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We examine the resonant activation of current-biased Josephson junctions near the crossover
temperature in order to show how these devices transition from the classical regime to the quantum
regime. We use microwaves to probe the quantum energy states that exist in the potential well. The
quantum features are visible until the junction is heated up to the crossover temperature, at which
point the line widths of the energy levels overlap and become indistinguishable from one another.
When well above this temperature, the junction behaves classically when resonantly activated with
microwaves.

PACS numbers: 74.50.+r, 85.25.Cp, 03.65.-w, 05.30-d, 85.25. Am

INTRODUCTION

Studies of superconducting Josephson junctions have
led to an interest in the dynamics of these systems at �-
nite temperatures. The junction is able to exhibit classi-
cal behavior at high temperatures, as well as quantum be-
havior at low temperatures. There has been a great deal
of theoretical and experimental work done to describe the
system when it is in either of these two regimes. To solve
a similar problem in which a particle is trapped behind a
potential barrier, Kramers developed a theory to describe
the classical escape rates out of the potential well [1].
Later, a quantum version of Kramers problem was formu-
lated [2]. The two theories describe escape rates for the
system that are accurate within their respective limits.
The temperature at which these two escape rates inter-
sect is the crossover temperature,T0 � �h! p=2�k b [3, 4].
When such a system transitions between these two re-
gions, the dynamics become considerably more compli-
cated. To describe the crossover region, the two theories
were generalized into one [5]. The classical and quantum
limits of this theory were then examined with respects
to the washboard potential of the Josephson junction [6].
Since then, the dynamics of these systems have been ex-
amined through di�erent mathematical methods [7], and
the theory has been improved upon to expand it's scope
[8{10].

In order to fully understand the interplay between
quantum and classical dynamics for a Josephson junc-
tion in this region, the crossover region must be inves-
tigated experimentally [11, 12]. To do this, we perform
spectroscopic experiments by applying microwave signals
to the junction, and observing superconducting to nor-
mal state switching events. We present data near the
crossover temperature demonstrating the transition be-
tween quantum and classical behavior. We �nd that the
system behaves in a way that exhibits both quantum and
classical properties.
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FIG. 1: (a) The RCSJ model for a Josephson junction. The
junction is represented by the cross and shunted by its ca-
pacitance and resistance. (b) The washboard potential of th e
junction showing quantum states. At su�ciently low temper-
atures, only the lowest states are populated and thermal es-
cape out of the well is minimized. In this quantum regime, the
primary escape mechanism is tunneling through the barrier.
Higher energy levels will escape at higher rates. Therefore, if
microwaves are applied at the resonance frequency,! 01 , the
�rst excited state becomes populated, and an enhancement in
the escape rate is observed. (c) At higher temperatures, more
energy states become thermally populated, allowing the sys-
tem to exist in a superposition of energy states. The system
can then behave as though there were a continuum of en-
ergy states available. Under resonant activation, this syst em
behaves classically.

THEORY

The superconducting Josephson junction is a solid
state device, consisting of two superconductors separated
by a weak link. Since its development, the junction and
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circuits containing it have played signi�cant roles in both
basic physics and applied technology [13]. Its dynamics,
as a function of the macroscopic quantum phase di�er-
ence across the junction, are described by a washboard
potential. When cooled to su�ciently low temperatures
and electrically isolated, these devices exhibit quantized
energy levels within its potential well. As a quantum bit,
the Josephson junction has already received a great deal
of attention when operated in this regime. They have
been tested for quantum mechanical properties such as
energy level quantization [14, 15], Rabi oscillations [16{
18], time evolution of quantum states [19, 20], and quan-
tum entanglement of coupled junctions [20{27].

The Josephson junction can be modeled by the RCSJ
model, as represented by Fig. 1(a), whereR is the to-
tal parallel shunt resistance of the junction, Cj is the
junction capacitance, I b is the bias current through the
junction, and I 0 is the critical current [28]. The dynamics
of the current-biased Josephson junction is governed by
the washboard potential, U(
 ) = � � 0

2� (I 0 cos(
 ) + I b
 ),
as shown in Fig. 1(b), where
 is the phase di�erence
across the junction, and � 0 = h=(2e) = 2 :07X10� 15 Wb
is the fundamental 
ux quantum. For I b < I 0 the sys-
tem's phase is trapped in the potential well, resulting in
a zero voltage drop across the device.

Analysis of the classical behavior of the device involves
a 'phase particle' that is trapped in the well and oscillates
with a plasma frequency [29]
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In reality, the classical system is still comprised of quan-
tum energy levels, but with enough thermal energy to
smear the state population amongst several levels. With
a large number of superposition states, the junction ef-
fectively has a continuum of energies available to it and
thus behaves classically. If the system is cooled down to
very low temperatures, the amount of thermally excited
energy states is minimized. This limits the range of su-
perpositions that the junction can attain, ultimately ap-
proaching a set of individual quantum energy level states.
The energy spacing between the quantum ground state,
j0i , and the �rst excited state, j1i , and that between
states j1i and j2i , will depend on the barrier height. This
spacing may be approximated by [30]
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EXPERIMENT

We used thin-�lm 10 �m X 10�m Nb=AlO x =Nb junc-
tions on a 5mm x 5mm silicon chip. Microwave spec-
troscopy was performed by linearly ramping the bias cur-
rent through the junction's critical current and detecting
the switch from the zero voltage state to the �nite voltage
state. This procedure was repeated on the order of 104

to 105 times. Histograms of the switching events were
produced, which allowed us to create escape rate plots.
These plots allow us to distinguish classical and quantum
behavior.

To prepare the junction in its ground state, it was
cooled in a 400� Watt helium dilution refrigerator with a
base temperature of 18mK. The device was enclosed in an
aluminum sample box which becomes superconducting
below 1 K, shielding the junction from external magnetic
�elds. It was further enclosed in a Cryoperm 10 cylinder
from Amuneal Manufacturing Corp. to shield the sam-
ple from DC magnetic �elds. The current bias line of the
junction was thermalized and heavily �ltered down to a
frequency of about 16MHz using 3 meters of Thermocoax
cable, and home-made LC and copper powder �lters. At
room temperature, low-noise ampli�ers and a Schmitt
trigger powered by batteries were used to detect switches
to the �nite voltage state. These electronics were placed
atop the cryostat and enclosed in a copper fabric shroud
to electrically shield against RF noise. Detection elec-
tronics were electrically isolated using a �ber optic cable
that transmitted a TTL pulse for each switching event
detected. Microwaves were coupled to the device via an
antenna in the sample box, suspended above the junc-
tion. A 30db �xed attenuator was used to thermalize the
microwave line.

The data that we report here comes from two exper-
iments at temperatures ranging from the base tempera-
ture of the fridge to about 2.5K. Some of the data taken
during the �rst experiment at elevated temperatures can
be seen in Fig. 2. The microwave drive frequency used
to excite the junction was tuned as the temperature in-
creased in order to maintain a visible resonance. As the
temperature increases, the histogram peaks shifted to
lower bias currents due to the increase in thermal noise
that causes premature escapes at lower currents.

HIGH TEMPERATURE RESULTS

In order to analyze the data, we �rst determine the pa-
rameters of our system [31]. We use theoretical thermal
�ts in order to �nd R, I 0, Cj , and T. In the limit that
the system is above the crossover temperature, the total
escape rate is governed by the equation [32]
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FIG. 2: Histograms of the escape events as a function of bias
current, o�set for clarity. The circles correspond to point s
without microwaves and the triangles are with microwaves.
Theoretical �ts are drawn through each of the RF o� plots.
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where at = 4=[
p

1 + 5QkbT=9� U + 1] 2 is a factor
that takes into account population depletion for energies
above the barrier height, and Q = ! pRC is the quality
factor. For each temperature, the escape rate �BHL is
�tted to the data with no microwaves. In order to �nd
the best �t, the values for R, I 0, Cj , and T in Eq. (4)
were iterated through a range of values, providing a set
of theoretical data points, Pti , that can then be com-
pared to experimental data points represented by escape
counts, Pei . The �nal theoretical points are plotted with
the experimental data in Fig. 2. For each iteration of
parameters, the quality of the �t was determined by the
equation [33]:

� 2 =
X

(Pei � Pti )2=� 2
i (5)

The best �t was determined by the parameters that
minimized � 2. However, there are many di�erent combi-
nations of R, I 0, Cj , and T that give similar � 2 values.
It was helpful to have an estimate of at least one of the
parameters in order to constrain the system. The itera-
tive technique was used to �nd an approximate range for
the I 0 used in Eq. (1). Using ! p and the experimental
escape rate �e we plot (ln[ ! p=2� � e])2=3 as a function of
I b for the data at various temperatures [29, 31]. As seen
in Fig 3, these plots are linear and when �tted with a
least squares line, they intersect. The intersection gives

FIG. 3: In order to �nd the critical current for the junction,
(ln [! p=2� � e])2=3 is plotted as a function of bias current. The
linear �ts intersect at the theoretical critical current at about
I 0 = 9 :485�A . This provides a way to constrain the critical
current parameter used in the �ts.

us a more accurate value forI 0. We found the critical
current to be I 0 = 9 :485 �A .

Figure 2 shows the escape histogram data taken at dif-
ferent temperatures, and their �tted curves, which yield
R = 1670 
, Cj = 4 :7pF and a quality factor of Q � 300.
Using the critical current derived from the �t, we can �nd
! p and ! 01.

The data can then be used to produce escape rate
curves for both the RF o�, (� 0), and RF on, (�) data.
From these, an enhancement graph can be made by tak-
ing (� � � 0)=� 0. If the system behaves classically, then
the enhancement will not be a Lorentzian, as is the case
in a quantum system. Instead, it will have a step-like
structure [31, 34] as shown in Fig. 4. Here, the enhance-
ments for the elevated temperatures in Fig. 2 are plotted.
The �tted temperatures are 95mK, 148mK, 200mK, and
240mK, from bottom to top. These elevated tempera-
tures indicate that there is heating at the junction or
excess current noise.

The step-like structure comes from the energy levels
abovej1i having enough thermal population to allow the
state of the junction to be described by a superposition
of the quantum states. This allows for classical motion
of the phase 'particle' trapped in the well. Evidence of
this superposition of states is seen in Fig. 4, where the
location of the predicted ! 01 peak is beyond the elbow of
the plateau in the enhancement, while! p is at the elbow.
This indicates that the system is in the primarily classical
regime, which is expected at these elevated temperatures.

QUANTUM TO CLASSICAL CROSSOVER

The data we focus on from the �rst experiment is only
at high temperatures due to the noise issues. Once these



4

FIG. 4: Escape rate enhancement plots corresponding to the
data in Fig. 2. The location of the ! 01 and ! p resonances are
shown for each plot. The non-Lorentzian shape is indicative
of classical behavior [34]. The top of the step-like structur e is
caused by the addition of energy via o� resonance microwaves.
This is allowed due to the superposition of states caused by
the higher temperatures, resulting in classical behavior. Ot h-
erwise the microwaves would only cause an enhancement when
they are resonant with one of the quantum energy level spac-
ings. With signi�cantly large line widths, the enhancement
would have the step-like structure, but the elbow would line
up with the resonant energy spacing. The elbow in the en-
hancements shown here clearly line up with ! p , indicating
classical resonance.

issues were addressed, we were able to perform a sec-
ond experiment at lower e�ective temperatures. In the
quantum regime, escape rates from individual quantum
energy levels become dominant compared to the thermal
escape rates. As the temperature of the device is in-
creased to the crossover temperature, classical features
begin to appear. To better understand what is happen-
ing, consider the junction in its quantum ground state.
Here, quantum tunneling dominates the escapes and the
enhancement will be a single Lorentzian peak. As the
temperature increases, thermal excitations will populate
the �rst excited state enough to allow a second peak cor-
responding to the 1! 2 transition. As the temperature
is further increased, more peaks appear, and the switch-
ing current peak broadens. Eventually, these broad peaks
will overlap and form the step-like structure that is seen
in the case of the classical system. However, the elbow of
the enhancement should still be at the! 01 peak [35]. It is
not until the temperature increases further that the sys-
tem has enough thermal population in the excited states
to form the superposition necessary to allow for classical
motion of the phase particle.

The second experiment produced clearly quantum re-
sults, see Fig. 5. Using the frequency vs. current data

FIG. 5: Escape rate enhancement plots for the data at base
temperature in our second experiment at various frequencies.
For clarity the individual plots have been scaled so that they
are at the same maximum. The enhancements show a clearly
quantum signature. Using this frequency vs. current plot we
can derive Cj and I 0 for this experiment. When Cj = 0 :9pF
and I 0 = 21 :7 �A the theoretical line for ! 01 , Eq. (2), came
the closest to �tting the data.

in Fig. 5 we determined the parametersCj and I 0 to be
0.9pF and 21.7�A respectively. The higher frequencies
in this experiment correspond to a higher crossover tem-
perature, which is why the parameter range was chosen.

In order to see the evolution of the system from the
quantum to the crossover region, we start with the junc-
tion held at base temperature and gradually warm the
system. For consistency we chose to hold the driving fre-
quency at 12GHz. The crossover temperature for 12GHz
is 92mK. Fig. 6 shows the enhancements for the system
at di�erent temperatures. When at low temperatures,
such as 20 to 40mK, the only enhancement clearly visible
is that corresponding to the resonant transition between
j0i and j1i . At 50mk we start to see a second peak form-
ing. As the temperature increases the �rst excited state,
j1i , will become thermally populated. When this hap-
pens the driving frequency can cause a transition from
the j1i to the j2i state. This transition is what causes
the second peak at! 12. As the temperature approaches
the crossover temperature the peaks broaden and begin
to merge, creating a step-like structure. While this is
similar to the enhancements in Fig. 4, it is important to
note that the elbow of the step still corresponds to the
! 01 transition. This indicates that the system dynamics
are being governed by overlapping quantum line widths
rather than a superposition of energy states. Finally, as
the temperature is increased through the crossover range,
the system starts to deviate from the quantum predic-
tions. At 94mK and 97mK shows in Fig. 6, the elbow of
the step appears to be shifting to the right. At a high
enough temperature the system would eventually reach
the purely classical state as described above in the high
temperature section.
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FIG. 6: Escape rate enhancement plots for the data at in-
creasing temperatures in our second experiment. The driving
frequency is being held at 12GHz. The bias currents corre-
sponding to a resonance with ! 01 and ! 12 are shown. At
temperatures near the base temperature of the fridge, there
is an enhancement corresponding to the ! 01 transition. As
the temperature increases the ! 12 transition becomes visible
due to thermal excitations into the j1i state. At tempera-
tures near the crossover, 92mK, the peaks widen enough to
form the step-like structure as seen in the �rst experiment.
Except that the elbow of the plot corresponds to the ! 01 res-
onance, not ! p . At and beyond the crossover temperature the
system starts to move to the right, approaching the classical
structure.

In conclusion, we have presented experimental data
that shows evidence of the crossover from classical to
quantum behavior. The �rst distinctive change that oc-
curs when making the transition is the observed shift of
the ! p and ! 01 resonance points. In the high temperature
regime, the escape enhancement is governed by the clas-
sical plasma frequency. As the temperature is decreased,
approaching the crossover point, the enhancement will
become governed by the resonances corresponding to the
quantum energy level spacings. This provides us with a
better understanding of the intermediate steps between
quantum and classical behavior. In the future, we will in-
vestigate a more detailed look into the interplay of classi-
cal and quantum dynamics in Josephson junctions. Addi-
tionally, we will collect data within the crossover region
itself in order to provide insight into the nature of the
transition.
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