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Resonant activation through effective temperature oscillation in a Josephson tunnel junction
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We experimentally investigated the thermal escape from a metastable state in a Josephson tunnel junction
subjected to an oscillating effective temperature. A minimum of the average escape time is observed at certain
oscillation frequency. Our results confirm that the resonant activation can be caused not only by the oscillating
barrier but also by the oscillating temperature. The linear dependence of the minimum average escape time on
the resonant frequency suggests that the correlation between the oscillation and the escape process leads to the

resonant escape.
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In the standard Kramers description of the thermal activa-
tion, the escape rate of a particle of mass m over a potential
barrier AU at temperature 7 is given by the Arrhenius law [1]

F:%ifemx—AUmBn, (1)

where kg is Boltzmann constant and w,/27 is the attempt
frequency and usually identical to the natural frequency of
the system. The prefactor a, is weakly dependent on the
damping of the system [1,2]. The barrier height AU and tem-
perature T are important parameters dominating the escape
rate since they are in the exponent. In addition, Eq. (1) is
only valid for AU kgT. Therefore I is usually investigated
experimentally in the regime where I' is several orders of
magnitude smaller than w,.

If one applies a weak periodical driving force to the sys-
tem, the synchronization of the escape and the driving period
can induce some interesting resonant phenomena. One of
those is the stochastic resonance [3-6], which has found im-
portant applications in nonlinear optics, solid-state devices,
chemistry reactions, and neurophysiology. Another is the
resonant activation [7-16], which shows that when potential
barrier is fluctuating, a minimum of the average escape time
(~1/I") would occur at certain fluctuation rate. Since the
resonant frequency is close to I', the resonant activation is
totally different from the dynamic resonance that requires the
driving frequency matching the natural frequency of the sys-
tem [17,18]. Tt was found that the resonant activation is
originated from the strong correlation between the potential
fluctuations and the crossing time over barriers. Recently,
Iwaniszewski and Wozinski [19] predicted that the resonant
activation could also be caused by fluctuating temperature
(FT). They pointed out that as potential barrier and tempera-
ture contribute to thermal escape rate in a similar way, fluc-
tuating temperature and fluctuating barrier (FB) should lead
to the same effect. In this Rapid Communication, we mea-
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sured the thermal escape from a metastable state in a Joseph-
son tunnel junction. The white noises with different values
were applied to generate different effective temperatures on
the junction. Then we can select two noise values and make
the system oscillating between two effective temperatures. A
minimum of average escape time is observed at a resonant
frequency. Moreover, the resonant frequency is proportional
to the average escape time. Our results confirm that the os-
cillating temperature can also lead to the resonant activation
due to the correlation between the escape time and the tem-
perature fluctuation.

A current-biased Josephson tunnel junction is an excellent
system to study the thermal escape from a metastable state
[20,21]. The equation of motion of a current-biased Joseph-
son tunnel junction is identical to that of a particle moving in
a washboard potential (Fig. 1) [20,22],

hC d? tod
——(2P+——(p+1(; sin p=1, (2)
2e dt 2¢eR dt

where ¢ is the phase difference across the junction and C, R,
and I, are the shunt capacitance, resistance, and the critical
current of the junction, respectively. One can find that the
mass of the particle is proportional to C and the damping of
the system is proportional to 1/R. When the bias current / is
slightly smaller than 7., the potential consists of a series of
metastable wells with barrier height

Iy ® U (b)

Washboard Potential

FIG. 1. (a) Equivalent circuit of a current-biased Josephson tun-
nel junction. (b) Washboard potential and the barrier height AU of a
current-biased Josephson tunnel junction.
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the Josephson energy. A particle, which is initially trappéél in
a well (corresponding to a zero-voltage state), can be acti-
vated out of it by thermal fluctuation and then the junction
switches to a finite-voltage state [18,23]. With the thermal
fluctuation, the junction switching to the voltage state is a
deterministic random process. The switching current distri-
bution P(I) is given by [23,24]

_Io L[
PO= p[ d]/df e )dl] @

where I'(]) is the escape rate corresponding to the bias cur-
rent [ and dI/dt stands for the ramp rate of the bias current
during the measurement. For a current-biased Josephson
junction the parameters in Egs. (1) and (4) are well control-
lable and one can extract useful information of the system by
measuring P(I) [23,25].

At finite environmental temperature, there is a thermal
noise current generated by R to the system and Eq. (2) can be
rewritten in the form [23,24]

WCd’e hi de
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where i=1/1_ is the normalized bias current and E;=1

The thermal noise is in form of the white Gaussian noise and
the current 7,(¢) is related with temperature T as

(L(OL,(1)) = 2—5(t r'). (6)

If we apply an additional white noise current 1)(¢) to a
current-biased junction, the total noise current 7,(¢) defined
an effective temperature,

(1) =2 2 s 1), )

where the effective temperature 7 4= T+RI /2kg and I, is
the rms of the white Gaussian noise (I (1)1, (t )= I2 S(t—1).
Therefore T can be adjusted by tuning /,, which is propor-
tional to V,,,, of the noise source. Furthermore, the effective
temperature of the junction can be verified independently by
measuring the switching current distribution. Figure 2 shows
the measured P(I) with different 7,’s of the white noise cur-
rent. With [, increasing, the mean of the switching current
distribution shifts to lower value and the width of the distri-
bution increases. This behavior of the switching distribution
is identical to that of increasing the bath temperature. Using
Egs. (1) and (4), we can fit P(I) to obtain an effective tem-
perature quantitatively. The good linear relation between T
and T, [inset (B) of Fig. 2] indicates that we successfully
changed the effective temperature of the system by tuning /,;.
This provides us a convenient method to realize an oscillat-
ing effective temperature in a Josephson tunnel junction,
which is otherwise difficult to produce because of the large
thermal mass of the sample holder.

The sample used in this study is a NbN/AIN/NbN Joseph-
son tunnel junction which has critical temperature
T.~16 K. The size of the junction is 10X 10 um?. The
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FIG. 2. (Color online) The switching current distribution of the
junction with various values of additional white noise current. Solid
lines are calculated distributions with effective temperatures of 28,
22, 14.5, and 7 K, respectively. Inset (A): I-V curve of the NbN/
AIN/NDN sample used in our experiment. Inset (B): effective tem-
perature as a function of Ii. The solid line is the best fit.

critical current and the capacitance of the junction are
I.=~2.1 mA and C=5 pF, respectively. The normal-state
resistance of the junction is R,~2 (), resulting a quality
factor of Q= w,,R,C= \/Z%‘Ran 11. Therefore the system
is underdamped and a large hysteresis was observed in the
I-V characteristic [inset (A) of Fig. 2]. The sample is
mounted on a chip carrier within a copper cell which is then
dipped into liquid helium. We filled the copper cell with
helium as the heat exchange gas to keep the sample in ther-
mal equilibrium. Twisted wires with 1 k) resistor at 4.2 K
were used to connect the junction to the room-temperature
circuitry. The bandwidth of the measurement system is about
100 kHz. The escape rate investigated here is in the range of
kHz. Therefore, we can consider that the additional white
noise, which is generated by a signal generator, only in-
creases the effective temperature. We first calibrated the ex-
perimental setup by measuring the switching distribution. A
sawtooth bias current was applied with a repetition rate of
about 71 Hz. The current at which the junction switches from
the zero-voltage state to finite-voltage state was recorded. By
making the histogram of the switching current, we obtained
the switching current distribution shown in Fig. 2. The agree-
ment between the theory and the experimental results is re-
markable. We noticed that for /,=0, the effective tempera-
ture is about 7 K, which is higher than the bath temperature
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FIG. 3. Schematic time profile for measuring the escape time of
a Josephson junction with presence of an oscillating white noise.
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FIG. 4. (Color online) (a) Average escape
time (. as a function of characteristic time of
temperature fluctuation 1/f for different I’s. The
currents normalized to /. were shown in the right
corner. The two values of the oscillating noise are
1,=0 and 4.17 wA, respectively. The valleys of
the curves indicate the resonant activation with
the resonant frequency depending on the bias cur-
rent. Inset: (f...) as a function of the characteristic
time of barrier fluctuation for FB. (b) Minimum
average escape time (or maximum escape rate) as
(b) a function of inverted resonant frequency 1/f .
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of 4.2 K. Since no substantial peak at 50 Hz and its harmon-
ics were found on the junction voltage noise spectrum, a
reasonable explanation for the high base temperature is the
heating effect due to the large critical current density
(~2 kA/cm?) and high gap voltage (~5 mV) of the junc-
tion. It is worth to emphasize that the high base temperature
will not affect our results as long as the sample is in the
thermal equilibrium.

In order to investigate the resonant escape, we measured
the escape time of the junction using time-of-flight method
[26,27]. We started each cycle by ramping up the bias current
to I, which results a washboard potential well with barrier
height of AU according to Eq. (3), and maintained at this
level for a period of waiting time. During the waiting time,
we added a white noise current i, periodically with fre-
quency f to make the system fluctuating between two effec-
tive temperatures, as shown in Fig. 3. For the zero [, the
effective temperature is at a low value 7). For the finite 7,
the effective temperature corresponds to a high value 7). It is
worth to mention that 27f << w,; therefore, the dynamic reso-
nant escape from the system cannot happen [17,18]. Once
the junction escapes from the potential well, the voltage
jumps from zero to finite and this signal was used to stop the
timer. The duration of this waiting period was recorded then
we decreased the bias current and initialized the system
again. After repeating this process more than 10° times, we
obtained an average escape time (f...). We observed a non-
monotonic behavior by plotting (7.,.) as a function of 1/f

2.0>i1 0*
1/frequency (s)

The dashed line is the best fit with a slope of
0.74+0.08.

2.5x10™

(Fig. 4), which stands for the characteristic time of tempera-
ture fluctuation. Although our junction is an underdamped
system, the resonant activation exhibits the main feature pre-
dicted by Iwaniszewski and Wozinski [19]. (f.,.) at slow
fluctuation rate is always larger than that at fast fluctuation
rate. For comparison, we also add sinusoidal current to the
bias current instead of white noise to produce the FB-caused
resonant activation. As expected the resonance at similar fre-
quency was observed [inset of Fig. 4(a)]. We defined the
resonant frequency f,., where (f.) is a minima; it is found
that f,., increased with the bias current. Since the higher the
bias current the larger the escape rate, it is evident that the
resonant activation is caused by the correlation between the
barrier crossing and the temperature oscillation. This argu-
ment was confirmed by the good linear relation between
(tes) and the resonant frequency [Fig. 4(b)].

The FT-caused resonant activation can also be tuned if we
keep the bias current unchanged and modulate /,; to change
T,,. Shown in Fig. 5(a) are some examples of (f..) vs 1/f. As
the effective temperature difference 7),—7; increases, the val-
ley of the curve becomes deeper and narrower. Furthermore,
the minimum moves to higher frequency. Figure 5(b) shows
that the minimum of (z..) increases linearly with the inverse
resonant frequency. This is consistent with the previous re-
sults and discussion.

From Figs. 4(b) and 5(b) we have (fo)fres=0.70. This
value is about the same with that of the FB-caused resonant
activation. However, previous works on the underdamped
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FIG. 6. (Color online) Resonant activation disappears when
AU/kgT<1. Solid squares above show the measured (7o) as a
function of 1/f at relatively large I,,. Solid circles are (z..) vs 1/f at
a relatively large I which corresponds to a lower AU. In both cases
AU/kgT is reduced and the resonant activation disappears as
predicted.

Josephson junctions reported (feee)fres = 0.25 [15,16]. This in-
dicates that (f...)fres is dependent on the system.

Another important prediction is that when AU/kzT<1,
the FT-caused resonant activation will disappear [19] be-
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cause Eq. (1) is not valid and the system enters a diffusion
transition in this regime [28-31]. We confirmed this by in-
creasing the bias current or the noise current /,,, correspond-
ing to lowering the barrier or increasing the effective tem-
perature. Figure 6 shows measured (7. as a function of 1/f
at large bias current and /,. Monotonic behavior is evident.
This result suggested that we did raise the effective tempera-
ture by increasing /.

In summary, we experimentally observed the resonant ac-
tivation caused by oscillating temperature in an under-
damped Josephson tunnel junction. Additional white noise
current was applied in order to produce an environment of
higher effective temperature. We investigated the thermal es-
cape under an oscillating effective temperature. Resonant ac-
tivation actually occurs when the temperature oscillation fre-
quency matches the average escape time. The linear relation
of the minimum average escape time and the resonant fre-
quency suggests that the correlation between the oscillation
and the escape process leads to the resonant escape.
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