supercurrent branch and ten of the quas
ticle branches~only data below 100 mV are shown!. ~b! The super-
current branch only at a larger voltage scale. The inset shows
schematic of our device geometry~not to scale!. The orientation of
the copper-oxide double planes is indicated by the slanting line
the bridge. The dimensions areb5240 nm, L53 mm, w
5500 nm. I is the bias current.
18451
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noise amplifiervia LC filters with a cutoff frequency of 200
Hz.

The current-voltage characteristics at 4.2 K are shown
Fig. 1. The supercurrent branch is close to zero voltage
extends up to a bias current of 5.50mA. This supercurrent
branch will be analyzed in detail in Sec. III. The mult
branched structure at voltages greater than a few mV is s
lar to that observed for both IJJ’s fabricated from single cr
tals and misaligned TBCCO thin film IJJ’s of larger area th
we have previously reported.12 Here each branch corre
sponds to the switching of an additional IJJ to its quasipa
cle branch. Hysteretic and discontinuous features within e
branch arise due to resonance of the Josephson oscilla
with c-axis phonon modes in Tl2Ba2CaCu2O8.14,15 The de-
pendence of the critical currentI c ~measured using an arb
trary voltage criterion of 100mV! upon an in-plane aligned
magnetic field shows a minimum at 2.5 T.16 Based on the
geometry of a single junction in this bridge we estimate t
the field required to insert a single flux quantum per junct
is 1.760.6 T. While the comparison of these two figures
not perfect it is clear that the Josephson effects we obs
are not due to extrinsic phenomena such as coupling acro
grain boundary or across the whole 3mm length of the
bridge. We conclude that the transport mechanism is intrin
Josephson coupling between adjacent copper-oxide do
planes.

III. ANALYSIS

Inspection of the low-voltage part of the characterist
reveals that the supercurrent branch in zero magnetic fie
not at zero voltage, in contrast with IJJ’s of larger area.17 As
shown in Figs. 1~b! and 2, there is dissipation at curren
lower thanI c in the submicron IJJ’s reported here. We no
consider the possibility that this dissipation is due to th
mally activated phase diffusion. The dynamics of the ph
differencew in a current-biased Josephson junction are
same as those of a massive particle moving in a perio
‘‘washboard’’ potential

-
r-

he

in

FIG. 2. Current-voltage characteristics of the bridge in ze
magnetic field. Only the supercurrent branch is shown. The volt
is shown on a logarithmic scale. The temperature is 4.2 K~lowest
curve!, 7, 9, then in 2 K intervals up to 39 K~uppermost curve!.
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U~w!52EJS cosw1
I

I c
w D , ~2!

where EJ5\ l c(2e), l is the bias current, 2p\ is Planck’s
constant, ande is the magnitude of the electronic charge18

Escape from a local minimum is achieved by thermal acti
tion over a potential barrier of height

DU'2EJS 12
I

I c
D 3/2

. ~3!

For an underdamped junction the particle then has eno
inertia to traverse subsequent minima and the phase will
vance 2p for every traversed minimum. If the junction i
overdamped the particle will, after a few traversals, be
trapped. This is known as phase diffusion, and leads t
voltage proportional to the average rate of change of
phase difference. For junctions of sufficiently smallI c , this
voltage can be measured atI ,I c . A full theoretical analysis
of this was published by Ivanchenko and Zil’berman.19 They
found that the supercurrent reaches a peak value at low
age before decreasing with increasing voltage.

The phase diffusion voltageV exponentially depends
upon I c . Inspection of the current-voltage characterist
over the full bias range12 shows, in common with other thin
film IJJ’s, a broad spread in theI c’s of theN junctions in the
bridge. Our analysis is therefore based upon the assump
that all the voltage is due to phase diffusion in the single
with the lowestI c . This junction we call the source junction
The otherN21 junctions are not dissipative and we ca
them the load junctions.

The analysis of Ivanchenko and Zil’berman19 can be very
well approximated by a simple thermal activation mod
which breaks down only near the supercurrent peak an
higher voltages.~Voltages beyond the supercurrent peak
in any case inaccessible in our experiment since our bridg
current biased.! For a junction of resistanceRN connected to
leads of infinite impedance this model yields

V5I cRN expS 2DU

kT D , ~4!

wherek is Boltzmann’s constant,T is the absolute tempera
ture, andDU is given by Eq.~3!: Here we neglect activation
in the ‘‘uphill’’ direction, this being valid provided that

expS p\I

kTeD@1. ~5!

For the general case of a junction connected to a load
frequency-dependent complex impedanceZ(v), Eq. ~4! is
modified to

uVu5I cuZ~v!uexpS 2DU

kT D . ~6!

If Z were independent of frequency the experimental
proach would be to plot ln(V) at various values of curren
bias as a function of 1/T in order to extract the current de
pendence of the activation energyDU. Since, however,Z is
strongly frequency dependent~as we will show below!, we
18451
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must extract data at a fixed Josephson frequency, i.e.,
fixed voltage. Inverting Eq.~6! and substituting forDU from
Eq. ~3! we obtain

12
I

I c
5H lnS I cuZ~v!u

uVu D k

2EJ
TJ 2/3

. ~7!

Hence plots of the currentI vs T2/3 at fixed voltage should
extrapolate toI 5I c at T50. The slope allows us to extrac
uZ(v)u at each voltage, i.e., at each frequency. Here we h
assumed thatI c is independent ofT. It has been shown11,20

that IJJ’s follow the Ambegaokar-Baratoff relationship21 for
the temperature dependence ofI c . We therefore restrict our
analysis to temperatures belowTc/2, in which regimeI c is
essentially constant.

The temperature dependence of the current at three fi
voltages is shown in Fig. 3. These data are obtained by
line analysis of the experimental data which were taken
der a current bias. ForT.14 K the data are linear, with an
extrapolated critical current of 7.260.1mA. The deviation
from linearity at low T is due to the fact that the therma
activation model breaks down near the supercurrent pea22

We have observed similar behavior in another bridge fa
cated using the same technique but in a different TBC
film. The I c for this bridge was;70 nA, confirming that our
thermal activation model is valid over a wide range ofI c .
For this latter bridge, however, the inequality~5! restricts us
to a very narrow temperature range, preventing us from m
ing a more quantitative analysis.

The goodness of the fit to the data in Fig. 3 supports
suggestion that the dissipation mechanism in the super
rent branch is phase diffusion. From the slope of the lin
part of curves similar to those in Fig. 3 we may now extra
@by use of Eq.~7!# the magnitude of the impedance seen
the source junction. This we plot as a function of frequen
in Fig. 4, the frequency being obtained from the voltage
use of the Josephson relationship. The form of the curv

FIG. 3. Temperature dependence of the current in zero magn
field measured at voltages of 0.5 mV~squares!, 0.75 mV ~circles!,
and 1 mV~diamonds!. The lines are linear fits to the data at tem
peratures above 14 K.
3-3
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suggestive of an overdamped parallel LCR circuit, with t
peak occurring at the resonant frequency.

Such a resonance can arise from artefacts such as
metrical resonances. It is, however, likely that the load s
by the source junction is the impedance of theN21 junc-
tions which are in close proximity to it. Here we will use th
‘‘RSJ’’ model18 of a Josephson junction@as shown in Fig.
5~a!# for both the source junction and each load junctio
Since phase diffusion occurs in the source junction it mus
overdamped, so we take the capacitance of the source j
tion to be zero. We retain the possibility that the load jun
tion capacitances are nonzero, as suggested by the hyste

FIG. 4. Frequency dependence of the magnitude of the imp
ance seen by the source junction. The data~diamonds! are extracted
from the gradients of the linear fits to data such as those show
Fig. 3 and by using Eq.~7!. The line shows the magnitude of th
impedance seen by the junction in the model circuit of Fig. 5~b!,
given by Eqs.~8! and ~9!. The fitting parameters areC528 fF, L
518.7 pH, andRN57.8 kV.

FIG. 5. ~a! the ‘‘RSJ’’ model of a single Josephson junction.~b!
ac equivalent circuit of the overdamped source junction in para
with the (N21) load junctions.
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of the current-voltage characteristics. The ac equivalent
cuit is shown in Fig. 5~b!. Hence the net impedance seen
the source junction is

Znet5S 1

RN
1

1

~N21!Zload
D 21

, ~8!

whereZload is the impedance of a single load junction, give
by

Zload5F 1

RN
1 i S 2p f C2

1

2p f L D G21

. ~9!

Here C is the single junction load capacitance,L is the Jo-
sephson inductance of a single load junction, andf is the
frequency. Hence it can be seen that in this modelZnet is
inductive at frequencies below the plasma frequencyf p
5(LC)20.5/2p and capacitive atf . f p . At the plasma fre-
quencyZload5RN and the total resistance of the load jun
tions is N21 times larger than the resistance of the sou
junction. Hence the impedance seen by the source is its
resistance.

In Fig. 4 we show the frequency dependence of the m
nitude of Znet for our model circuit, given by Eqs.~8! and
~9!, with N5460 asper the experiment. The free paramete
are L, C, and RN . C is determined by fitting to the high
frequency data andRN from the peak at resonance.L is then
found from the extracted value ofC and the resonant fre
quency. We then compare these extracted values with th
which we expect for our IJJ’s.

From the fit in Fig. 4 we findC52863.6 fF. By treating
each IJJ as a parallel plate capacitor and taking an estim
of 10 for the dielectric constant we predict the single jun
tion capacitance to be 22 fF, in reasonable agreement
our extracted experimental value. The extracted source ju
tion resistance isRN57.860.5 kV, yielding a low tempera-
ture I cRN value of 5664 mV. By using the Ambegaokar
Baratoff expression we obtain a gap energy of 3663 meV in
TBCCO.23 This is comparable with measurements obtain
by tunneling of between 25 and 30 meV.24,25 From the mea-
sured resonant frequency of 220640 GHz we findL518.7
67.3 pH.26 For bias currents less thanI c/2 the inductance of
a Josephson junction isF0 /(2pI c), whereF0 is the flux
quantum. We therefore estimate an averageI c of 1867 mA
for the load junctions. Since the source junction is that w
the lowestI c ~equal to 7.260.1mA here! and we measureI c
spreads on the order of 2 to 3 times the mean, this extra
averageI c is consistent with the measured source junct
I c . Hence we find that the measured load impedance see
the source junction is consistent with the impedance oN
215460 junctions in series~away from f p5220 GHz) and
the resistance of the single source junction~near f p).

From our extracted values ofL, C, andRN we infer a dc
quality factorQ52p f pRNC of 300 consistent with the un
derdamped~i.e., hysteretic! dc current-voltage characteris
tics. Our measurement off p is a factor;3.5 lower than that
measured by far-infrared spectroscopy.27 Grabert28 has
shown that in overdamped junctionsf p is reduced by a factor
@11(2Q)22#1/22(2Q)21. This suggests that at our mea
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suredf p5220 GHz the quality factor is 0.31. This is consi
tent with the observation of phase diffusion for which it
necessary thatQ,1 at f p . We do not presently understan
why one IJJ in the bridge~i.e., the source junction! appears
to be more heavily damped atf p than the others~i.e., the
load junctions!, yielding the equivalent circuit shown in Fig
5~b!. We speculate that this is due to variations in the mic
structure of the film at the unit cell level, consistent with o
observations12 that the dc hysteresis appreciably varies fro
device to device even within the same sample.

IV. SUMMARY

We have observed phase diffusion in one-dimensiona
rays ofN;460 intrinsic Josephson junctions. In general t
impedance seen by the source junction in which phase d
sion occurs is the reactive impedance of theN21 load junc-
tions. Near the plasma frequency~;220 GHz!, however, the
ys
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load impedance exceeds the resistance of the source junc
and the source junctionsees its own impedanceof 7.8 kV.
The source junction has been isolated from its environm
by the large series impedance of the other junctions near
plasma frequency. The ability to isolate junctions from th
environment is essential in the development of long-liv
coherent states on which to perform quantum computing
erations. While the impedance we measure here is too
for such experiments and dissipation~in the form of phase
diffusion! is present, both these issues can be resolved
principle by reducing the junction area. Our results sugg
that closely-spaced stacks of small Josephson junctions
be suitable for isolation of solid-state qubits from their en
ronment.
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