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MACROSCOPIC QUANTUM EFFECTS IN THE ZERO VOLTAGE STATE OF THE
CURRENT BIASED JOSEPHSON JUNCTION

John Clarke, Michel H. Devorec.' John Martinis, and Daniel Esteve'

Department of Physics, University of California and
Materials and Molecular Research Division

Lawrence Berkeley Laboratory

Berkeley, Californifa, USA 94720

Introduction

Leggett (1-4) has stimulated {nterest in the question of whether
quantum mechanics applies to dacroacopic variables, an issue that
has been addressed experimentally only recently. An attractive
candidate for {nvestigating this question s the Josephson tunnel
Juncti{on (5), a system i{in which thermal fluctuations and perturba-
tion due to the environment can be made reiatlvely unimportant. In
the case of the current-bdbiased junction shown in Fig. 1(a), the ma-
croscoplic variabdle is the phase d{ffaerence § dDetween the supercon-~
ducting order parametars on efther side of the darrier. For a mo-
del junction in which the complex impedance shunting the junction
consiasts of a capacitance C and resistance R {n parallel, the equa-
tlion of motion for the junction i{s (6,7)

Clo,72m)28 e (1/R)(0,/27)24(0,/22)(3/26) (=T c086=(I+I ()16} = 0, (1)

where o, & h/2e 13 the flux quantum. In general, both C and R may
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Flg. 1: (a) Resistively shunted junction model, and (b) U vs., § for
a dblas current [ below Io.



contain contridbutions froa the current-bdbias leads. We assume that
R {s independent of the voltage V across the junction. The criti-
cal current of the Jjunction ls Io' the aexternally applied bdilas cur-
rent 1s I, and the noise current due to Nyquist noise in the shunt
resistance 1is I“(t). Equation (1) represents the motion of a par-
ticle moving in a one-dimensional tilted cosine potential. 1In the
zZero voltagb state of the junction, the particle is confined to one
well of this potential. After the particle escapes from this meta-
stable state, It runs freely down the tilted washboard, and a volt-
age appears across the junstion.

In the zero voltage state, the particle at the bottoa of the well
osci{llates at the plaama frequency (1)

wp(I) = wpolt = (1710214 (1 < 1,), (2)

where w,, 3 (2:z°/co°)"2. The well s separated from the free
running state by a potential darrier of height AU. In the liamit of
experimental interest the dias current (s only slightly less than
the crltical current, and the potential froam which the particle es-
capes bdecomes cubte (Flg. 1(d)]. In this approximation, the dar~
rier hetight ls (8)

AUCD) o (A/Zru (r = 1710372 (1, - 1)/T, << 1], (3)

where U, 3 l°0°/2'. The dissipation {s represented dy the daaping
factor Q = upnc.

The mechanism. dy which the particle escapes from the metastadle
state {3 of central ilmpoertance in the present context. In the
thermal regiace kBT > uup, where T L3 the temperature, the nolse
current I, (t) ia Eq. (1) adds a random force to the particle, which
eventually escapes froa the well Dy thermal activation at a rate
proportional to (9) exp(=-4U/kgT). On the other hand, {n the Qquan-
tum liait, the particle escapes Ddy |macroscopic quantua tunnelling
(MQT) (1=8) through the potential barrier. In the weak damplng
limte Q >> 1, and at T « 0 the predicted rate for this process ls
" proportlional to exp(=7.28U/Mw,) (1 » 0.87/Q), where the first tara
in the exponent {3 the result of a WKB calculation (10) in the ad-



sence of any dissipation, and the second term ari{ses from the ef-
fegts of damping (1), The crossover temperature from the thermal
regime to the quantum regime (3 predicted to be,‘l‘° - nwp/anB in
the weak damping limit (11),

. The experimental observation of MQT would imply that §, which i3 a

macroscopic vartable in that (t describes the phase difference be-
tween two large collections of Cooper pairs, obeys quantum mechan-
ics. However, a quantitative demonstration of the.correctness of
the theoretical prediction may not be altogether trivial. A per-
usal of the equations listed adove for the classical and quanﬁum
regimes reveals that the parameters governing the escape rate are
Iy C, R, I and T. Although one can, with care, expect to deter-
mine I and T with negligibly small error, the determination of Io,
C and R presents some difficulty. For example, because the plasma
frequencies necessary to achieve the quantum limi{t are at least a
few gigahertz (for millikelvin temperatures), and may de much
higher, the lmpedance presentsd dDy leads coupled to the junction
may have a major effect on the values of C and R that are to be
used to compare the measured escape rates with theoretical
predictions. It {3 necessary to understand these effects in some
ae:ali. A Quite separats problem (s concerned with possidle
effaects of axtraneous nof{se sources. A3 the temperature of chq
Jjunction is lowered in the classtcal regime, the escapes rate for
tixed btas current drops rapidly. Eelow To. on the other hand, the
escape rate {3 predicted to flqtten off, as tunneling takes over
from thermal activation. However, the presence of an extranaous
nolse source, for example plck=-up from a radio or television
station or Nyqulst noise from a reslstor at a temperature above
that of the jfunction, may also cause the escape rate to flatten off
as the temperature Ls lowered, Thus, one f{s roquirod to
demonstrate the absence of spurlous'efreccs of this kind. We
shall return to these probdlems {n due cause.

We now briefly mention experiments that werse performed prior to.
those descrided {n this paper. The escape rate in the thermal 1li-
mi{t was mgasured by Fulton and Ounkleberger (8) in the Yye temper-
ature range using tunnel junctions with areas in the range of 4 =x
1073 to 10'" mmz. They reported ".,, lifetimes in near agreement



with thermal-activation theory."” The first measurements in the
quantum regime were those of Voss and Webd (12) who studied ! umz
tunnel Jjunctions at temperatures down to 3 mK. They observed a
flattening of the escape rate as the temperature was lovered that
was consistent with the predictions of MQT for a junction with a
high Q (Bc 3 ZiIORZC/Oo = 5000). On the other hand, for a lower Q
Junction (8, « 50), a damping factor of approximately (1t » 5/Q) ra-
ther than (1 ¢ 0.87/Q) was required to dring the low temperature
escape rate {nto agresment with the theoretical prsediction. Howev~-
er, the valus of R used to deteraine Q was that odtalned at low
voltages from the [-V characteristic, whereas, as polinted out dy
the authors, "It is possidle that the appropriate R ... 1Is not the
measured dc resistance near the origin but either the high-frequen-
cy resistance or the Qquasiparticle resistance above the gap.” At
about the saae time, Jackel at al. (13) reported measurements on
very small area tunnel junctions, with areas between 3 = 10‘6 and S5
] 10'8 ﬂnz. ia the uﬂo temperature range. They also observed a
flattening of the e3scape rate as the tempiraturo was lowered, the
flactening occurring at a lower temperature than one would predict
from the theory {n the absence of damping. They concluded that
"The raesults are consistent with a predilctlon that dissipation re-
duces the rate of ... e€3cape." Although bdoth experiaments in the
quantua liatt showed that the escape rate decame Llndependent of
temperature as teamperature uai lowered and {ndicated that the pre-
sence of dissipation resduced the tunneling rate, it seems fair to
say that {a neither case were the parameters sufficliently well
known to allow any Quantitative comparison with theory to dDe made.

Experiments have also deen performed on a different systes, naamely
a superconducting loop interrupted by a Josephson tunnel junction
{Fig. 2(a)]. 1In this case, one studles the thermal activation or
quantum tunneling of the magnetic flux, ¢, threading the lcop. For
parameters of experimental interest, the potential U(9) contalins
two local minilma, as indicated in Fig. 2(d). In the thermal re-
glme, the particle hops detween the two wells Dy thermal activa-
tion. One can do:orulﬁo the lifetime of the aetastadble state bdY
raaping the applied flux and using a Superconducting QUantua Inter-~
ference Device to determine when the transition between states
occurs. Measureasents in the thermal regime were made Dy Jackel et
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Fig. 2: (a) Superconducting ring interrupted by resistively shhnted
Junction, and (b) U vs. ¢.

-al. (14), using a point contact device i{n the uHe temperature
range. They concluded that "... the experimental results are In
good agreement with the theory."®™ In the quantum regime, Den Boer
and de Bruyn Ouboter (15) also studied a point contact device {n

_the uHe temperature range, and observed that the transition rate
between the two metastadle states flattened off as the temperature
was lowered. Prance et al. (16) [also Spilller et al. (17)]
observed periodic structure i{n the V-1 curve measured at radio
frequenclies on a tank circuit coupled to the loop containing a
Junction, and {nterpreted these results as arising from quantum
effects. In both experiments {n the quantum limit there appears to
be uncertainty {n the parametersa of the point contact junctions,
and the interpretation of the latter experiment has not been uni-
versally accepted (3). Very recently, Schwartz et al. (13) have
studied a thin-fiim loop containing a2 Josephson tunnel junction
that was heavily overdamped by means of an external shunt resistor.
The Jjunction area was about O.j umz. and measurements were made {n
the milliKelvin temperature range. They found good agreement with
the predicted exponent of the tunneling rate, but a three-order-of
magnitude discrepancy between the measured and predicted prefactor.
The reasocns for this di{screpancy have yat to be understood.

The expariments descrided in the remalnder of this paper are con-
cerned with the escape rate from the zero-voltage state of a cur-
rent-blased juncttion, The major di{fference bDetween thi{s work and
previous experiments {3 that all of the relevant parameters of the
Junction are measured in situ using classical phenomena: {n parti-



eular, we measure C and R at the relevant microwave frequencies.

Thus, we are able to compare the experimental results with theore-

tical predictions with no adjustable parameters, We begin with a

brief description of the experimental configuration. It ls coaven-

fent, next, to describe the classical phenomenon of resonant acti-

vation from which we obtain Wy and Q. We follow this with a des-

eription of the measurements of the escape rates in the thermal and

quantum limits and compare Our results with experimental predic~

tions; at the same time, we descride the determination of I,. The --
last experimental section !s concerned with a different aspect of

the quantua nature of &, namely the quanttization of the snergy .
levels. VWe conclude with a bdrief summary,.

Experimental Configuration

The junctions (19) were nomi{nally 10 = 10 yn? Nb-NLOX=Pb tunnel
Junctions fadricated in a crosa-steip geometry on oxidized silicon
wafers. The I~V characteristios exhibited a low sudgap leakage
current, and a di{ffraction-pattern~like dodulation of the critlcal
current as a function of the external magnetic flelid. Each junc~
tion in turn was attached to a custom~made attanuating coaxial line
(mount) that was connected to the rooa temperature elesctronics via
two coaxial lines, one for current and one for voltage, aquipped
with alcrovave and radilofrequency filters, The measured attenua-~
tion of the filters was greater than 150 4B froa 0.1 to 12 GHz. A
aierowave current could de injected via a separate coaxial line,
equipped with cold attenuators, that was capacitively coupled to
the center conductor of the mount, For the experiments in the di-
luttion refrigerator, the last of the chain of low-pass filtsrs and
the junction mount were attached to the mixing chaaber, A magnetic
fleld could be applied parallel to the plane of the junction by
seans of a superconducting magnet la the persjstent current mode.
The experiment and the battery-operated slectronics required to
operate (t were enclosed {n a screened room, wWith connections made
to a sicrocomputer outside the rooa via fider optles.

In all of the experiaents except scae Oof the resonant acttvation
measureaents, the escape rate (I) from the zeroc voltage state of



the junction was detaermined using the method of Fulton and Dunkle-
berger (8) In which the bdias current (s ramped until the junction
switches to a nonzero voltage. This voltage onset triggers an A=~
to=-D converter monitoring the current, so that one obtains the
value of current at which the Jjunction switched. One repeats this
procedure a large number of times, typlcally 105. to obtain the
distribution of switching currents, P(I). The escape rate i3 cal-
culated from the relation (8)
et P(I)al/sdt ‘ ()

1 - I P(1)dl
Q

Resonant Activation

In resonant actf{vation (19), one measures the lifetime t(P) of the
zZero voltage state of the Jjunction {n the presence of a microwave
power P, The microwave current i3 very small, and makes only a
minor perturbation on the dynamics of the junction in the presence
of thermal nolse. The microwave current produces a sinusoidal
force on the particle, so that one expects to observe a reduction
in the lifetime of the metastable state when the microwave fre-
quency is close to the plasma frequency. By measuring the resonant
response of the lifetime to the microwaves, one s able to deter=-

mine w, and Q and hence, knowing I and Io' to deduce C and R.

P

To enable us to measure changes i{n t(P) over a wide range of fre-
‘quency, we measured t directly at a fixed value 6f blas current
while the microwave frequency was swept through the plasma reson-
ance. In this method, we applied a 10 kHz square-wave modulated
blas current and measured the time that elapsed between the leading
edge of the pulse and the onset of a voltage across the junction {n
the absence of microwaves, To investigate the effect of micro- .
waves, we injected a microwave current {nto the junction and swept
the frequency. Although we observed a decrease (n <t near the plas-
ma frequency, the response exhibited a considerable amount of
structure arising from variations tn the attenuation of the line
through which the microwaves were lnjec:ed; We eliminated this
problem by repeating the measurement at a slightly different value
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Fig. 3: Resonance in escape time v3, microwave frequency for junc=-
tion ln thermal limit at 4.2K with I, « 4,64 uA, T = 3.07 uA and
t(0) « 8.4 us., Dots are exparimental data and solid line (s numer-
fcal simulation.

of I, (dut the same value of I/1,) so that the plasma frequency was
shifted (in the exaaple discussed here) dy 0.12 GHz. Thus, the two
curves differed significantly only {n the plasma resonance, and Dby
combining them we obdtained the response of the junction at the
average of the plasma frequencies. An example (s shown in Fig. 3,
where we plot talt(P)/x(0)] vs. microwave frequency for a junction
at 4.2K.

In Fig. 3, we observe lamediataly that the lineshape Is far froa
‘Lorentzian, having a much longer tail on the low frequency sido of
the peak than on the high frequency side. This non-Lorentzian
lineshape arises froam the fact that the osctllatien frequency de-
creases as the energy of the particle in the cudic potential in-
creases. To lnvestigate this effect, we performed a numeri{cal sim-
ulation of Eq. (1) with a slnusoldal driving current added to the
blas and nolse currents:. The results of the sfmulation giving the
desat f1it to the data are shown in Fig. 3, and mimic the asymmetry
in the lineshape. The simulations tndicate that the positlon of
the atniaum w,/2% 13 slightly less than up/ZI. while the width
Aw/2% 13 somewhat larger than -plle. The simulation shown ln Fig.
3 ts tor wp © 6.3 GHz and Q « 13; for these values we find wy »



0.96 wp and Aw = 1.25 up/Q, The inferred values of wp and Q lead
to C = 6.8 pF and R = Q/upc -« 48 q, The variations in the value of
C due to the leads, about + 0.5 pF, are a relatively small fraction
of the junction capacitance, which was dellbérately chosen to be as
large as possible. On the other hand, the value of R is af least
two orders of magnitude delow the dynamic resistance determined
from the I-V characteristic at low voltage. This value of R is
determined entirely by the dissipation {n the external circuitry:

We have seen that resonant activation enables ode to determine the
effeative values of C and R in situ, provided one knows I° and I,
In the next section we discuss the determination of I° and the

measurement of the escape rate as .a function of temperature.
Escape Rate {n the Classical and Quantum Regimas
Escape temperature. In the thermal regime (kBT > nup)'the therm-

ally activated escape rate from the zero voltage state is predicted
to de (20)

r, = at(up/ZI)exp('AU/kBT). - (5)
where (20)
ay = 4/0(1 » QegT/1.8a0)1/2 « 132 (6)

{s of the order of unity in our experiment. In the quantum regime
(kBT << Hup) to lowest order Iin 1/Q the macroscoplic quantum tun-=
neling rate out of the zero voltage state at T = 0 {s predicted to
be (1) '

f, © aq(uplz:)expc-(7.ZAU/nup)(1 + 0.87/Q)], (7)

q

where (1) a, = t120:(7.ZAU/nup)]"2.

q

To express the aexperimental results in a way that is as independent
as possibdle of the junction parameters, it {s convenient %o intro-
duce the escape temperature T,,. defined through the relation




[ e (up/21)exp(-AU/kBTesc). (8)
In the thermal regime, the theoretical prediction is

Tese = T/(1 = py)  (igT >> Huy), (9)

esg
where

Py = (kgT/4aU)Lna, : (10)

{s small coapared with unity. In the quantum regime at T = 0, the
prediction {s

T « Mug/kg(7.2(1 + 0.87/Q)(1 = pg)] (kgT << Huy), (11)

es¢c
where

(12)

- (nup/7.2AU)Lnaq.

Pq
Determination of critical current. We deteraine I° in the thermal
regime dy using the exponeantial dependence of rt on the bias cur-
rent. As 13 evident from Eqs. (3) and (5), a plot of the experi-
mentally deterasined Quantity (!n(up(I)IZtr(I)])2/3 vs. I should,
neglecting departures of a, from unity, be a straight line with
slope scaling as Ts;g that intersects the currant axis at Io'
As an {llustration, wve present results for a different 10 = 10 um
Junctlon to that represented in Fig. 2, incorporated {n a differ-
ent acunt 30 that the external damping was reduced. Figure 4 shows
three exaaples of such plots out of the seven obdtained i{n the ther-
mal regime over the teaperature range from 102 to 800 mK. We also
show two sets of data odtained at lover temperatures where quantum
effects are expected to be lmportant: we note that the slope chang-
es very little as the temperature {3 lowered from 46 to 19 mK, in-
dicating that Tosc i{s nearly the same at these two temperatures.
As expected, the lines drawn through the data (using a least
squares fit) intersect the current axis at very nearly the same
point. The values of I, odtalned from the seven sets of data (n
the thermal regise ranged from 9.398 to 9.535 uA. We then correct-

ed these values of I, for the departurs of a, from unlty, using the

2
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Fig. 4: [ln(wp/Zar)]2/3 vs. 1 for five values of temperature.
Lines that intersect the current axis have been drawn through the
data {n the thermal regime at the three highest temperatures. The
arrow indicates the value of I, obtalned after corrections for the

prefactor were made.

value of Q = 30 ¢t 15 odbtained from resonant activation. These cor-
rections were small, ranging from =12 t 4 na at 100 mK to =47 = 1g
nA at 800 mK., After these corrections were made, the critical cur-
rent was independent of T to within the experimental uncertainties,
with a value 9.489 + 0.007 uA. Quantum corrections to I, tn this
temperature range wers naegligible.

From the values of up(I) and Q(I) measured for three values of I,
and numerous value of I we determined C and R as functions of Wy
We found that our data were well explained by a lumped clrcult
model with C « 6,35 ¢ 0.4 pF and R = 190 £ 100 Q,

Escape tamperaturses in thermal and quantum regimes. We used the

measured values of I,, R and C to calculate T,y, from [ as a func-
tion of I and T. In Fig. 5 we plot (21) T,,, vs. T for a value of
blas current such that ln(uPIZIP) = 11, The predicted crossover
temperature of 30 mK {s tndicated by a solid arrow {n Flg. S.

Above abdbout 100 aK, Tesc {s very close to T, as we expect {n the
thermal regime. Below about 25 mK, however, T,,. becomes independ-
ent of T, with a value of 37.4 £ & mg. The Caldeira~Laggett pre-

~
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Flg. 5: Taqe V3. T for two values of critical current for ln(uDIZwr)

e 11, The s0ltid and open arrows {ndicates the predicted crossover
temperatures for the higher and lower critical currents, respec-
tively. Predtction of Eq. (5) for I, = 9.489 uA indicated at left.

diction (1) at T = 0 Is T .,
agreement with the temperature-independent value observed in our

e 36.0 £ 1.8 mK, which is {a very good

experiment. The contridution of the damping to the predicted value
of Tesc Lts ~1.5 ak, which {3 less than the comdined uncertainty of
the predicetion and experiment. Consequently, we cannot make any

stateaent about the effesct of dissipation on MQT.

Although the teaperature-independent value of resc is in éood

agreement with the T « 0 prediction, nevertheless one should demon-
strate that the flattening of Tesc
ous nolse source. To estadlish that the effective temperature of

i{s not due to an unknown, spuri-

the dissipative elenent was equal to T at the lowest zonperacurés
of cthe experiaent, we reduced the critical curreat dy means of a
magnetic fleld 3o that the junction remained in the thermal liait.
The critical current increased slightly as the temperature was low-
ered, from 1,376 £ 0.005 uA at 800 aK to 1.388 £ 0.002 uA at 20 =K.
In Pig. f we have plotted T,,, for the lover critlical current tor
zn(up/zvr) e« 11, At each tsmperature, we calculated Tesc using the
measured value of I, at that temperature. The predicted crossover

12



temperature, 14 mK, is indicated with an open arrow. We observe
that Tesc {s equal to T to within the experimental error over the
entire temperature range, although there 1s a suggestion that Tesc
i{s beginning to flatten off at the lowest temperature. We conclude
that the flattening of Tesc for the junction with the higher criti-

cal current did not arise from spurious nolse sources.

Quantization of Energy Laevels

If the behavior of the particle in the well is detarmined by quan-

‘tum mechanics, one would expect the energy of the particle to be

quantized. To investigate thia behavior, we have extendad our mea-
surements of the escape rate from the zero voltage state In the
presance of a microwave current to the case where the junction {s
in the quantum regime. One axpects the microwaves to enhance the
escape rate when the frequency coincides with the spacing between
two energy levels.

In the axperiment (22), we adjusted the microwave power P so that
{r{(p) = r(0))/r(0) ¢ 2. We searched for resonances by varying the

"anergy level spacing with the bilas current while keeping the micro-

wave fregquency fixed. In Fig. 6(a) we show the escape rate vs.
blas current in the presence of 2,0 GHz microwave irradiation for a
10 = 80 umz Junction. The well contained se;eral energy levels
(AU/Nup -~ 6), there was significant population of the lower excit-
ed states (kaT/nup - 0.3), and the damping was low (Q ~ 80). We
obssrve three peaks ln [r(P) = r(0)]/r(0) that are charactaristic
of tranaftions between gquantized energy levels. The two peaks at
thae higher dias currents are approximately Lorentzian., To lnvestl~
gate the positions of these peaks, we computed the energy levels dy
solving the Schrddinger equation numerically using the measured
values of I, I, and C. The solid lines in Fig. 6(b) represent the

‘anergy level spacings En»nol vs., I (n « 0,1,2). The dotted lines

represent the uncertainty {n the 20,1 curve due to the errors {(n Io
and C. We note that a given error in I, and C will move all three
curves by essentially the same amount. The intersection of each
curve with the horizontal line corresponding to a microwave fre-
quency of 2.0 GHzZ {s the prediction of the value of ditas current at

13
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Fig. 6: (a) (r(P) = r(0)3/r(o) vs. I for a 80 uyma = 10 ua junction
at 28 aK i{n the presence of 2.0 CHz microvaves (kaT/Hw = 0.29).
Arrowa Indlcate positions of resonances. Inset represents the
corresponding transitions between energy levels. (b) Calculatea
energy level spaaings B, .,y v3. I for I, = 30.572 £ 0.017 uA and
C « 87.0 2 3.0 pP. Ootted lines lndicate uncertainties in the Ey,
surve due to errors in I, and C. Arrows tandicate values of blas
current at which resonances are predicted.

which the resonant peaks shquld oaccur. The absoclute pasitions of
the measured peaks along the dias-current axi{s agree vwith the pre-

dlaotions to withlin the experimental uncertaintles. The separations
of the measured and predicted peaks are Lin excellent agreement,

To study the dependence of the separation (E, - Eo) on dias cure
rent, we have aade asasureaents on'a 10 = 10 “.2 Junc:ioh that was
more strongly in the quantums regime (kBTINu - 0.1, AU/unp -~ 2) at
the experiaentally accessidle values of I and T. The values of Io
and C were seasured in the thersal regime in the usual way. Flgure
7(a) shows the resonances observed at 18 aK for four different at-
crowave frequencies, while fig. 7(b) shows the values of the Ddlas
gurrent at which the resonances are predicted to occur, together
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F1g. 7: (a) [r(P) - r(0)3s/r(o) vs. I rfor a 10 um = 10 um junction
at 18 mK for four amicrowave frequencles. (b) Calculated energy
level spacing Eg,y vs. I for.I, « 9,489 £ 0.007 A and C = 6.45 2
0.4 pF, Dotted lines {ndlicate uncertalinties due to errors in I°
and C. Arrows [ndicate values of dlas current at which resonances
are predictad, Dashed line indicates plasma frequency.

with the uncertainty., The absolute positions of the measured and
predicted peaks agree to within the experimental uncertainties.
The shift in the position of the resonances a3 the microwave fre-
quency 1s changed (s in excellent agreement with the predicted
shift. We note that the measured positions of the resonances are
very different from those that would be predicted classically for
the resonant activation of a-particle osclllating at the plasma
frequency (dashed line).

As a final {llustration, in Fig. 8 we show the evolution from quén-
tum to classical behavior. AL ;he lowaest value qr kgT/lu. the re-~
sponse (s a single, approximately Lorenbzlan'resdnance. At a high-
er value of kgaT/Mw a shoulder corresponding to the E,_ , transitlon
becomes appareant. At the highest value of kgT/Mw the resonance (s
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Fig. 8: (r(P) = r(0)1/r(0) vs. I for the junction of Fig. 7 with I,
= 9.57 uA and C = 6.35 pF at three values of kgT/¥w. The micro-
wave frequencies are (a) u.s'cuz. (b) 4.1 GHz and (¢) 3.7 GHz.

asyametric, the peaks associated with individual transitions having
merged {nto a continuum: this response is essenti{ally classlical.

To conclude this section, we comment driefly on the linewidth of
the resonances. Resonant sgtivation measurements in the classical
liatt for the Jjunction Lfllustrated In Fig., 7 yield Q « 30 £ 15, In
the quantum liatt, one expects the relative linewidth Aw/w Of the
resonance corresponding to the EQwl tranaition %o be approximately
1/Q. The data presentad in Flg. 7(a) yield w/dw = 50 ¢ 10, {n rea-
sonabdble agreement with the value of Q measured {n the classical 1li-
mit. We note that the cohersnce of the ground and excited states
®uat de maintained Over tnhe lifetime Oof the axclted State, approxi-
mately 210/«.p - 1% ns; for the same transition i{n Fig. 6(a), the
coherence time s adbout 40 ns.

Concluding Summary

When a weak microwave cgurrent s applied to a current-biased
Josoﬁnaon tunnel junetion in the thermal limit the escape rate from
the zero voltage state 13 enhanceq when the microwave frequency 13
near the plasma frequency of the junctica., The resonance chrvo ts
markedly asymmetric decause of the anharmonic properties of the po-
tential well: this dehavior (s well explatned dy a computer s{mula-
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tion using a reslstively shunted junctlon model, This phenomenon
of resonant activation enables one to make la situ measurements of
the capacitance and resistance shunting thé junction, including
contributions from the complex impedance presented by the current
leada. For the relatively large area junctions studied in these
experiments, the external capaciti{ve loading was relatively unim-
portant, but thae damping was entirely domlnated‘by the external re-

s{stance.

The values of C and R obtained from resonant activation together
with the value of I, obtained from the current-dependence of the
ascape rate in the classical limit and the measured values of I and
T completely specify the escape rate from the zero voltage state.
This escape rate can de coanveniently expressed a3 an escape temper-
ature, As the temperature of the junction was lowered i{n the ther-
mal regime, the escape temperature at a fixed value of up/r was
equal to the bath temperature to within the experimental error. At
the lowest temperatures, however, the escape temperature flattened
off to a value eﬁat was in excellent agreement with the Caldeira-
Leggett prediction for T « 0 with no fitted parameters, For the
Junction reported here with Q = 30, the effects of dampling were
smaller than the experlmental uncertainties, and it was not poss!i-
ble to draw any conclusions about the correctneas of the prediction
for the affects of dissipation on the macrosccpic tunneling rate.
As a check on the level of spuricus nolse, the measurements were
repeated with the critical current reduced dy a magnetic fleld so
that the junction remalned {n the classical limit down to the low-
est temperaturse of the experiment. The escape temperature remained
close to the dath temperature over the eatire temperature range,
tmplying that external noise effects were negligible,

As a quite di{fferent demonstration of the quantum nature of §, an
expariment was performed to show that in the Qquantum lim{t the
snergy of the particle {n the well ts quantized. The escape rate
from the zero voltage state wa3s measured at constant microwave f(rae-
quency and current as a function of the dbtas current, A peak in
the escape rate was odserved when, for example, the 3spacing between
the ground state and flirst exclted 3tate colnclded with the micro-
wave frequency: the microwaves excite the particle from the ground
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state to the excited state i{n which the lifetime against tunneling
out of the well (s substantially reduced, At values of kar/nu
such that there was a significant thermal population of the lower
excited states, transitions between the n = 1 and n = 2 states and
between the n = 2 and n « 3 atates were alsc observed. The mea-
sured positions of the peaks were {n excellent agreement with the
pradictions of a model calculation for the energy levels {(n the
waell, with no fitting parameters. The relative linewidth of the
transition from the n « 0 to the n =« 1 3state was approximately 1/Q,
as expected, and implied a coherence of the Ewo states for periods '

J4p to 40 ns.

The observation of an escape rate from the zero voltage 3state of a
Junction {in the quantum limit that i3 {n excellent agreement with
theoretical predictions together with the demonstration that the
anergy levels {n the well ares quantized provide extremely strong
evidence that the macroscopic variable § obeys quantum mechanlcs.
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