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1. Introduction

It is usually taken for granted that a'macroscopic degree
of freedom, such as the position of the center of gravity of a
billiard ball, never displays quantum effects. However, as Leg-
gett shows theoretically in this volume [1],_this needs not
always be so. We performed at Berkeley a serie of experiments [2])
that, we believe, demonstrates the quantum behavior of one macro-
scopic degree of freedom, namely the phase difference across a
current biased Josephson junction. In his review, Leggett ex-
pPlains why quantum phenomena affecting a macroscopic variable'are
possible in circuits involving Josephson junctions.

Here, we will focus on the practicalities involved in demon-
strating that é macroscopic variable indeed behaves quantum-mecha-
nically. Since the details of the experiments have been described
elsewhere [2], we will try here only to sKetch their general
principles.

First, what do we mean when we say we observe experimentally
the quantum behavior of a system? For a microscopic system like an
atom the situation is simple. The properties of each particle
(electfons and nucleus) are Known independently and the dynamical
equations of the system can be obtained from first principles. To
make predictions one treats these equations classically or quantum
mechanically. Of course, for the atom, it is the quantum predic-
tions, not the classical ones that correspond to the observed

properties. As for a macroscopic system, whose complete descrip-



tion can never be obtained in every detail, the situation is more
complicated and involves a two—stép procedure. In the first step
one makKes measurements in a regime where thermal fluctuations are
large compared with the expected gquantum fluctuations. One gets
thereb? the parameters entering in the classical equations of
motion that characterize completely the system. In the second
step, the thermal fluctuations are suppressed. The new properties
are then measured. Finally one co;pares the results obtained in
the second step with the predictions of the quantum theory based
on the results of the first step. If they always agree, the
quaritum behavior of the macroscopic system is said to have been
Oobserved. ‘

Two obvious pitfalls must be avoided in this procedure.
First, one must makKe sure that all the classical parameters invol-
ved later in the quantum predictions are measured correctly.
Second, one must verify, while the measurement is being made, that
all thermal and parasitic fluctuations that could mimic quantum
fluctuations are indeed suppressed. |

In pioneering experiments [3,4,5,6) on macroscopic gquantum
tunneling involving Josephson junctions great care was taken in
minimizing uncontrolled perturbations that could destroy any
quantum effect. The results of these experiments were consistent
with a quantum mechanical interpretation of the behavior of the
phase difference of the junctions. Recently, more sophisticated
experiments investigated the question of the influence of dissipa-

tion on tunneling [7,8) which had been calculated theoretically



[1,9].

However, a persistent difficulty in all these experiments
has been the correct determination of the parameters of the prin-
cipal component of the macroscopic system, namely the Josephson
Junction. Without a precise Knowledge of these parameters no
quantitative comparison with quantum theories can be made. Some of
the important parameters were treated as ajustable parameters in
the predicti;ns or were estimated from measurements of properties
not directly connected to the dynamical properties involved in the
tunelling experiment. This is why we decided to devise new experi-
mental techniques to ensure that all the parameters of the

junction would be measured in situ, in particular under those

conditions that guarantee that no spurious noise reach the
junction.

In the following the emphasis will be put on the particular
procedures we used to solve the two problems of noise shielding
and parameter determination. Before discussing these central is-
sues, we begin with a short description of the macroscopic system

~we 1lnvestigated, the current biased Josephson junction.
2. Classical dynamics of the current biased Josephson junction
In experiments on Josephson junctions biased with a constant

current such as ours, the macroscopic degree of freedom 1s the

phase difference across the junction. A Josephson Junction 1is made



with two superconductors separated by a very thin oxide layer. For
the purpose of understanding our experiment, the underlying phy-
sics of the superconductors and their coupling through the oxide
barrier is unimportant and the junction can be safely thought of
as an ideal non-linear inductor in parallel with a capacitor (see
Fig. 1). An ideal linear inductor would be a simple. coil made of
superconducting wire and would be characterized by an energy
quadratic in the flux through the 6611. Instead, the ideal non-
linear inductor that constitutes a Josephson junction has an

energy given by

Ez-Ig($g/2T)cos(3) (1)

where 45 is the flux quantum. The variable & is the
phase difference across the junction. The quantity
¢:={$p/2w)é is analogous to the flux through the in-
ductor in the sense that the current and voltage for this element
satisfy 1i:=dE/dy and v=de¢/dt.

The junction by itself is thus characterized by two parame-
ters : the critical current Ig and the capacitance C. We will
see that the coupling of the junction to the measuring apparatus
involves additional parameters.

When it is biased with a constant current I, the junction is
equivalent to the model of a particle moving in a tilted washboard
potential (see Fig. 2). The mass of the particle is the capacitan-

ce C. The tilt of the washboard is the ratio I/Ig. When



[<Ip the potential has relative minima and the particle can be

in two states. In the so-called zero voltage state the particle 1is
confined in one well (see Fig. 2a). The average velocity and hence
the dc voltage across the junction is zero. In the other state
called the voltage state, the particle runs down the washboard at
an averasge constant velocity determined by frictional forces (see
Fig. 2b). In our experiment the velocity is solely limited by the
preaking of Cooper pairs in the superconductors and correspond to
the gap voltage which is of the order of 2 mV.

The zero voltage state is metastable and eventually‘decays
into the voltage state. It is easy to determine the decay rate of
the zZero voltage state by monitoring the voltage across the
junction. The experiment occurs as follows : Initially I:=z0 and the
particle representing the junction phase difference is in a rela-
tive minimum of the washboard potential. We ramp the bias current
from 0 to I<Ip, and wait until a voltage appears across the
jJunction. This voltage is the signature that the particle has
escaped from the well and accelerated down the washboard poten-
tial. It is worth noting that the acceleration of the particle
"amplifies" the very small voltage pulse associated with the
escape event. This built-in amplification process is a particular-
ly attractive feature of the current biased junction.

Because the acceleration process is so fast, the time at
which voltage was measured across the juntion can be taken as the
time at which the particle escaped. We repeat the experiment a

large number of times to get the average escape rate.



By measuring the escape rate as a function of the bias
current which controls the shape and the size of the potential
well one gets access to some aspects of the behavior of the parti-
cle inside the well. To get a complete picture of what is hap-
pening to the particle inside the well one needs extra fknobs" on
the experiment. This is where our experiments fundamentally dif-
fers from all the others : we add to the dc¢ current bias a weakly
perturbing ac current source and measure the change in the escape
rate induced by this perturbation. The variations of this change
with the frequency and the bias current provide additional infor-
mation that, when combined with the first measurement, enables one
to reconstruct the dynamics of the particle in the well.

We have supposed up to now that the current source and the
voltmeter - -are ideal. In practice they have always some finite
impedance in parallel with them, in particular the impedance due
to the electromagnetic coupling between the two leads connecting
the instruments to the junction. Even though these impedances may
be negligible at low frequencies and may not affect a quasi-static
measurement such as an I-V chafécteristic; they become of prime
importance at the frequencies relevant for the motion of the
rarticle in the well which are in the microwave range. The
Junction will thus see an effective admittance in parallel with
it. As we will see in the next section, it is possible to arrange
the circuit so that this admittance behaves eﬁsentially like a
resistor in parallel with a capacitor. This picture is valid in a

broad frequency range around the characteristic frequency of the



system. The.effect of the. external shunting capacitance is simply
to renormalize the capacitance of the junction. The effect of the
resistance is two-fold. One effect is to damp the motion of the
particle in the well. The other is to act as a thermal bath and
to induce fluctuations in the motion of the particle. Two additio-
nal parameters must then be introduced to take into“account the
coupling of the junction with the measuring apparatus : the resis-
tor R and its temperature T. The temperature of the junction
itself is unimportant as long as its intrinsic damping 1s negligi-
ble when compared with the damping provided by the external resis-
tor R - this is always the case 1in our experiment.

The above description of our current biased Josephson
junction corresponds to the circuit of Fig. 3 and leads to

the following classical equation of motion

C(./20)* 8 + R ($/an) S + 2 Us) = (§/2m)L ) 2

where U(J) is the tilted cosine potential
US) = (-Ied,/am)[ cosd + (L/1,)8] (3

and where the current noise Iy satisfies

e eyt
2kaT
):M<IN(t\I~(o\>_re/ dt = ;

(4)

In practice the bias current I is very close to the critical
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current and the potential from which the particle escapes is very
nearly cubilic (see Figf 43)., The barrier height AU and the
oscillation frequency wp at  the bottom of the well (plas-

ma frequency) are. two useful independent parameters that describe

completely the potential and are given, to a very good approxima-

tion, by
AU = (47 Iov@o/én)(”-f/lo)yz v<5)
and
W, = (JZZTT_IO/QOC)%'("-I/Io)'/‘, (6)

The damping due to the resistor is conveniently described by the
dimensionless quality factor of the small oscillations at the

bottom of the well
Q = RCwe (7)

Before turning to the problem of determining the parameters
I, C, R and T, we will describe some crucial features of our
apparatus, namely the filters that isolate the junction from

unwanted perturbation coming from the measurement circuitry.
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3. Decoupling the Jﬁnction from ambient noise

It goes without saying that the junction must be completely
shielded from parasitic electromagnetic sources like radio
staiions. But this is far from being sufficient. Thermal current
noise from the measuring apparatus at room temperature - i.e. the
current source and the voltage amplifier - must also be prevented
from reaching the junction through its leads. This is achieved by
interposing a series of filters between the junction and the
measuring apparatus. These filters screen out all frequencies
except a very narrow range around zero so that we are nevertheless
able to vary the bias current and detect the voltage rise due to
the junction switching to the voltage state. The range i1s chosen
to be sufficiently narrow so that noise in that frequency band 1s
negligible and sufficiently wide that a good time resolution of
the lifetime of the zero voltage state is achieved.

In practice such a low pass wideband filter can only be made
conveniently with filter elements having substantial dissipation.
Because of this dissipation, the filter will itself produce noise
and each filter in the chain must be at a lower temperature than
the preqeding one. Because‘of its importance we developed a spe-
cial type of filter for the experiment. It consists of a spiral
coil of wire inside a copper tube- filled with copper powder with a
grain size of about 30 um. Since each grain is insulated from
1ts neighbour by an oxide layer, the effective area of the copper

1s enormous and thus provides substantial skin effect losses even



at the lowest temperatures. The lowest part of the radio-frequency
spectrum was attenuated with a classical RC network. The chain of
filters provided a total attenuation of more than 200 dB.

The last filter was carefully engineered since it imposes the
damping and the fluctuations of the phase difference of the
junction. It consists of an attenuating coaxial.line that also
relies on copper powder for the source of damping. The copper
powder was thermalized carefully by injecting epoxy between the
grains. The junction is mounted as cl9se1y as possible to the end
of the line to ensure that the impedance discontinuity between the
Junction and the line occurs on a distance small compared with the
wavelength at the plasma freduency. Thus, the impedance seen by
the junction behaved essentially l1ikKe a parallel RC combination

with no important spurious resonances.
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4. Determination of junction parameters using classical phenomena

4.1. Capacitance and resistance

The parameters wp and Q were determined by‘resonant
activation. This phenomenon invsolves the enhancement of the es-
cape rate by a microwave irradiation of the junction. This enhan-
cement 1s determined by taKing the ratio of the escape rate
measured in the presence of microwave irradiation of power P and
of the escape rate measured 1n the same conditions but without
microwaves. Below the plasma frequency, the enhancement is a
smoothly increasing function of the irradiation frequency. But
when a frequency Jjust slightly below the plasma frequency is
reached, the enhancement drops steeply to zero. As numerical
simulations [10,11]) and analytical calculations [12, 13, t4] have
shown,‘the prlasma frequency 1is given, apart from a small correc-
tion, Dby that frequency at which the enhancement drops steeply
while Q 1s given by the range of frequency over which the drop
occurs. Experimentally, it 1s easier to Keep the irradiation
frequehcy fixed and to vary the plasma frequency by varying the
bias current (see Eq. 6). An example is shown in Fig. 5. At the
resonant cﬁrrent Ires: the plasma frequency is equal to the
applied current. From Egq. 6 we can deduce the plasma frequency
at the other values of the bias current. The value of G can be
inferred from the width in current of the roll-off of the enhan-
cement.

4. 2. Critical current and temperature
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In the thermal regime the escape of the particle from the

well occurs by thermal activation. The rate i1s given by [15)])
Fy = aglwp/2w)exp(~ AU/KgT), (8)

where the prefactor ay 1is given by
ag = 4 /{01 + QugT/1.8 aU)'/2 4+ 132, (9)

We determine Ig and T from the dependence of the escape rate

on the bias current. As 1is evident from Eq. 5 and Eq. 8 a plot of
the experimentally determined quantity {lnf[wp(I)/2wl(I)}32/3

vs. I should, neglecting departures of ay from unity be a
straight line with slope scaling as T2/3 that intersects the
current axis at Ig. Figure 6 shows three examples of such

plots. As expected lines drawn through the data (dashed lines)
intersect the current axis at very nearly the same point. Taking
into account the correction due to the departure of a; from
unity we obtain a temperature independent value of the c¢ritical
current (arrow on Fig. 6). We find excellent agreement between
the temperature measured from the current dependence of the
escape rate and the temperature measured by our thermometers. The
fact that the data fall 1ndeed on a straight 1ine is also an
additional check that the escape occurs through thermal activa-
tion at a well defined temperature.

We have described how we obtain all the system parameters
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using the properties of the escape in the classical regime. We now
g0 to the quantum regime by reducing the temperature and remeasure

the same properties.

5. Measurements 1n the gquantum regime

5. 1. Quantized energy levels

At low temperétures, one has to decrease substantially the
barrier height to get a short enough lifetime of the zero¢ voltage
state. Thus, there are only several levels in the well. For
temperatures T slightly greater than hwp/avKB
[1,9]. the escape in the absence of microwaves occurs essentially
via thermal activation through these discrete states to the con-
tinuum of states above the.potentlal barrier. In the presence of
microwave power P however, the population of-theiexcited states
at the top of the well increases. The particle then escapés with
a rate I'(P) which 1is greater than I'(0). Consequenty, one
expects a resonant enhancement of the escape rate when the ir-
radiation frequency matches a transition frequency between two
energy levels. As in the classical regime, we Keep the frequency
fixed and vary the bias current I, thereby changing continuously
all the level spacings. One can in this way determine spectrosco-
pically the position of the energy levels in the well. Our
results for a C: 47 pF junction are plotted in Fig. 7a

These results can be compared with a quantum calculation of
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the energy levels based on an in situ measurement of the parame-

ters AU and Wp. An unambiguous agreement between the
experimental value of the relative positions of the resonances and
their theoretical predictions is found (see Fig. Tb). The relati-
vely small shift in the absolute value of the position of the
resonances is due to the uncertainty in the determination of the
critical current (the resulting uncertainty in the 0 -> { transi-
tion frequency is shown by the dotted line).

In this experiment, the junction is only slightly damped with
a Q factor around 80. The relative width of the O -> i resonance 1
the quantum regime 1s approximatively equal to i1/Q, as predicted
by theory [161}].
5. 1. QGQuantum -tunneling

In the absence. of microwaves and for temperatures below
hwp/aﬂKB, escape ftrom the well occurs via quantum
tunneling through the potential barrier. The predicted quantum

tunneling rate is [1!]

w

P AU 0.87
I‘qaaq-z—"exp[- 7.2-@(1 + Q + nc)]' (10)
where
aq = [120m(7.2 aU/Mw;,) 1172, (11)

Eq. 10 is written so that a direct comparison with Eg. 8 can be

made. The usual WKB result is obtained by setting G -> I 1n
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Eq. 10.

Our results are shown in Fig. 8 where the escape rate is
plotted as an escape temperature Teggc (defined through the
relation r:(wp/av)exp(—AU/KTesc) versus
temperature. This measurement was done for a C = 6 pF junction
which could be placed more firmly in the gquantum regime (at the
expénse of a somewhat greater damping : Q = 30 ; however the
damping was not strong enough to affect significantly the escape
rate). The white dots correspond to a méasurement done with a
magnetic field on the junction which has the effect of reducing
its c¢ritical current. With a reduced critical current, the plasma
frequency 1is lower and the junction should behave classically
down to the lowest temperatures. Indeed the escapé rate followed
the classical prediction (solid line) showing that no significant
amount of external noise was reaching the junction. When the
critical current 1s restored to its original value, we measured é
higher value of the escape rate (solid dots). The escape rate
became temperature independent at low temperatures which 1s ex-
pected 1f the escape mechanism is dominated.by quantum fluctua-
tions. This interpretation is supported by the quantitatlve
agreement between this limiting value of the measured escape rate
and 1ts theoretical prediction (arrow shows the prediction of Eq.
10; we have also indicated the error bar of the prediction due to
the uncertainties in the classical measurements of the parame-
ters). We note that 1n our experiment the predicted effect of

dissipation on tunneling is too small to be discernible.
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6. Conclusion

Our measurements of the lifetime of the zero-voltage state
of a current biased Josephson junction agree quantitatively with
predictions based on quantum theory, all the relevant parameters
being measured 1n situ. This shows that the phase difference
across a Josephson junction behaves as a macroscopl¢ quantum
variable.

Can one conclude that macroscopic degrees of freedom always
obey Quantum Mechanics? At this point, the experimentalist can
choose between two attitudes: the Utoplst’s or the Pragmatist’s.

For the Utopist, who worries about the "crazy framework of
(probability) amplitudes®" [17] of Quantum Mechanics, the answer
to the above question is "no". He must pursué the search for an
€xXxperiment that would show the limits of validity of Quantum
Mechanics. He is led to test, for example, the existence of
macroscopic quantum coherence [1] or the superposition pr1nc1§1e
involving highly excited states [18].

For the Pragmatist, who wants to use this new macroscopic
Quantum Mechanics, the answer tovthe question is "yes, probably".
He is inclined to explore new superconducting circuits that would
rperform quantum signal processing such as squeezing (19] and
perhaps 1mplement the so-called bacK action evasion amplifiers
that are needed for the detection of gravity waves [20]. Finally,
the Pragmatist can dream of building exotic macroscopic "atoms

with wires” that would display new quantum phenomena wlth no
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equivalents in the microscopic world.
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Figure captions

Fig. 1 : Comparison between a Josephson Junctlon,_which consists
of a non-linear inductor in parallel with a capacitor, and a

linear LC circuit.

Fig. 2 : The two states of a Josephson junction biased with a
current I < Ig; 1in a), < &> = 0 (zero-voltage state)

while in b), <« S > # O (finite voltage state)

Fig. 3 : Equivalent circuit for our junction coupled to its

measurement apparatus which has a finite impedance at microwave
frequencies. The resistor R models the real part of this
impedance. The capacitor C 1ncludes a contribution from the

imaginary part of the impedance.

Fig. 4 : Cubic potential {from which the particle representing the
Junction phase difference escapes.

Fig. 5 : Microwave 1nduced enhancement of the escape rate
measured as a function of the bias current. Q/2wT 1is the

‘lrradiation frequency. -

Fig. 6 : Plot of the 2/3 power of the logarithm of the escape
rate vs. bias current. On that plot, data should fall on a

straight line. Dashed lines are least-squares fit of the data.
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The arrow indicates the position of the critical current.

Fi1g. 7 : a) Microwave induced enhancement of the escape rate as
function of bias current for KgT/fwp:=0.29. Arrows

indicate positions of resonances. Inset represents the
corresponding transitions between energy levels. b) Calculated
energy level spacings. Dotted lines indicate uncertainties in the
Egy curve due to'errors in the determination of junction
parameters. Arrows indicate values of bias current at which

resonances are predicted.

Fig. 8 : Escape temperature plotted against temperature for two
values of the critical current. The solid line is the classical
prediction Tage:=0.95T (Eq. 8). The arrow is the quantum

prediction (Eq. 10).
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