
RAPID COMMUNICATIONS

PHYSICAL REVIEW B 68, 100501~R! ~2003!
Mesoscopic josephson junctions of high-Tc superconductors
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In this paper we examine the state-of-the-art patterning techniques for fabrication of ultrasmall bicrystal
Josephson junctions in YBa2Cu3Ox . We determine the dependence of junction parameters—critical current,
characteristic voltageI cRn , and capacitance—on its size. Using the values of the Josephson and the Coulomb
energies extracted from experiment, we analyze the dynamics of the junction in zero-bias quantum regime.
Finally, we discuss the relevance of parameters, obtained from transport measurements, for the decoherence
time in the system.
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I. INTRODUCTION

It is well known that quantum effects gain importance
mesoscopic Josephson junctions.1 This academic fact was
pressed home by recent spectacular demonstrations of
roscopic quantum coherence in Josephson devices~qubit
prototypes!.

Despite early proposals for qubits based on high-Tc su-
perconductors ~HTS’s!,2,3 these devices remain in th
shadow to a large extent because of the lack of a relia
technology to fabricate structures on the submicrome
scale. Earlier attempts mostly concentrated on making sm
microbridges without weak links and were large
successful.4–6 Superconducting microbridges down to 50 n
width were fabricated and characterized.7 These works dem-
onstrated that in spite of the fragility of the stoichiometry
HTS materials, a high quality epitaxial film can withstan
patterning to submicrometer size. When it comes to juncti
however, the faster rate of oxygen out-diffusion along gr
boundaries and interfaces leads to degradation of super
ducting properties as the junction size decreases. Neve
less, recently, preparation of submicrometer step-edge8 and
ramp9 Josephson junctions was reported. To the best of
knowledge, the first detailed study of bicrystal Joseph
junction of a submicrometer size was presented by Els
et al.10 Lately, bicrystal grain-boundary Josephson junctio
in very thin films were demonstrated.11

Dynamics of a small Josephson junction is determined
the interplay of charge and phase degrees of freedom. In
limit, where the phase is a good semiclassical variable,
system can be represented by a fictitious quantum par
with the kinetic energy determined by the capacitance of
junction ~Coulomb energyEC), moving in the potential
landscape determined by the phase-dependent critical cu
~Josephson energyEJ@EC). The current-phase relatio
~CPR! in HTS junctions reflects the complicated symme
of superconducting wave function and appears to be stro
0163-1829/2003/68~10!/100501~4!/$20.00 68 1005
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nonsinusoidal.12,13So far the analysis of the influence of th
anomalous CPR on the dynamics of mesoscopic juncti
was restricted by the lack of experimental data. In this pa
we present our version of submicrometer technology
HTS films and investigate ultrasmall bicrystal Josephs
junctions in YBa2Cu3Ox ~YBCO! having in mind their pro-
posed qubit applications.

II. EXPERIMENT

We have fabricated a large number of submicrome
junctions and superconducting quantum interference de
on SrTiO3 bicrystals with misorientation angles of 0/32°
0/40°, and 0/45°. Nominally 250-nm-thick YBCO film
were grown by laser ablation using standard paramet
Note that our films are ten times thicker than those stud
by Herbstritt et al.11 We believe that relatively thick and
short microbridges contain enough oxygen to self-heal
oxygen loss in the grain boundary. In order to protect the fi
surface and improve adhesion of the post-deposited laye
10-nm-thick layer of gold was pulsed laser depositedin situ
on top of YBCO at room temperature, followed byex situ
evaporation of additional 40 nm of gold. Two steps
e-beam lithography on polymethyl methacrylate/copolym
double-layer resist were sufficient for fabrication. Resist b
ing was performed at 135 °C—close to the lower limit f
this resist type. Reduced resist baking temperature and
minimum number of processing steps at elevated temp
tures minimize oxygen loss. In the firste-beam lithography
we fabricated gold pads for electrical connections and
fined gold alignment marks and rulers for the subsequ
processing stages, both 250 nm thick. Since the grain bou
ary does not give contrast under the electron beam, this
tern was aligned only with respect to the chip corners. Re
ings were taken from the intersection of the grain bound
with the rulers in an optical microscope, where the gra
boundaries are visible due to imperfections and sometim
©2003 The American Physical Society01-1
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due to induced birefringence. The shift and the rotation
the grain boundary with respect to the rulers was then ta
into account in the nexte-beam lithography, which define
the carbon mask for fabrication of the bridges across
bicrystal grain boundary. Alignment could be made with a
curacy close to 0.2mm across the whole substrate. NiCr w
used as a masking layer for oxygen plasma etching of
bon. The YBCO was Ar-ion beam etched through the carb
mask during 2 h at 400 eV and 0.1mA/cm2. While etching,
the substrate was thermally anchored to a 9 °C cold plat
avoid heating and degeneration of the YBCO. Finally,
gold protection layer covering the YBCO was removed
15-min Ar ion-beam etching at 150 eV and 0.1 mA/cm2. The
result of the completed fabrication process is shown in F
1. It is worth mentioning that even the narrowest of th
prepared junctions are very stable, surviving to-date up
two years without noticeable change in parameters.

III. RESULTS

The dynamical parameters of a mesoscopic Joseph
junction can be expressed as a combination ofEJ andEC or
explicitly as a function of the critical currentI c and the junc-
tion capacitanceC. We have measured these parameters
4.2 K on a large number of Josephson junctions of differ
dimensions ranging from 0.2 to 4mm.

In general the critical current of submicrometer junctio
did not scale strictly proportionally to the width even thou
reproducibility in I c and the normal resistanceRn close to
10% junction to junction on one chip was observed. At t
same time the usual scaling ofI cRn5 j crn}Aj c was con-
firmed on a large number of submicrometer junctions on
ferent bicrystals~see inset in Fig. 2!. Two distinct regions
with different slopes can be seen in Fig. 2 with the crosso
almost exactly at 1mm. The crossover might be related
the processing induced damage of the junctions. Inter

FIG. 1. ~Color online! 83830.468mm3 atomic force micro-
scope image of a 100-nm-wide bicrystal Josephson junction—
smallest we can make at this time.
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ingly, however, the large-junction line projects to a finite si
of the junction for zero critical current, while the dependen
for submicrometer junctions points almost exactly to ze
We therefore speculate that the latter line represents intri
properties of the junction barrier, while some other mec
nism comes into play on the micrometer scale. For exam
this mechanism can be related to high-j c ‘‘shorts’’ in the
barrier.

Most junctions studied in this work were hysteretic by
amount (I c2I r)/I c<30% (I c and I r are the critical and re-
trapping currents correspondingly!. Applicability of the resis-
tively capacitively shurted junction~RCSJ! model, or
equivalently the underlying tilted-washboard potent
model, to the dynamics of submicrometer junctions was v
fied by studying the histograms of the stochastic switch
processes between the superconducting and the resi
states of the hysteretic junctions at finite temperatures.
switching currents were determined on successive cur
sweeps (İ .0.1–10 mA/s) either directly, using a voltag
discriminator combined with a sample-and-hold circuit,
from time-of-flight measurements. As can be seen in Fig
~inset! the distributions can be fairly well approximated b
the RCSJ expressions. Within this model the junction cap
tance can be estimated from the amount of hysteresis foll
ing the approximate expression14 for the Stewart-McCumber
parameter

bc[~vpRnC!2'
22~p22!~ I r /I c!

~ I r /I c!
2

,

wherevp is the Josephson plasma frequency. The results
the 40° bicrystal junctions on two different chips are su
marized in Fig. 3. As has been previously observed for m
wider junctions, the capacitance inversely scales with
junction resistance, yieldingRnC.1 ps. In the following
section we will provide arguments why this very small tim
constant does not necessarily spell doom for qubit appl
tions of HTS devices. The values of the junction capacita
are in close agreement with those reported in Ref. 15 for

e

FIG. 2. Critical current as a function of junction width for a 45
grain-boundary junction. The lines are the best linear fits to the d
below and above 1mm; Inset: Scaling of theI cRn product with the
Aj c measured on two 0/32° and two 0/40° samples.
1-2
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junctions of similar resistance. Using the switching his
grams, we can estimate the accuracy of parameters d
mined from single-shot measurements. As can be seen
the figure, theI c distribution is rather narrow, full width a
half maximum equal to~5–7!% of the mean value, which
gives the relative error inC determined from the
approximation14 of the order of~30–40!%.

IV. DISCUSSION

Let us first calculate the parameters of submicrometer
sephson junctions, which follow from our experiments. T
relation between the Josephson current, energy, and p
differenceg, I J(g)5(2e/\)]EJ /]g, follows from gauge in-
variance~and Cooper pair charge being 2e) and, of course,
does not depend on the exact form ofEJ(g). Therefore, the
nth harmonic of the Josephson energy is related to the
harmonic of the critical current throughEnJ(g)
56\I ncos(ng)/2en. Keeping only the first two harmonic
of the current-phase relation, and introducinga5I 2 /I 1, we
reduce the problem to solving the one-dimensional Sch¨-
dinger equation for a particle of mass (\/2e)2C in thej po-
tential

EJ~g!52E1Jcos~g!1E2Jcos~2g!

52E1JFcos~g!2
a

2
cos~2g!G . ~1!

The Hamiltonian of the system isH524EC]g
21EJ(g). The

ground-state energy of an isolated quantum well is\vp/2,
where\vp152A2ECE1J for a!1, and\vp254A2ECE2J
for a@1. In order to estimate the tunneling between t
minima of EJ , made possible by the ‘‘kinetic’’ Coulomb
term, we find the splitting of the energy levels of the tw
adjacent quantum wells16 by integrating the momentum
p(E,g) between the classical turning points6g0 @we ne-
glect the effects of band formation due to periodicity
EJ(g)]:

FIG. 3. The junction capacitance as a function of its resista
measured on two 0/40° chips~circles and squares!. The best-fit line
corresponds toRnC.1 ps. Inset: An experimental switching cur-
rent distribution histogram and the best fit to the RCSJ model.
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\vp

p
expF2

1

\E2g0

g0 Up~\vp/2,g!UdgG
5

\vp

p
expF2

1

2E2g0

g0
dgAEJ~g!2\vp/2

EC
G . ~2!

For example, if the second harmonic dominates, we obta

D5
\vp

p
expS 2F2E2J

EC
G1/2

F~A2EC /E2J! D , ~3!

where F(z)5A12zE@arccosAzu(12z)21#, and E(aub) is
the elliptic integral of second kind.

In reality a'1, and we have to calculate the eigensta
numerically. For a givena, the amplitude of the first har
monic of the Josephson current can be obtained from
measured critical current I c'1 mA, using I c
5I 1maxg$sin(g)2a sin(2g)%. The capacitance of the junctio
was taken to be 10214 F ~Fig. 3!, corresponding toEC /kB
'93 mK. The results of numerical calculations of differe
energies as a function ofa for this choice ofI c and C are
presented in Fig. 4. Abovea50.5 the potential become
bistable, and as the barrier heightEb increases, so does th
spacing between the ground state~split by tunneling! and the
higher excited levels. This makes the junction a quasi-tw
level system, since the transitions to the higher levels
suppressed. Indeed, fora in the range 1.2–1.7 the splittin
between the first and second eigenvalues~100 mK! is one to
two orders of magnitude less than the energy difference w
the next eigenvalue (.3 K). They can therefore be consid

e

FIG. 4. ~a! Level splitting, energy of the second harmonic of th
Josephson current, and the barrier height of the double-well po
tial depending ona5I 2 /I 1. Arrows indicate the quasiclassica
ground-state energies\vp1,2/2, which are only valid in their respec
tive limits of a. Inset: D01 in more details.~b! Energy level dia-
grams for several values ofa.
1-3
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ered well decoupled for sub-Kelvin operating temperatur
As an example, fora51.2, I c51 mA and C510214 F we
obtain the following:EC5e2/2C corresponds to 2 GHz o
100 mK; I 150.5 mA; I 250.6 mA; E1J /EC5131; E2J /EC
579; \vp515–25EC ~30–50 GHz!; D01/EC50.8 ~1.6 GHz
or 80 mK!, andD12/EC532 ~64 GHz or 3.2 K!.

The question of decoherence rate in HTS junctions is
not resolved, though the possibility to observe coher
quantum behavior in these systems hinges on the answ
it. As we noted above, the transport measurements pro
theRnC constant of the order of 1 ps, seemingly closing t
door on any possibility to use the HTS materials as quan
bits. Nevertheless such a conclusion could be too hasty.
cently, the decoherence ind/d junctions was considere
theoretically.17 These results question the relevance ofRnC
as a measure of damping at zero bias. Indeed,Rn is obtained
in the resistive regime, when the phase runs along the w
board potential, and dissipative quasiparticle current is
ways present. On the contrary, in the ‘‘qubit’’ regime th
external bias is absent, and the phase is localized. The
siparticle current only arises due to tunneling between
minima of the potential, which produces ac Josephson v
age: I (V5\v/e5D01/e). The main contributions to this
low-bias quasiparticle current will be given by midgap A
dreev bound states~MGS’s! and nodal quasiparticles. Th
significance of each of these factors depends on the
match angle, type of the grain boundary~symmetric or asym-
metric!, roughness of the interface, and its transparency.
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shown by Fominov and Golubov, the most dangerous con
bution is due to MGS-to-MGS scattering leading to a ze
bias conductance peak. However, MGS’s can be split by s
eral mechanisms, which shifts this peak to higher biases
therefore suppresses this decay channel~for a discussion of
phenomena related to Andreev bound states, see the det
review18 and references therein!. The nodal quasiparticles
contribute much less close to zero bias, since this term sc
as v2. Experimental I -V characteristics of 0/45° grain
boundary junctions~where MGS’s are formed only on on
side of the interface and therefore only MGS-to-node con
bution is significant! show significantly suppressed adm
tance close to zero bias compared toRn .

To summarize this discussion, the value of quasipart
resistanceRn , determined from transport measurements a
used above as the natural scaling parameter for the cap
tance, is likely irrelevant to decoherence ind/d junctions. On
the contrary, the energiesEJ andEC , derived from the same
measurements, are correct.
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