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Thermal Activation above a Dissipation Barrier: Switching of a Small Josephson Junction
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An unshunted Josephson tunnel junction switching out of its zero-voltage state is a model system
for thermal activation out of a metastable state. For small-capacitance low-critical-current junctions,
this thermal activation process follows a generalized Arrhenius law involving dissipation directly in its
exponent. This escape over a dissipation barrier can be computed exactly for a junction connected to a
RC impedance providing large damping. The diffusion branch and the switching histograms measured
for such a junction are in agreement with theory. [S0031-9007(96)01408-1]

PACS numbers: 74.50.+r, 05.40.+j, 85.25.Cp

Thermal activation out of a metastable state is a process which corresponds to the tilt of the potential. At= 0,
of fundamental importance in nonequilibrium statisticaland for0 < I < I, the system has two distinct states: a
mechanics of dissipative systems [1]. Placed initiallymetastable “zero-voltage” stat€é = 0) for which the par-
in the neighborhood of a metastable attracter (see ticle is trapped in one of the wells of the washboard and a
Fig. 1), such systems follow, at finite temperatditedif-  stable “voltage” statéV = 2A/¢) for which the particle
fusive trajectories in phase space. They eventually crossrans down the washboard at a limit velocity (this velocity
separatrix3, and fall into the basin of a lower energy at- corresponds to the onset of the breaking of Cooper pairs not
tractor A;. In the usual case of the escape from a potepresented in Fig. 2). Af # 0, under the influence of
tential well [shown in Fig. 1(a)],Ao corresponds to a thermal fluctuations, the system can switch from the zero-
static state and® has a saddle poin§ corresponding voltage state to the voltage state. Two regimes must be
to an unstable static equilibrium state. The thermal eseonsidered depending on whetheis above or below,
cape ratel’ then follows the ubiquitous Arrhenius law: the minimal current corresponding to the tilt of the wash-
I' = a exp(—AU/kgT). In this expressionAU is sim-  board for which the particle starting from one maximum
ply the potential energy differenc&/s — U,, between with zero velocity can run down the washboard without
the attractor and saddle points. The prefactatepends getting trapped in the next well because of frictional losses
weakly on the dissipation parameters [1,2]. In many sys{8,9]. ForI > I, the particle escaping out of a potential
tems of interest, howeven,, corresponds to a dynamical well directly accelerates down the washboard (runaway).
state [Fig. 1(b)]. Energy must be dissipated to reach In this regime, usually observed in large area Josephson
and escape now occurs over a “dissipation barrier.” Thgunctions, the switching process falls in the usual class
escape rate is here given by a generalized Arrhenius lavaf escape over a potential barrier [10]. Fbk I; the
AU /kgT is replaced by an exponef® which depends on thermal escape from one well does not warrant runaway:
dissipation as well as temperature [3—5]. In this LetterThe particle will hop diffusively from well to well down
we present an experiment on a system for which the dethe washboard until fluctuations raise the velocity above
pendence ofB on dissipation is given by a closed form
expression, and we compare measured escape rates abm

SO . . ) L a) b)
the dissipation barrier with theoretical predictions.

The system, whose schematics is given in Fig. 2, con
sists of a Josephson tunnel junction, characterized by i
critical currentl, and capacitanc€,, connected through
a resistance to a current sourcé in parallel with a ca-
pacitanceC. This biasing circuit constitutes the simplest,
well-characterized electrical environment in which a junc-
tion unshunted at dc [6] can be realistically embedded. A:
in the well-studied RCSJ model [7], our system is equiva:
lent to a particle whose position corresponds to the phas
differenced across the junction and which moves in a tilted
washboard potential. However, here, the particle is subFIG. 1.  Schematic flows in phase space for two different types
mitted to a frequency dependent friction [8] which vanisheLf dissipative systems. In both systems there is a metastable

hen th locity of th ticl . tant. Th dattractoer and a stable attractot;, but in (a) the attractors
when the velocity ot the particle remains constant. € (Eorrespond to static states, whereas in (b) they correspond to

voltageV across the junction, which corresponds to the avgynamical states. The separatrix between the two attractors is
erage velocity of the particle, is measured as a function agbeled=..
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R where x, =In7iu,3(,8)/-lfiu,8(,8)v ]V(Z) being the

modified Bessel function angd = ®~!. Then, sub-
_EL ¢ stituting siné in Eqg. (2), we get the Langevin-like

| C Cq >< ly V equation du/dr = F(u) + n(u,7), where F(u) =
T -I:'_ ’ [S(u) — s]/a. The original problem is now transformed

into the problem of a particle with position and dif-
FIG. 2. Schematic of circuit implementing the dissipation fusion coefficientD (u), escaping out of an effective
barrier of Fig. 1(b). It is based on a Josephson junctionpotential well given byF (u). Using Kramer's large fric-

with critical current/, and capacitanc€, connected to &C tion |imit result [2] for the prefactor, we find the escape
impedance. The voltag€ across the junction is measured as rate

the bias current is increased.

1
P(s) = 5 @ Diop{ (F/ Dl F/ Dliop eX0~B),

the value for which runaway occurs [8,11,12]. Provided (5)
that the particle escapes from the wells frequently enough . oy
during the measurement of, one will observe prior to With B = a2 (F/D)du (bot and top stand, respec-
switching not a true zero-voltage state but a diffusion statéVely, for the bottom and top of the well). The main
with 0 < V < 2A /e analogous to a diffusion along, of result of our c_algulatlon is thaB « a. Our experiment
Fig. 1(b). The switching process in this regime belongd€Sts the predictions of Eq. (3) for the voltage in the dif-
to the class of escape over a dissipation barrier, the rol#!Sion state and of Eq. (5) for the switching rate. It is
of the stable dynamical statg of Fig. 1(b) being played perfo.rmed_ on a _sampl_e consisting of two circuits imple-
by the voltage state. This process is amenable to detaild§€nting Fig. 2 witha differing by a factor of 60.
theoretical predictions as we will now show. The sample fabrlcatlon_ involved four steps. First, a

The circuit of Fig. 2 is described by three dynamical9°ld ground plane forming one plate of the capaci-
variables: §, 8, and u, the ratio of the voltage across tors_C was c'jepo.sned on a Si wafer and covgred by
C to the characteristic voltagkl,. These variables are a s_|I|con hitride insulating I_ayer._ Then two different
treated here classically. The parameters of the systeffSISIOrSR were made by optical lithography and evapo-

can be combined to form three independent quantitie§.‘5‘ti(.)n of an AUCU. 3”0.3" The ot.her plates of tigeca- .
the Josephson frequeney, = Rl,/ @, and the damping pacitors and the junction pads involved another optical

factors o, — R21,Cy anda = R21,C/ oo, Where Iitho_graphy step and evaporation of pure Au. F_inaIIy, two
denotegg/ze.%léor j(im?:tionsaso sma(l)l t{lﬁo > 1 tﬁ% nominally identical Al-AlOx-Al Josephson junctions were
current inC, is negligible. Thus, neglecting/«, terms, fabricated usinge-beam lithography and double angle

the time evolution of the circuit is governed by the set ofShadow mask evaporation [14]. We estimate the capaci-
dimensionless equations, tancesCy = 8 = 2 fF of the junctions from their area.

The capacitanc€ = 0.15 nF was measured at room tem-

dé _ u—siné + e(r), 1) perature. The sample was r_nounted in a copp.er_box
dr thermally anchored to the mixing chamber of a dilution
d refrigerator. The electrical wiring for the bias and volt-
M 71 . . . . . . .
i (s — sin g). (2) age leads was made using coaxial lines with miniature
.

cryogenic filters [15]. The resistanc& and the super-
Here the reduced parameters are= w;t, s = I/I,.  conducting energy gap of the junctions were measured
The reduced thermal noise obeys ff;(e(u,O)s(u, 7))  on the I-V characteristics at 30 mK in zero magnetic
X expliow7)dT = ®, where ® = kgT/¢poly is the re- field. The junction critical currents were obtained from
duced temperature. For damping so large that- 1, the  the Ambegaokar-Baratoff relation [16] using the measured
time evolution ofu is much slower than the time evolution tunnel resistances in the normal state. The parameters
of §. This separation between characteristic time scalesharacterizing the two circuits referred to in the follow-
allows one to use an adiabatic approximation: The stoing as #1 and #2 wer& = 40.1 nA, R = 70 ), ay =
chastic Eq. (1) is first solved with being kept constant, 160, « = 83 and Iy = 37.5 nA, R = 540 Q, ay = 3,
to get the time average expressiSfu) of sin § and the « = 5100, respectively. The bias current was ramped
diffusion coefficientD (u) = [, n(u,0)n(u, 7)dr asso- at constant reduced speéd We show in Fig. 3 a typi-
ciated with the fluctuations;(u, 7) of sin & around its cal I-V characteristic, obtained for circuit #1 at 40 mK.
average value [13]: The branch corresponding to the diffusion state appears
S(u) = Im(x,) 3) yertical on this Ir_;trge scale. Itis interrupted at the switch-
’ ing current/s which fluctuates from one ramp cycle to an-
2 d L Sw) —u 5 other. A histogram of is shown in the inset. In Fig. 4
D (u) = ;Im Z [(_1) (T - l®>xn:| ’ we show diffusion branches measured using a lock-in
n=l technique for both circuits and for different temperatures.
(4) At a given current bias, the voltage across the junction,
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60 L ' ' ' ' ' ' ] lated curves is quantitative for circuit #1 and only qualita-
R=70 @ ] tive for circuit #2. By varyingl, with a small magnetic
40F T=40 mK . field, we checked that the discrepancy at low tempera-
o0l lg— — ] ture between theory and experiment for circuit #2 could
Z — ] not be explained by some remaining external noise on
£ 0oF e e e ] the sample or Joule heating in the resistor. We attribute
— 5 1000 1 the discrepancy to the fact that circuit #1 fully satisfies the
201 —] 2 7 hypotheses of our calculatioad > 1 anda > 1) while
40| % i for circuit #2, a9 = 3. However, agreement is recovered
0* | at high temperature by performing numerical simulations
-60 | | | . 27 (nA). 30 N including Cy (data not shown). At low temperature, quan-

— ' tum fluctuations of the phase lower tldu) curves [18]

-06 -04 02 0.0 02 04 06 and could be taken into account to make a more accurate
V (mV) theoretical prediction [19]. Note that even whéncan
FIG. 3. Large scalé-V characteristic of a Josephson junction fluctuate quantum mechanically becausgis not large

corresponding to the circuit of Fig. 2. The switching at currentenough,u remains a classical variable and the switching
I, from the diffusion branch (vertical branch in the center ofis an entirely classical process.

the characteristic) to the quasiparticle branch of the junction is Histograms of the currents obtained from 8000
a random process. Inset shows histogramisofneasured at g\ itching events were measured as a function of tempera-
dI/Iydt = 8.5 s™! for circuit #1. i o

ture in order to test the predictions of Eq. (5). The mea-

which measures phase diffusion, increases with temper%uer histograms were first converted intoll(s) sets of

ture and is larger for circuit #2 than for circuit #1. We ata points by the method of Fulton and Dunkleberger
also show in Fig. 4 the curvegV) = oS (u) + Iop(V), [10]_. For a given temperature, these data points fajl on
whereu = V/RI, — S(u), predicted by our model using a single curve independent of(data not shown). It is
the measured parameter’s The correctign(V) due to convenient to characterize the current dependence of the

guasiparticles was calculated using BCS theory [17]. idate at a given temperature by two values:_th_e average
relative importance attains only 20% for the highest tem—S\N'tChlng current(Zs) and the s’Fandard dewaﬂo@ls '
perature. The agreement between experimental and calcahe?'e value.s are shown in Fig. 5 togf—.\ther with the-
oretical predictions. The average ), which decrease
with temperature, are nearly identical for both circuits.
' ' ' ' ' ' However, Als is about 1 order of magnitude higher for
T R=70Q ( =83, 0‘0=160) . circuit #1 than for circuit #2. Furtf?ermorex}liJ for
o circuit #1 decreases significantly whéh > 0.2. These
effects are well explained by our calculation. At a
given temperature, the expone® vanishes whens
reaches the maximum of th€(x) curve. Thus, in
the limit a — o, {Is)/Io = ma{S(u)] [dashed line
in Fig. 5(a)]. As damping is decreased, the dissipa-
tion barrier height decrease6B « «), and thermal
fluctuations driving u above the dissipation barrier
induce premature switching. The predicted curve
(Is) (®)/1, for circuit #1 [solid line in Fig. 5(a)] shows
this effect and fits the experimental data. The cor-
responding curve for circuit #2 is indistinguishable
from the maxS(u)] curve and agrees only quali-
tatively with the data. We attribute this discrepancy to
the aforementioned smallnessaf.
The large increase in the width of the histogram when

30

0> 1 ' e . , , , l going from circuit #2 to circuit #1 is a more direct
0 1 ) 3 4 manifestation of the effect of damping [see Fig. 5(b)].
V (V) As the dampinga decreases, the relative change in the

barrier height withs and, consequently, the slope of
FIG. 4. Experimental (solid lines) and theoretical (dottedT'(s) decreases. Finally, the decrease &fs; at high

lines) diffusion branches of two circuits of the type in Fig. 2. ; ; ;
Top: circuit #1 atT — 47, 110, 330, 422, 598, 700, and temperature is a consequence of the roundingj(@) with

809 mK (from top to bottom). Bottom: circuit #2 &t = 47, increasing®. . . .
100, 140, 193, 253, 312, 372, 448, 535, 627, 718, and 813 mK T0 summarize, a small unshunted current-biased junc-
(from top to bottom). tion connected to &C impedance switches from a phase
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7 — barrier. Our results indicate that the dissipation barrier
0.8 _a) ~ | can be affected by quantum fluctuations of the phase dif-
) .\.\ e R=70Q ference wheny is small. Precise measurements of the
o o % o R=540Q 1 voltage prior to switching as a function ef in the large
N S a regime would improve our knowledge of the quantum
0.6 e Ov . diffusion process in the tilted washboard.
e g We are indebted to H. Grabert, R. Kautz and
\’\;@ ] J. Martinis for useful discussions. This work has been
0.4 S partly supported by the Bureau National de la Métrologie
) ‘o and the European project SETTRON.
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