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Data are presented on the temperature-dependent escape rates of a macroscopic system, a
SQUID containing a highly damped Josephson junction, from its metastable state. These data pro-
vide the first quantitative confirmation of recent predictions of the exponential effects of tempera-
ture and damping on quantum tunneling in macroscopic systems in contrast to previously reported
discrepancies. Predicted quantum corrections to thermally activated escape at high temperatures

are not observed.

PACS numbers: 03.65.—w, 05.30.—d, 74.50.+r

A Josephson junction in a superconducting loop
(SQUID) is a macroscopic system described by a single
dynamical variable. Questions have recently been
raised concerning the validity of quantum mechanical
concepts such as tunneling to such macroscopic vari-
ables.! Josephson junctions are particularly interesting
in this regard since it is possible to fabricate SQUIDs
with parameters such that quantum tunneling of the
macroscopic variable (MQT) is predicted to dominate
thermal effects at experimentally accessible tempera-
tures.2"13  Recent experiments'*'7 have provided
quantitative confirmation of these semiclassical MQT
predictions in the limit where interactions of the mac-
roscopic variable with the environment, consisting of
the many microscopic degrees of freedom in the sys-
tem, could be neglected. In this Letter we report ob-
servations of MQT in a highly damped SQUID where
the environment in the form of finite temperature and
strong damping is predicted to be a dominant factor in
the determination of the tunneling rates.

Classically, the behavior of a SQUID containing an
ideal resistively shunted Josephson junction with shunt
resistance R, capacitance C, and critical current /, in a
loop of inductance L is given by

Ch+d/R—U/d, (1)
where the potential is given by
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The flux linking the loop is ®; the applied flux, ®,;
and the flux quantum, ®,. This equation is the same
as that for a particle of mass C and position & moving
through a viscous medium with damping 1/R in a po-
tential U. In general, U contains a number of meta-
stable minima. As the applied flux is increased the
barrier height decreases until at some critical flux, ®,,,
the local minimum becomes an inflection point where,
in the absence of any fluctuations, the ‘‘particle,”’
which is trapped in the metastable minimum, would
roll until trapped by another minimum of the

potential —the spacing between minima being approxi-
mately ®,. For A®,=d, — b, << d,, (the region of
interest in this experiment) the barrier height is given
by

AU =[4/3(=B) V2] (@Y L)A Y2,

where B=2mwLl,/®y and Ad, is Ad, expressed in
units of the flux quantum.

A schematic diagram of the experiment, which uses
a technique previously developed for the study of ther-
mal activation in these systems,!® is shown in Fig. 1.
A current applied to one of the coils increases the ap-
plied flux ®, at a constant rate, decreasing the energy
barrier until a decay is observed. A magnetometer
coupled through a second coil detects the total flux &
through the SQUID, the signature of a decay being the
abrupt transition in @ by about ®,. In an experimental
run approximately 10* transitions are measured. The
results of these measurements are then formed into a
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FIG. 1. Typical histogram representing the tunneling pro-
bability distribution. The inset is a schematic diagram of the
experiment.
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histogram, as shown in Fig. 1, which when suitably
normalized is just the probability distribution of the
transitions. This distribution is a product of an ex-
ponentially increasing escape rate I'(d,) as Ad,— 0
and the rapidly decreasing number of populated sys-
tems for large I'.1?

The SQUID studied in this work is fabricated from a
small-area Pb-alloy edge junction (area —0.1 um?)
shunted by a Pd thin-film resistor (R=9+1 Q)
placed within 2 um of the junction. The calculated
series inductance of less than 3 pH gives an inductive
cutoff for the shunt resistor greater than 500 GHz.
Bounds on the junction capacitance C are estimated,
both from the area?’ and from the deviation from ther-
mal activation at 2 K of an unshunted junction with
the same area and critical current, to be 6 fF < C < 14
fF. The SQUID is formed by a 10-um-wide Pb strip
laid around the perimeter of a 250-um square bisected
by a 40-um-wide Pb strip connected to the junction at
the center of the square. The effective SQUID induc-
tance has been independently measured to be 270 + 30
pH. The SQUID and the flux transformers which cou-
ple it to the magnetometer and field coils (Fig. 1) are
fabricated on a sapphire substrate in a single deposi-
tion. A “He-filled NbTi cell with narrow channels con-
necting it to a sintered copper heat exchanger provides
good thermal contact while maintaining the integrity of
the superconducting magnetic shielding. This cell is
placed on a platform shared with a heater and resis-
tance secondary thermometer for temperature regula-
tion. A 3He melting-curve cell on the same platform
serves as the primary thermometer, providing an abso-

lute temperature accuracy of +1% +1 mK over the

experimental temperature range of 10 mK= 7"=730
mK. The platform is cooled by a dilution refrigerator.
Extensive efforts have been made to shield the sample
from all external noise.

At high temperatures the decay of the metastable
states is by thermal activation over the barrier with the
rate given by

(7, ®,) =wrllexp(—AU/kgT), 2)

where Hq=1 for temperatures sufficiently high that
tunneling through the barrier is negligible so that the
classic Kramers result holds. For the junction dis-
cussed here, the undamped small oscillation frequency
is wp—~ 1.2x10'2 s~ and the RC cutoff frequency
y=1/RC~1.1x103 s~1. In the high-damping limit,
v >> wg, appropriate to these measurements wr
=w}/(27y). Thus the thermal attempt frequency is
or—~21 GHz and is given in terms of the junction
parameters by wr=(8/7)Y2(R/L)A¢Y?. Note that
this result is independent of C and, thus, for highly
damped systems does not involve wy. Recent work
suggests that significant quantum corrections to ther-
mal activation (QCTA) extend to temperatures many
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times the crossover temperature to thermal-
activation—dominated escape. The effect of these
corrections is to increase the escape rate, i.e., [I,>1
in Eq. (2).%6.8.10.13

At zero temperature, where the thermal escape rate
goes to zero, it is predicted that the escape from the
metastable well will be via quantum tunneling®* with

I'(0)=wgexp(—By), (3)
where for high damping By=3(AU/fwr) and is
given in terms of sample parameters by By

=(m/B)(RY/R)Ad, = ByoAd, with Ro=h/e*=2.59
x10* Q. The prefactor wgp has been calculated nu-
merically with the result wp=5x%10 s~! for the
parameters of the sample studied here.” Quantum
tunneling is predicted to be the dominant escape
mechanism below a crossover temperature 7§
=fw T/kB.5 For temperatures below 7|, the predicted
effect of the heat bath is to increase the escape rate so
that I' contains a temperature dependence’? giving

F(N=T0)expl(T/Tp)*l, 0<T<T, (4

The scale factor Ty is given in terms of the sample
parameters by

_ V12 B9 R )Y
0 22 Lkg| R

The quantum calculations are valid in the semiclassical
limit requiring that the particle be well localized near
the potential minimum. This criterion, which can be
expressed as AU >> hwp,*?! is well satisfied for the
data presented here.

The high-temperature thermal-activation rate (Hq
=1), the quantum exponent Bp, and the finite-
temperature tunneling enhancement are all indepen-
dent of the junction capacitance in the high-damping
limit and only sensitive to frequencies below about the
thermal attempt frequency wT,7 since the action cuts
off as exp(—w/mwy)—at a frequency of about 10
GHz for this sample. Since the sample inductance and
resistance are well characterized by their lumped
values and the intrinsic junction dissipation is negligi-
ble to frequencies well above w7, our measurements
should provide a critical test of these aspects of the
theory. In contrast, the quantum prefactor for 7=0,
wg, as well as I1,, the quantum correction above To,
are both much more sensitive to the detailed high-
frequency response of the system, depending as a low
power law on the capacitance and responding to fre-
quencies of at least order .3

To within the precision of these measurements the
shape of the distribution (Fig. 1) does not depend on
the form of the escape rate in Eqs. (2)-(4). Thus, all
available information from the escape rates is con-
tained in the mean @, and the width o, of the distri-
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butions. These quantities are shown versus tempera-
tures in Figs. 2 and 3. The qualitative signatures of
quantum tunneling, the approach of ®, and o to fin-
ite values as T— 0, are clearly evident from these
plots. Detailed discussions of relationship of the
parameters in the escape-rate equations to the mean
and width of the distribution have been given else-
where.22 The essential dependencies can, however, be
seen rather simply: Below 7,, where By depends
linearly on ®,, o; '« dInl'/dd,. Thus, the width
gives a direct measure of Bp,. Since data are always
taken for essentially the same range of I', any change
in the parameters which tends to change I' will be
compensated for by a change in the mean. Thus,
changes in quantities such as wgp, temperature, and
®,,. which change I' but are not coefficients of &, will
only cause changes in the mean. Note that, in particu-
lar, a 77 variation in InT" from Eq. (4) would cause a
T? variation in the mean but no change in o .

Figures 2 and 3 show the comparison of these data
with various theories throughout the temperature
range. The junction parameters have been indepen-
dently determined. However, the precision of the data
is in general better than the accuracy of these deter-
minations; thus in the analysis below we treat these
parameters as fitting parameters to be compared with
their independent determinations. As can be seen, the
variation of the ®, and o, with temperature for
T < Ty is well described by Egs. (3) and (4). In par-
ticular the temperature independence of o, follows
from the temperature independence of Byy. In addi-
tion, since the mean is temperature dependent in this
region, the constancy of o, implies a linear depen-
dence of By on ®,. The value for the junction resis-
tance of R =8 Q determined by o,(0) is in good
agreement with the independent estimate of 9 +1 Q
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FIG. 2. (a) Mean (¢,) of the escape distribution vs 7%3
shown with best fit to (dashed curve) thermal activation and
(solid curve) quantum theory. (b) Parabolic fit of ¢, vs T
for T < Ty.

based on the measurement of a current-biased test
junction fabricated simultaneously with the SQUID.
This zero-temperature width is a factor of 4 less than
that obtained with an unshunted SQUID with nearly
the same area and critical flux and with a crossover
temperature of about 2 K. The predicted 72 variation
of ®, from Eq. (4) is clearly seen in the excellent fit
(with use of L =253 +3 pH as the fitting parameter)
of @, to a parabola shown in Fig. 2(b) over the entire
range 0 < T < T,. As can be seen, the values found
for these fitting parameters agree with their indepen-
dently determined values to within the experimental
accuracy. These results represent quantitative confir-
mation of the predicted suppression of low-
temperature quantum tunneling by dissipation and also
provide the initial test of theories of macroscopic
quantum tunneling in the high damping limit. Both
the functional forms and magnitudes of the exponents
in Egs. (3) and (4) agree with theory.

The exact value of ®,., where the energy barrier
vanishes, serves only to change the value of wy but
does not affect the fit to either the width or the mean
below T,. Assuming the predicted value of the quan-
tum prefactor wop=5x10" s™! gives a fit of the
suppression of the mean flux below ®,. at T=0 to
be A®,(0)=(0.077 +£0.002)®,.2 An independent
determination of ®,. has been made through a mea-
surement of the nonlinear component of the ® vs &,
response curve for ®, < ®,. Since 9P/dP,— oo as
o, — &,. this measurement, which will be described
in detail elsewhere, provides a very sensitive measure
of the difference A®, between @, and P,., giving
A®,(0)=(0.050 £0.010)®,. The fitted and mea-
sured values of ®,, do not agree. This measured value
of Ad,(0) implies wp=3x10'"s™!~ 7. Further, it
can be seen from Fig. 2(a) that in the region above T,
the predictions of QCTA even with use of the best-fit
parameters do not agree with the data. Note that ®,,
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FIG. 3. The variation of the width (o) of the escape
probability distribution vs 7%3 compared with (dashed
curve) thermal activation and (solid curve) quantum theory.
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acts mainly to shift the entire curve along the Ex axis
but does not significantly alter its shape. The quanti-
ties for which theory does not fit the data, wg and II,
are just those prefactors whose calculation depends on
the high-frequency response of the junction dissipa-
tion.

As can be seen from Fig. 2(a) the fit to the un-
corrected thermal activation result [II,=1 in Eq. (2)]
using L and ®,, as adjustable parameters describes the
data above 7, extremely well. Further, the fitting
parameter ®,.=A®,(0)+ (0.049 +0.001)P;, now
agrees with the measured value. In addition the best-
fit value of L =253 +3 pH from thermal activation is
consistent with a value of L =258 +£12 pH obtained
from T, in fitting Eq. (4) below 7.

As can be seen in Fig. 3 the predicted width o, (7)
above T is essentially the same whether or not quan-
tum corrections are included. The measured widths
above Ty are all about 3x 10~ 4®, greater than predict-
ed. This offset, which is about twice the instrumental
resolution, is presently not understood. The cause of
the discrepancies noted above between the predicted
and measured values of the prefactors also remains
unexplained. The effects of a number of possible de-
viations in the sample impedance for w — vy (e.g., the
parasitic shunt inductance) have been calculated.
While these cannot explain the observed discrepancy
(and in fact can make it worse) we do not presently
rule out the possibility that some such effect may be
significant in understanding these deviations.

We conclude that in a well-characterized macroscop-
ic quantum system, where parameters are indepen-
dently determined, excellent agreement is obtained
with both the functional forms and the magnitudes of
the quantum exponents. In particular, in the high-
damping limit, the magnitude, temperature depen-
dence, and dependence on barrier height (through
Ad,) for both the zero-temperature exponent and the
finite-temperature correction below 7, agree with
theoretical predictions evaluated with use of the in-
dependently determined parameters. The data are,
however, not in agreement with those aspects of the
theory which are sensitive to the details of the junction
response at frequencies of order y, namely wg, and
the closely related quantum corrections to thermal ac-
tivation above T,. In fact, above T, the data are
much better described by classical thermal activation.
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