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Anticorrelation between temperature and fluctuations of the switching current in moderately
damped Josephson junctions
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We study the influence of dissipation on the switching current statistics of moderately damped Josephson
junctions. Different types of both low- and high-T7',. junctions with controlled damping are studied. The damp-
ing parameter of the junctions is tuned in a wide range by changing temperature, magnetic field, and gate
voltage and introducing a ferromagnetic layer or in situ capacitive shunting. A paradoxical collapse of switch-

ing current fluctuations with increasing 7 occurs in all studied junctions. The phenomenon critically depends
on dissipation in the junction and is explained by the interplay of two counteracting consequences of thermal
fluctuations, which, on one hand, assist in premature switching into the resistive state and, on the other hand,
help in retrapping back to the superconducting state. This is one of the rare examples of anticorrelation
between temperature and the amplitude of fluctuations of a physically measurable quantity.
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I. INTRODUCTION

Temperature is a measure of the energy of thermal fluc-
tuations. For example, it is well known that noise in elec-
tronic components or Brownian motion of small particles
increase with temperature. However, does the amplitude of
fluctuations of physical properties always increase with 77
Recently, a spectacular exception from this rule was reported
almost simultaneously by three groups of researchers.!= It
was observed that fluctuations of the bias current required for
switching of a Josephson junction (JJ) from the supercon-
ducting (S) to the resistive (R) state may suddenly collapse
(drastically decrease) at elevated T. It was suggested that the
paradoxical behavior is caused by the fact that temperature
does not only provide energy for excitation of a system from
the equilibrium state but also enhance the rate of relaxation
back to the equilibrium. The latter strongly depends on the
damping in the system and, under certain circumstances, can
reverse the correlation between fluctuations and temperature.

Dissipation plays a crucial role in decay of metastable
states, which determines the dynamics of various physical
and chemical processes.*> Switching between S and R states
in JJ’s is one of the best studied examples of such a decay.
The influence of dissipation on the switching statistics of JJ’s
has been intensively studied both theoretically**~ and
experimentally.'®!> The role of dissipation in decoherence of
quantum systems has been widely discussed'® and has re-
cently become an important issue for quantum computing.
JJ’s are used in several different ways in qubit implementa-
tions. For example, current biased JJ’s are employed in phase
qubits,'” where the dissipation affects relaxation and deco-
herence in the qubits. Furthermore, switching of JJ’s is also
used for readout of both flux'® and charge-phase!® qubits.

Here, we present an extensive study of dissipation
effects on the phase dynamics in moderately damped JJ’s.
For this purpose, we prepared several types of junctions
with well controlled and tunable damping parameters. In
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particular, we study low Ohmic Nb-Pt-Nb superconductor—
normal-metal-superconductor (SNS) junctions, Nb-CuNi-Nb
superconductor—ferromagnet-superconductor (SFS)
junctions with a diluted ferromagnetic alloys, and Nb-
InAs-Nb  superconductor—two-dimensional-electron-gas—
superconductor  (S-2DEG-S) junctions, as well as
Bi,Sr,CaCu,0g, 5 (Bi-2212) high-T.. superconductor (HTSC)
intrinsic JJ’s. The influence of dissipation on thermal and
quantum fluctuations is studied by tuning damping param-
eters of the junctions by temperature, magnetic field, and
gate voltage and, introducing a ferromagnetic layer or ca-
pacitive shunting. The paradoxical collapse of switching cur-
rent fluctuations with increasing 7" was observed in all cases.
It is shown that the collapse temperature critically depends
on dissipation in the junction. The phenomenon is explained
by interplay of two conflicting consequences of thermal fluc-
tuations, which, on one hand, assist in premature switching
to the resistive state and, on the other hand, help in retrap-
ping back to the superconducting state. The conclusions are
supported by analytical calculations and numerical simula-
tions, which are in quantitative agreement with experimental
data presented here as well as with those reported in Refs.
1-3.

The paper is organized as follows. In Sec. I, we summa-
rize the results of the resistively and capacitively shunted
junction (RCSJ) model, required for the analysis of switch-
ing statistics in moderately damped JJ’s. In Sec. III, we char-
acterize the JI’s studied in this work and describe the experi-
mental techniques. In Sec. IV, we analyze the magnetic field
modulation of the switching and retrapping currents. This
helps us understand the origin of hysteresis in the current-
voltage characteristics (IVC’s) and estimate the damping pa-
rameters of our JI’s. In Sec. V, the main experimental results
on the switching current statistics are presented. It is shown
that the collapse of switching current fluctuations occurs in
all moderately damped JJ’s and that the macroscopic quan-
tum tunneling (MQT) phenomena persist even in strongly
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damped SNS-type JJ’s. Finally, in Sec. VI, we discuss the
mechanism of the paradoxical collapse and present numeric
and analytic calculations, which clarify the phase dynamics
in the collapsed state and support our conclusions.

II. GENERAL RELATIONS

The damping parameter of JJ’s within the RCSJ model is
characterized by the inverse value of the quality factor at
zero bias current, Q. For junctions with sinusoidal current-
phase relation (CPR), it is given by

Qo= w,0RC =\2el (R*C/h. (1)

Here, w,9=(2el.o/%C)"? is the Josephson plasma frequency
at zero bias, R and C are the junction resistance and capaci-
tance, respectively, and 1, is the fluctuation-free critical cur-
rent. Determination of Qy is not trivial: /,, must be obtained
by measurement and extrapolation of the switching current
statistics,!! the effective capacitance is not equal to the geo-
metric one because leads form a sort of transmission line
with finite inductance, and for superconductor-insulator-
superconductor (SIS) tunnel junctions, the effective resis-
tance is ill defined. The effective damping in SIS junctions is
typically dominated by the high frequency impedance of cir-
cuitry, ~100 Q,'"" which can be up-transformed by the high
dielectric constant substrate?” but may also be affected by the
quasiparticle resistance for junctions with smaller tunnel re-
sistance and at elevated 7. Furthermore, damping in SIS
junctions is frequency and bias dependent due to the strong
nonlinearity of the IVC’s.

At finite bias current, the quality factor Q(I) is given by
the same Eq. (1) with w,, replaced by the Josephson plasma
frequency at finite bias, which, for junctions with the sinu-
soidal CPR, is w,(I)=w,o[1-(I/1.9)*]"*. This means that the
quality factor is bias dependent, Q(I)=Q,[1—(I/1,)*]"*. For
SIS junctions, Q(I) can be further reduced due to frequency
dependence of R. Therefore, the phase dynamics may change
from underdamped, Q= 1, to overdamped, Q=<1, as [ — 1.

The electrodynamics of JJ’s is equivalent to motion of a
particle in a tilted washboard potential formed by superposi-
tion of the periodic Josephson potential and the work done
by the current source (the tilt), as shown in Fig. 1. The par-
ticle can escape from the potential well as a result of MQT or
thermal activation (TA) process. At low damping, the es-
caped particle will roll down the potential (switch to the R
state). However, if dissipation exceeds the work done by the
current source, it will be retrapped in subsequent wells and
return to the § state, as shown in Fig. 1.

The TA escape rate from S to R state is determined by an
Arrhenius law, and for moderate and high damping cases, it
is given by’

w, (] AU (I
Cyp= a,—i(?) exp[— ﬁ;)} : (2)

Here, AUy is the potential barrier for S-R switching, see Fig.
1, which, for the sinusoidal CPR, is
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FIG. 1. (Color online) (Left) The equivalent circuit of the RCSJ
model. (Right) The mechanical analog of the RCSJ model: the tilted
wash board potential in the energy-phase space for /=0.5/ . Ar-
rows indicate three possible particle trajectories after thermal es-
cape for different quality factors. For the lowest Q, the particle get’s
retrapped in the next potential well, while for highest Q, it will
continue to roll down the potential, leading to switching of the JJ
from the superconducting to the resistive state.

AU = (4\213)E o[ 1 - 11,412, (3)

where E;,=(f/2¢)l,, is the Josephson energy. Damping en-
ters only into the prefactor of I'y:

a,=(1+1/40%)"2-1/20. 4)

The MQT escape rate can be written in notations of Ref. 8
as

A

_ ] AUs | [ AU }
FMQT—'}/(T)Zj_|:ﬁw ] X(Q)exp| - ﬁpr(Q) )

14

Here, y(T) is the thermal correction with the characteristic
parabolic dependence In yo 72! and in the case of strong
damping, x(Q)=2m3Q"*1-0Q%8In(2Q)-4.428]} and
s(Q)=3m0+07"].

The MQT rate can be strongly affected by dissipation
since the damping dependent factor s(Q) appears under the
exponent in Eq. (5). Qualitatively, this is due to smearing of
quantum levels in the washboard potential with decreasing
Q. Indeed, the spacing between the lowest levels is ~ﬁwp,
while the level width is ~A/RC. From Eq. (1), it follows that
for Q <1, the width becomes larger than the separation be-
tween levels, which leads to suppression of the MQT.

In the moderate damping case, the crossover between
MQT and TA occurs at’

fiw 1\ 1
_ P _ I
Tior(Q) = 27Tk3|:<1 - 4Q2) ZQ] ©

From Eq. (6), it follows that the MQT-TA crossover tempera-
ture decreases with Q due to the general suppression of the
MQT, as discussed above.

An analytic expression for the retrapping rate from the R
to the S state is known only for strongly underdamped JJ’s,
Qo>1 (Ref. 6):

1-1 E AUR(I
Fpm w20 [0 o [—ﬁ} ™)

ICO 2’7TkBT kBT
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AIJR2

EJOQ(2)|:I_IRO]2. (8)

2 IL'O

Here, I, is the fluctuation-free retrapping current and
AUy the retrapping (dissipation) barrier. From Eq. (8), it is
seen that retrapping, unlike escape, depends strongly on

damping,'3 because Q(z) appears under the exponent in Eq.
(7). For underdamped JJ’s, the I, is given by

41(:0
mQy

)

Iro =

This expression is valid for Q,=3. For smaller Q,,

Io/Lo = 127299 - 0.311 020, — 0.029 6502 + 0.013 060;.
(10)

Equation (10) was obtained from interpolation of the numeri-
cally simulated IVC’s within the RCSJ model.?? This expres-
sion is valid for 0.84=<Q,<3. For Q;,=0.84, the IVC’s are
nonhysteretic, i.e., Ipg=1,.

A. Switching statistics

For a given switching rate I'y; from the initial state O to
state 1, the probability of switching within the infinitesimal
time interval &t is given by P, (8t)= &tI';. The probability of
staying in the O state is Py(St)=1-45t"y;. The probability
of staying in the O state within a finite time interval
t is then given by the conditional probability of not switching
during all subintervals &t Py(f)=limg_o(1—-6y,)"*
=exp[-Ty1].%

Measurements of switching statistics in JJ’s are performed
by either ramping the bias current at constant rate dI/dt or by
applying current pulses to the junction. The results presented
below do not depend on the measuring technique, i.e., simi-
lar results were obtained by both ramping®? and pulse! tech-
niques. Since the switching rate I'y;(Z) is bias dependent, the
probability of not switching until current / in the current
ramping experiment can be written as

1 1
PO(I):eXp|:— mfo F()l(])d]:|. (11)

Alternatively, it can be written as

1
Po(l) = 1 —f POl(I)dI, (12)
0

where Py, (1) is the probability density of switching from O to
1 state. By definition, Py,(1) 8l is the probability of switching
in the bias interval from I to /+ 6I. The probability density is
one of the most important characteristics of switching statis-
tics because it directly corresponds to experimentally mea-
sured switching current histograms.

Differentiating Eqs. (11) and (12) with respect to I, we
obtain
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_dPy() Ty () f’
POl =- dl = dlldr (l - . POI(I)dI . (13)

This equation has a clear physical meaning: the probability
of measuring the switching event in the current interval from
I to I+l is the conditional probability of switching during
the ramping time &t= 8I/(dl/dr) (first term) and the probabil-
ity that the system has not already switched before (second
term). The recurrent equation (13) is easily solved numeri-
cally and couples the switching probability density Py; to the
switching rate I'y,.

The probability density for switching from § to R state
follows directly from Eq. (13), where 0 and 1 are S and R,
states, respectively. To obtain the probability density of re-
trapping Py from R to S state, we should take into account
that current is now ramped downward to zero and that Pg
=0at /=1

Poll) = F—(’)l

1o
ardi pf mmm} (14)

1

The probability of remaining in the R state and not being
retrapped until current / is

1o
1

Thermal fluctuations lead to premature switching and re-
trapping. This means that fluctuations tend to decrease the
switching current /¢ with respect to /., but increase the re-
trapping current I with respect to I, Therefore, thermal
fluctuations help in returning the JJ from R to § state. One
should also keep in mind that since retrapping critically de-
pends on damping and damping depends on bias, retrapping
can become prominent at the switching current even for
junctions which are underdamped at zero bias.

III. SAMPLES

Analysis of dissipation effects on phase dynamics requires
junctions with well defined and controlled damping param-
eters. Ideally, such junctions should be of RCSJ type with
bias independent R and have R much smaller than 100 () to
avoid shunting by the high frequency impedance of the cir-
cuitry, Zy~ 100 €. Previous studies of fluctuation phenom-
ena in JJ’s were performed predominantly on underdamped,
Qo> 1, SIS tunnel junctions, which are not described by the
simple RCSJ model with constant Q, both due to strongly
nonlinear IVC’s and considerable shunting by the high fre-
quency impedance.’ This ambiguity does not exist for SNS
junctions, which are well described by RCSJ model with
constant R, typically much smaller than Z,.

Although the quality factor of SNS junctions is expected
to be constant, verification of this, as well as exact evaluation
of Q,, is nontrivial. Parameters /., and C still need to be
independently defined. Furthermore, Eq. (1) is valid only for
junctions with sinusoidal CPR. The CPR in SNS junctions
deviates from sinusoidal,”* which changes the plasma fre-
quency ), and thus affects the effective C entering Eq. (1).
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TABLE I. Summary of the studied junctions. Here, /., is the fluctuation free critical current, R is the
normal resistance, T is the collapse temperature, and Q) is the quality factor at /=0.

&

Lo R T
Junction Geometry (uA) Q) (K) QO(T*)
SFS (Nb/CuNi)
la 70/50 nm 770 0.24
2a 25/50 nm 178 0.21 0.2% 1.0%
2b 25/50 nm 34 0.26 =(0.84
S-2DEG-S (2DEG w X L)
la 10 um X 500 nm 2.5 36 ~0.84
2b 40 pm X400 nm 37 7.5 0.8 1.63
3a 10 um X 500 nm 23 38.1 0.88
3b 40 pm X500 nm 7.3 11.4 0.1 0.95
C shunted
3a 10 pm X 500 nm 2.5 34 0.45 2.4
3b 40 pwm X 500 nm 7.4 10.3 >1 >3
SNS 170X 88 nm? 262 0.6 <0.84
Bi-2212 4X2.5 um? 125 ~40 75 5.6
At H=0.5 Oe.

The effective C is no longer equal to the real, explicitly
measurable junction capacitance. Therefore, quantitative
analysis of dissipation effects requires a possibility of tuning
the quality factor by at least as many independent parameters
as the amount of unknown variables in Eq. (1).

In this work, we focus on the analysis of phase dynamics
in low Ohmic SNS-type junctions with moderate damping
1=0,<10. Emphasis was made on the ability to control
and tune the damping parameter of the junctions. Below, we
describe five different ways used for tuning Qg in our junc-
tions: together with conventional ways of tuning /., by ap-
plying the magnetic field or changing temperature, we were
also able to tune /., by applying gate voltage, adding a fer-
romagnetic material into the junction barrier and by tuning C
by in situ capacitive shunting.

The parameters of the studied junctions are summarized
in Table L.

A. Planar superconductor-ferromagnet-superconductor (Nb-
CuNi-Nb) junctions

Planar Nb-CuNi-Nb junctions were made by cutting a
small Nb/Cug4,Ni, s3 bilayer bridge by a focused ion beam
(FIB).? A sketch of the SFS junction is shown in Fig. 2(a).
We made JJ’s from two types of Nb/CuNi bilayers with
either 70 or 25 nm thick Nb layers. The thickness of the
CuNi layer was always 50 nm. In-plane dimensions of the
1J’s, presented here, were the same. Details of sample fabri-
cation and characterization can be found elsewhere.?®

Figures 2(b) and 2(c) show the IVC’s at different T for
planar SFS junctions made from 70/50 nm and 25/50 nm
Nb/CuNi bilayers, respectively. From Fig. 2, it is seen that
the IVC’s are consistent with the RCSJ model with constant
R~0.25 Q. Since R<Z;,~ 100 (), shunting by the circuitry

impedance is negligible also at high frequencies.

The critical current depends very strongly on the depth of
the FIB cut, especially at the edge of cutting through the top
Nb layer, see Fig. 2(a). By varying the depth of the cut, we
were able to fabricate JJ’s with 3 orders of magnitude differ-
ence in I,,.%° On the contrary, the resistance of junctions
remained almost unchanged upon cutting through the top Nb
layer, as seen from IVC’s in Fig. 2. Since the in-plane geom-
etries of the junctions are the same, C and the thermal con-

200

- Nb/CUNi (25/50 nm) #2a

100

V(uV)

150

FIG. 2. (Color online) (a) Sketch of the planar Nb-CuNi-Nb
junction. The junctions were made by cutting Nb/CuNi bilayers by
FIB. Panels (b) and (c) show I-V characteristics at different T for
junctions made from 70/50 nm and 25/50 nm thick Nb/CuNi bi-
layers, respectively. The IVC’s of both junctions are RCSJ-like and
exhibit hysteresis at low 7.
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FIG. 3. (Color online) Temperature dependence of the switching
and retrapping currents for two SFS junctions made from the same
25/50 nm Nb/CuNi bilayer at H=0. It is seen that the hysteresis
I¢> Iy exists at low T for both JJ’s. Solid and dashed lines represent
Ix(T) calculated within the RCSJ and self-heating models, respec-
tively. The inset shows the size of the hysteresis 1—1p/lg at the
lowest T as a function of the dissipated power at /=1Ip. Note that the
hysteresis is not proportional to the power at retrapping.

ductances of the junctions are also similar. Therefore, by
changing the depth of the FIB cut, we could vary in a wide
range the Q, of the junctions by solely affecting /., and
leaving all other parameters intact.

Figure 3 shows T dependencies of switching and retrap-
ping currents for two JJ’s on the same chip. Development of
the hysteresis, I¢>1Ip, with T is seen. The JJ’s were fairly
uniform, as follows from the clear Fraunhofer modulation of
the critical current as a function of magnetic field, shown in
Fig. 4(a).

B. Nanosculptured superconductor—normal-
metal-superconductor (Nb-Pt-Nb) junctions

Nanoscale SNS junctions were made from Nb-Pt-Nb
trilayers?’ by three-dimensional FIB sculpturing. The thick-
nesses of bottom and top Nb layers were 225 and 350 nm,
respectively. The thickness of Pt was 30 nm. A sketch of the
junction is shown in the inset of Fig. 5. Nanofabrication was
required both for increasing R and decreasing /., to easily
measurable values.

The main panel in Fig. 5 shows a set of IVC’s at T
=3.2 K for a Nb-Pt-Nb JJ (170 X 88 nm?) at different mag-
netic fields along the long side of the JJ. Strong modulation
of the critical current is seen. The IVC’s are well described
by the RCSJ model with constant R=0.6 () <Z,,.

Some JJ’s were anodized to remove possible shorts
caused by redeposition of Nb during FIB etching and to fur-
ther decrease the junction area. The absence of shorts and the
uniformity of junctions was confirmed by clear Fraunhofer
modulation of I¢(H), shown in Fig. 6(a). Details of the junc-
tion fabrication and characterization were described in Ref.
28 and will be published elsewhere.

C. Superconductor-two-dimensional-electron-
gas—superconductor junctions

S-2DEG-S junctions with planar geometry were formed
by two Nb electrodes connected via the two-dimensional
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FIG. 4. (Color online) (a) Magnetic field dependence of the
switching and retrapping currents for the planar SFS junction 2a at
T=37 mK. The solid line is the calculated Ipo(H) within the RCSJ
model for Qy(H=0)=2.55. (b) I/l vs H for the same junction. The
solid line is the I./lzy within the RCSJ model for Qy(H=0)
=2.55. The dashed line represents I.y/Iy calculated for the case
when the hysteresis is caused solely by self-heating (see Sec. IV).

electron gas (2DEG) (InAs).? Properties (I, and R) of the
JI’s depend on the width of Nb electrodes (either 10 or
40 wm), the length of the 2DEG (either 400 or 500 nm), and
the transparency of the contact between the Nb and the
2DEG.*! A narrow gate electrode was made on top of the
2DEG, forming a Josephson field-effect transistor.’® This
provides a unique opportunity to tune properties of the JJ’s
by applying a gate voltage V,. Details of sample fabrication
and characterization can be found elsewhere.3%3!

Figure 7 shows a set of IVC’s at 7=30 mK for different
V,. It demonstrates that the critical current is increased at

T T T T T T .f-.
Nb-Pt-Nb (170x88 nm?)
300 i
H=00e T=3.2K
o ar R=0.6Q |
SR o™
200 240 Oe 4
~ R e
<‘§‘ 480 Oe
= 1140 Oe Junction
~
of 1680 Oe | Nol
, 1
Nb| Pt a
0 I 1 I 1 I 1
0 50 100 150
V(uV)

FIG. 5. (Color online) I-V characteristics at different H for a
nanosculptured SNS junction at 7=3.2 K. The IVC’s are RCSJ-like
and exhibit hysteresis at small H. Inset shows a sketch of the
junction.
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20 ) s :
sool I I(RCS)) 1
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< 150L Nb-PtNb =1.07 -
= T=3.2K
N~ 100
50-
O 1 " 1 " 1 " 1 1
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0.08-
0.06- i

11 (H) A (H)

°
o
N}

| H=600 O e i
Y Sdlfheating |
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P, (nW)

o
o
S

FIG. 6. (Color online) (a) Magnetic field modulation of the
switching and retrapping currents at 7=3.2 K for the same Nb-
Pt-Nb junction as in Fig. 5. The solid line represents calculated
Ix(H) within the RCSJ model for Qy(H=0)=1.07. (b) The size of
hysteresis 1—1p/Ig vs dissipation power at retrapping Py for the
same data JJ. The dashed line represents a characteristic linear de-
pendence typical for self-heating. (c) Temperature dependence of
the switching and retrapping currents at H=0 for this junction.

positive V, and strongly suppressed at small negative V,.
Note that the resistance of the junction starts to increase at
substantially larger negative V,=<-1 V, at which the critical
current is already strongly suppressed. Therefore, the IVC’s
at V,>-1V are reasonably well described by the RCSJ
model with a constant R.

The majority of switching current measurements were
performed on the junction 2b with a wide (40 um) and short
(400 nm) 2DEG and good transparency of the Nb/2DEG in-

L e — T
I Nb-2DEG-Nb #1a T
4L T=30mK i
29 -
=
N—"
~ g
1k V. (V) =+0.2, +0.02,1
0, -0.03, ,-0.2,-0.4, |
-0.8,-14,-1.7,-1.8.
0 L M BRI M
0 50 100 150 200
Vuv)

FIG. 7. (Color online) The IVC’s of a S-2DEG-S junction for
different gate voltages at 7=30 mK.
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S-2DEG-S #2b |
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length 400 nni]

So
~ 1, (RCSY)]
= Q (H=0) ]|
| 7230 mK o _
m =235
-40 1 I 1 n 1 n 1 n 1 n 1 " 1 "
-15 -10 -5 0 5 10 15

B (uT)

FIG. 8. (Color online) Magnetic field modulation of switching
and retrapping currents for the S-2DEG-S junction 2b at T
=30 mK. The solid line represents a simulation within the RCSJ
model for Qy(H=0)=2.35.

terface. For 40 um wide junctions, shunting by high fre-
quency impedance was insignificant because of the small
junction resistance R=7.5—-10 ). Junctions with narrower
2DEG (10 wm) had proportionally smaller /., and larger R
~30-40 Q. All JJ’s studied here had a uniform critical cur-
rent distribution, as judged from periodic Fraunhofer modu-
lations I4(H), see Fig. 8.

Figure 9 shows the T dependencies of Iy and Iy for the
same JJ at two magnetic fields, marked by circles in Fig. 8.
The T dependence of I and I for S-2DEG-S JJ’s is similar
to that of planar SFS JJ’s, see Fig. 3. In both cases, the I is
T independent in a wide T range.

D. Bi-2212 intrinsic Josephson junctions

Intrinsic Josephson junctions (IJJ’s) are naturally formed
between adjacent Cu-O layers in strongly anisotropic HTSC
single crystals.3? IJJ’s behave as SIS-type junctions®>3* with
high Q,, in spite of the d-wave symmetry of the order pa-

30

I (uA)

20 fegag

H=3.66uT

S-2DEG-S #2b
0.0 . 0.5 . 1.0 . 1.5 2.0
T (K)

FIG. 9. (Color online) T dependence of the switching and re-
trapping currents for the S-2DEG-S junction 2b at magnetic fields
marked by two of the circles in Fig. 8. The inset shows 7' depen-
dencies of normalized fluctuation-free critical currents
1.o(T)/1,o(T=0) at four H marked in Fig. 8.

224517-6



ANTICORRELATION BETWEEN TEMPERATURE AND...

0.2

—T— —T—
b) 7= 80.6K c) T'=84.9K

VI (mV) | VI (mV) |

N N 1 N
0 50 100 0 50 100 0 50 100

01y

—
i Bi-2212
< o T=945K
:E/ i g
= e
f) T=91.1K
d) T=87.1K e) I'=89.1K
0.0 L T — 1 + 100 N N 1 oo L X \
20 40 20 40 0 20 40
VI (mV) VI (mV) VI (mV)

FIG. 10. (Color online) Four-probe I-V characteristics of a Bi-
2212 mesa at different temperatures. It is seen that the multibranch
structure and the hysteresis persist up to ~3 K below T..

rameter in HTSC. This was confirmed by observation of geo-
metric Fiske resonances®>3 and energy level resolution in
the MQT experiments on Bi-2212 1JJ3” and YBa,Cu;0,_s
biepitaxial c-axis (IJJ-like) JJ’s.20

1JJ’s were made by micro- and/or nanopatterning of small
mesa structure on top of Bi-2212 single crystals. Here, we
present data for an optimally doped Bi-2212 single crystal
with 7,=94.5 K. Mesas were cut in two parts by FIB to
allow true four-probe measurements. Details of mesa fabri-
cation can be found elsewhere.?® Properties of our 11J’s were
described in detail before.’33* Figure 10 shows IVC’s at dif-
ferent T for a Bi-2212 mesa. IVC’s of 1]J’s are nonlinear and
exhibit strong hysteresis below T.. However, at elevated tem-
peratures, 70 K<T<T,, the IVC’s are almost linear in a
small voltage range.>3* Each mesa contains several stacked
11J’s. Therefore, IVC’s exhibit a multibranch structure due to
one-by-one switching of stacked 1JJ’s from S to R state.

Figure 11 shows the T dependence of the most probable
switching current Ig,,,., the retrapping current I, and the
fluctuation-free critical current /., for a single 1JJ from the
same Bi-2212 sample as in Fig. 10.% The 1., was obtained
from the analysis of switching statistics.3® The 7,,(T) follows
the Ambeokar-Baratoff dependence typical for conventional
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FIG. 11. (Color online) Temperature dependence of the most
probable switching Ig,,,,,, retrapping I and fluctuation-free critical
I, currents for the same Bi-2212 1JJ.
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SIS JJ’s.38 The I is T independent at low T and increases
with T up to ~85 K. Such behavior is also typical for con-
ventional SIS JJ’s and is attributed to strong 7" dependence of
the low bias quasiparticle resistance, which determines the
effective dissipation for the retrapping process.*

IV. ORIGIN OF HYSTERESIS

Figures 2—11 show that the IVC’s of all the four types of
JJ’s studied here exhibit a hysteresis at low 7.

For the case of Bi-2212 1JJ’s, the hysteresis can be unam-
biguously attributed to a large capacitance caused by atomic
scale separation between electrodes. From measurements of
Fiske step voltages, the specific capacitance of our 1JJ’s
was estimated as C~ 68.5 fF/ um?. Substituting typical pa-
rameters of 1JJ’s,>* the critical current density J.(4.2 K)
=10> A/cm?, the large bias c-axis tunnel resistivity p,
=30 Q cm, and the stacking periodicity s=1.5 nm, we ob-
tain Q((4.2 K) = 20. This value will become up to 2 orders of
magnitude larger if we use the low bias quasiparticle resis-
tivity at 7=4.2 K instead of p.. In any case, IJJ’s are strongly
underdamped, Q,>1, at T<T, and also remain under-
damped in practically the whole T range T<<T., as seen from
Fig. 11. It has been demonstrated that the hysteresis I/l in
Bi-2212 1JI’s agrees well with the calculated Q, using the
specific capacitance of 1JJ°s.3

On the other hand, explanation of the hysteresis in SNS-
type JJ’s is less straightforward. Typically, SNS JJ’s are
strongly overdamped, Q,<< 1, and the hysteresis is caused by
either self-heating,*! nonequilibrium effects,** or frequency
dependent damping,” rather than the junction capacitance.

According to the RCSJ model, the hysteresis is related to
damping and appears in underdamped JJ’s with Q,>0.84. If
the hysteresis were due to finite junction capacitance, then
magnetic field modulation of Izy(H) should be a unique func-
tion of 1y(H), given by Egs. (9) and (10) with field depen-
dent Qy(H)=Qy(H=0)[1.o(H)/I.,(H=0)]"2, as follows from
Eq. (1). The corresponding Io(H) curves calculated within
the RCSJ model are shown by solid lines in Figs. 4, 6(a), and
8. In all cases, the agreement with the experimental data is
remarkable, considering that there is only one fitting param-
eter Qy(H=0) for each curve (indicated in the figures). How-
ever, as it will be shown below, such a fit can be misleading
because self-heating can produce exactly the same result, as
shown by the dashed line in Fig. 4(b).

A. Self-heating

It is known that self-heating can cause hysteresis in su-
perconducting weak links with negligible C.*! In this case,
the “retrapping” current simply represents /g at the elevated
temperature due to power dissipation at the resistive branch
of the IVC:

d
In= Ty + AT()] = I(T) + d—’;AmR), (16)
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AT(Ig) = PgR,, = RR 1%, (17)

where R, is the thermal resistance of the junction and Pj is
the power dissipation at /. One can easily solve the system
of Egs. (16) and (17):

| 2
V1+4aly-1

_ , 18

R Yal, (18)
IR o

1- k= %p,, 19
= (19

where a=—(dIls/dT)RR,,/I4(T,). This solution is valid for
small self-heating, except for the case of linear I4(7) and
T-independent R, when it is correct for arbitrary self-
heating.

The dashed line in Fig. 4(b) shows a fit to experimental
Ix(H) within the self-heating model, Eq. (18). The solid line
in the same figure represents the fit within the RCSJ model,
Egs. (1) and (10). Ix(H) for both self-heating and RCSJ mod-
els were obtained using a single fitting parameter, R, and
Qy(H=0), respectively, which are unambiguously deter-
mined from hysteresis Ig/lr at H=0. Obviously, the self-
heating and RCSJ models provide equally good and almost
indistinguishable fits to experimental Ix(H). Similarly, T de-
pendencies of I, within the two scenarios are practically the
same, as seen from comparison of dashed and solid lines in
Fig. 3.

Therefore, discrimination between capacitive and self-
heating origins of the hysteresis cannot be made from just
analyzing T or H dependencies of Ig and Iz but requires
additional experimental data. One way to check the origin of
hysteresis is to study P dependence of I and analyze the
consistency with Eq. (19). This has to be done at constant
base T for samples with the same R, to avoid the unknown T
dependence of R,,. The easiest way to perform such a test is
to analyze the magnetic field dependence at constant 7, be-
cause small field affects only Ig, I, and Py, but not R, or
the shape of 1,((7T) (as seen from the inset of Fig. 9). Accord-
ing to Eq. (19), the size of the hysteresis, caused by self-
heating, must be proportional to Pp, at least at small Pr. On
the other hand, from Egs. (1) and (9), the capacitive hyster-
esis, modulated by magnetic field, changes as 1
—Ix(H)/Is(H)=1~[4m/ Qy(H=0)]yPr(0)/ Px(H).

Figure 6(b) shows the experimental magnetic field depen-
dence of the hysteresis 1 —1Ix(H)/Is(H) on Py at constant
base T;;=3.2 K for the SNS junction. Here, Ix(H) and I(H)
were taken from Fig. 6(a), and Pg(H) was obtained from
simultaneously measured IVC’s, shown in Fig. 5. It is seen
that the hysteresis vanishes linearly at small Pp, consistent
with the self-heating scenario and inconsistent with the ca-
pacitive scenario of the hysteresis. At larger Pp, the hyster-
esis becomes larger than predicted by the self-heating model
(the dashed line). Deviation from the linearity at large self-
heating may occur due to 7 dependence of /g and R, The
former tends to increase the hysteresis in case of larger
dlg/dT at higher T, and the latter—to decrease the hysteresis
due to smaller R, at higher 7. However, none of those cor-
rections can explain such a large deviation. This becomes
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clear from the analysis of 7 dependencies of I and I at H
=0, shown in Fig. 6(c). From Fig. 6(c), it is seen that AT at
Ty=3.2 K cannot exceed 0.4 K. Thus, even at the largest Py
in Fig. 6(b), the self-heating is small, AT/T;<0.13, and
second-order corrections to linear P, dependence within the
self-heating scenario are negligible. The strong deviation
from linearity probably indicates the existence of an addi-
tional hysteresis mechanism at large bias. However, as will
be discussed below, the capacitance of this junction is clearly
too small to cause extra hysteresis. On the other hand, the
additional hysteresis may be caused by nonequilibrium
effects*? in this SNS JJ with high critical current density.

A clue to the origin of hysteresis can also be obtained
from comparison of IVC’s of JJ’s with identical geometry
but different /5. As described in the previous section, a minor
variation of the FIB-cut depth in the planar SFS JJ’s changes
1., by several orders of magnitude without affecting other
characteristics of JJ’s (C, R, and R,,), see Figs. 2 and 3. The
inset of Fig. 3 shows the values 1-1Iy/Ig at T=30 mK for
three SFS JJ’s with similar geometry on the same chip. The
dashed line shows the linear P, dependence, expected within
the self-heating scenario. Provided the hysteresis in JJ’s with
larger 1, is caused by self-heating, and R, of all three JJ’s
are the same, there should be no hysteresis due to self-
heating for the JJ with the smallest /.. This is indicated by
the green (lower) dashed line in the main panel of Fig. 3,
which represents the self-heating Ix(7) for the JJ with small
I, calculated from Eq. (18) using the parameter « obtained
from the fit Ip(7) for the JJ with larger Ig, shown by the black
(upper) dashed line in Fig. 3. Thus, self-heating does not
satisfactorily explain the hysteresis in SFS junctions, al-
though it is probably responsible for a considerable part of
the hysteresis in JJ’s with larger /5.

For Bi-2212 1JJ’s, self-heating was measured directly*?
for the same mesa. The R, of the mesa ranged from
~70 K/mW at T=4.2 K to ~10 K/mW at 80 K. Since the
dissipated power at /<[ at the first branch in the IVC never
exceeded a few microwatts, self-heating can be excluded as
the origin of hysteresis in 1JJ’s.

B. Capacitance

In order to understand whether the finite junction capaci-
tance may contribute to the hysteresis, we first calculate C
that are required for reaching Qy=1: C[Q\(H=0)=1]
~35 pF for SFS 2a (Fig. 4), ~4 pF for SNS (Fig. 6), and
~0.2 pF for S-2DEG-S 2b (Fig. 8) JJ’s, respectively. These
must be compared with the expected geometrical C of the
II’s.

The overlap capacitance of the SNS junction, Fig. 6, is
small, approximately a few femtofarads, due to small area of
the JJ (~0.015 wm?). The stray capacitance was estimated to
be of the same order of magnitude. Therefore, the total C of
this junction is insufficient for observation of the hysteresis
within the simple RCSJ model. Therefore, as discussed in
connection with Fig. 6(b), the hysteresis in this JJ must be
attributed to self-heating and, perhaps, nonequilibrium phe-
nomena at high bias.

The total (stray) capacitance of wide S-2DEG-S JJ’s with
the gate electrode is estimated to be ~0.1-0.2 pF. This C
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FIG. 12. (Color online) IVC’s of two S-2DEG-S junctions on
the same chip at 7=30 mK, H=0, before and after in situ C shunt-
ing. Inset shows a sketch of the C-shunted junction.

can cause a substantial hysteresis in junction 2b with large
1, and may be just sufficient for a tiny hysteresis in the other
junctions with smaller /.. This conclusion is also supported
by observation of underdamped phase dynamics in those
junctions, as will be discussed below.

We argued above that the hysteresis in SFS JJ’s cannot be
caused solely by self-heating. However, how could the huge
C~ 35 pF appear in those planar JJ’s with the stray capaci-
tance in the range of few femtofarads? To understand this,
we should consider the specific junction geometry, shown in
Fig. 2(a). The JI’s are made of Nb/CuNi bilayers. The CuNi
layer may act as a ground plane for the JJ and may create the
large overlap capacitance, provided there is a certain barrier
for electron transport between the layers. The transparency
of Nb/Cu interfaces, made in the same setup, was previously
estimated to be ~0.4.*~%0 The interface transparency be-
tween Nb and CuNi is expected to be even smaller due to
appearance of excess interface resistance between normal
metals and spin-polarized ferromagnets.*’ For typical values
of the overlap capacitance C~ 20-40 fF/um?, the required
C~35pF can originate from the bilayer within just
~30-40 um radius from the JJ. An unambiguous confirma-
tion of the presence of the large C in our SFS JJ’s follows
also from observation of the underdamped phase dynamics,
as reported below (Fig. 16).

C. In situ capacitive shunting

To clarify the origin of hysteresis, we fabricated an in situ
shunt capacitor, consisting of 300 um wide Al,0O5/Al double
layer deposited right on top of S-2DEG-S JJ’s. The sketch of
the C-shunted junction is shown in Fig. 12. The IVC’s for
two JI’s from the same chip before and after C shunting are
shown in Fig. 12. The length of 2DEG in those junctions was
500 nm, which results in considerably smaller /,, than for
the JJ 2b with 400 nm long 2DEG, see Table 1. It is seen that
the hysteresis for both junctions increased considerably,
while R was little affected by C shunting.*® The total capaci-
tance of the shunt was ~5 pF, much larger than the initial
capacitance of unshunted junctions C~0.1-0.2 pF.

It should be emphasized that introduction of the C shunt
improves thermal conductance from the junctions. Indeed,
since the sample was placed in vacuum, the C-shunt double
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FIG. 13. (Color online) (a) Switching histograms of a single 1JJ
at different 7. The solid lines represent theoretical results for ther-
mal activation at a given 7. Note that the experimental histograms
initially become wider with increasing 7 but suddenly become nar-
rower and change the shape at T* between 71 and 81 K. (b) The
effective escape temperature vs 7 extracted from fitting the switch-
ing histograms to the TA theory. The solid line represents the pre-
diction of conventional TA theory, T,,.=T. A sudden collapse of T,
is seen at 7" =75 K.

layer on top of the 2DEG acts as the top heat spreading
layer,**>% creating an additional heat sinking channel. Thus,
the self-heating hysteresis must decrease in the C-shunted JJ.
Therefore, increase of the hysteresis in C-shunted JJ’s unam-
biguously indicates that the hysteresis in those JJ’s is indeed
caused by the junction capacitance, rather than self-heating.

To summarize this section, identification of the mecha-
nism of hysteresis is quite intricate, in particular, due to the
frustratingly similar behavior of Ix(T,H) within self-heating
and RCSJ models. Table I presents values of Q for the stud-
ied junctions. In all cases, these values were obtained from a
self-consistent analysis of a complete set of data for the spe-
cific sample, including (i) Py dependence of the hysteresis,
see Figs. 3 and 6, (ii) estimation of the junction capacitance
from quantum fluctuations, as shown in Fig. 15(b), and (iii)
observation of the underdamped phase dynamics in the col-
lapse state, see Figs. 13-16, 18, and 20.

Thus, we arrive at the following conclusions about the
origin of hysteresis in our JJ’s: For 1JI’s, the hysteresis is
caused solely by the junction capacitance. The C-shunted
S-2DEG-S 1J’s are underdamped, with predominantly ca-
pacitive hysteresis. For most SNS-type junctions, the hyster-
esis is considerably affected by self-heating. However, planar
SFS and S-2DEG-S junctions 2b with short (400 nm) 2DEG
are underdamped, Qy= 1, at low 7. Therefore, a substantial
part of hysteresis in those junctions has a capacitive origin.

V. COLLAPSE OF SWITCHING HISTOGRAMS

Measurements of switching and retrapping current statis-
tics were made in a carefully shielded dilution refrigerator
(sample in vacuum) in a shielded room environment. Mea-
surements in the temperature range 1.2—100 K were made in
a He* cryostat (sample in liquid or gas). Switching and re-
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FIG. 14. (Color online) (a) Switching histograms of S-2DEG-S
3b" at T7=37 mK for different gate voltages V,. It is seen that the
height (inversely proportional to the width) of the histograms first
decreases but then starts to increase with increasing negative V,. (b)
Dependence of the most probable switching current Ig,,,, on the
gate voltage. (c) The width of the histograms A/ vs Is,,,,. A sudden
collapse of Al occurs at V,<<-0.35 V.

trapping currents were measured using a standard sample-
and-hold technique. All histograms were made for 10 240
switching events.

A. Collapse in Bi-2212 intrinsic Josephson junctions

A sporadic switching of simultaneously biased stacked
1JJ’s in the Bi-2212 mesa results in rather chaotic switching
between quasiparticle branches in the IVC, see Fig. 10. This
makes the analysis of switching statistics quite complicated.
In addition, strong electromagnetic coupling of atomic scale
stacked 1JJ’s in the mesa leads to the appearance of meta-
stable fluxon states®'>* and results in multiple valued critical
current.’!>3 It has been reported that switching histograms of
1JJ’s can be very broad and contain multiple maxima,’!-5
consistent with frustration caused by the presence of meta-
stable states in long, strongly coupled stacked JJ’s.31-33

In order to avoid the metastable states, we studied switch-
ing statistics of a single 1JJ.333% In the studied mesa, one of
the junctions occasionally had slightly smaller 7., (by
~20%) than the rest of the IJ)’s. Thus, we were able to
achieve stable switching of this single 1JJ, while the rest of
the 1JJ’s remained in the S state.®®

Figure 13 shows switching histograms for the single 1JJ at
different 7. The black solid lines represent simulated histo-
grams for conventional TA escape, Egs. (2) and (13), at given
T and for corresponding junction parameters and experimen-
tal sweeping rates. Detailed analysis of the switching histo-
grams can be found elsewhere.’® The switching histograms
are perfectly described by the TA theory up to T ~75 K.
However, at higher 7, the histograms suddenly become nar-
rower. This is clearly seen from Fig. 13(b) which represents
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FIG. 15. (Color online) (a) Escape temperature vs T for the
S-2DEG-S JJ 2b at four magnetic fields (marked by circles in Fig.
8). Three T regions can be distinguished: the MQT at low 7, the TA
at intermediate 7, and the collapse region at T>T". (b) T,,. in the
MQT state at 7=20 mK as a function of the fluctuation free I,
suppressed by applying magnetic field. Solid line represents the fit
to Eq. (6) for Qg(H=0)=2.35. (c) Results of MQT simulations, Eq.
(5), for the experimental conditions in panel (a).

the effective escape temperature 7,,. obtained from the fit of
experimental escape rate by the TA expression, Eq. (2), with
T=T,, being the fitting parameter. 7, represents the
strength (amplitude) of thermal fluctuations in the JJ and for
conventional TA, T,,.=T, as shown by the solid line in Fig.
13(b). A sudden collapse of T, at T =75 K is clearly seen
from Fig. 13(b). We also note that the histograms become
progressively more symmetric at 7> T

B. Collapse in superconductor-two-dimensional-electron-
gas-superconductor junctions

S-2DEG-S junctions provide a unique opportunity to tune
1.0, Ej, and Q by applying the gate voltage V,, see Fig. 7.
Figure 14(a) shows switching current histograms at T
=37 mK for the S-2DEG-S 3b’ (identical to 3b) at different
V,. Panel (b) shows that the most probable switching current
I5nqc decreases monotonously with increasing negative V.
Panel (c) shows the width at half-height AI versus Ig,,,,. It is
seen that initially, histograms are getting wider with increas-
ing negative V, due to the increase of TA with decreasing
Ejy/T. However, at V,<-0.35 V, a sudden change occurs
and AT starts to rapidly collapse.

Figure 15(a) shows T, vs T for the S-2DEG-S 2b at H
=0, 2.32, 3.05, and 3.66 uT (marked in Fig. 8). In all cases,

we can distinguish three T regions.
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FIG. 16. (Color online) (a) Switching histograms of the planar
SES junction 2a at different 7. The histograms become wider with
increasing 7 up to T7=200 mK (lower row) but then the width starts
to shrink at 7>250 mK (upper row). (b) The width of histograms
Al vs T. The AI(T) follows the TA behavior up to 7"=200 mK but
collapses at higher 7.

(i) The MQT regime. At low T, T,,. is independent of T.
Both the TA-MQT crossover temperature, at which satura-
tion of T,,(T) occurs with decreasing T, and the value of

T,,(T—0) decrease with H, which leaves no doubts that we
observe the MQT state.”~!! Figure 15(b) shows the depen-
dence of the T,,, at T=20 mK as a function of I 4(H). I for
each H was extrapolated from the switching histograms. The
inset of Fig. 9 demonstrates that 1,.4(7)/1.,(T— 0) for differ-
ent H collapse into one curve, confirming the accuracy of
determination of 1,o(T',H). The solid line in Fig. 15(b) shows
the fit to the TA-MQT crossover temperature, Eq. (6), taking
0Qy(H=0)=2.35, following from the value of hysteresis in the
IVC’s, see Fig. 8. Obviously, the MQT calculations are con-
sistent with the previous conclusion that this JJ is under-
damped at low T and that the hysteresis in this JJ is predomi-
nantly caused by the junction capacitance.

We tried to perform quantum level spectroscopy?? in the
MQT state for this JJ, but we could not observe any inter-
level transitions. This implies that the level width ~#A/(RC)
is of the order of level spacing ﬁwp, which, in turn, is caused
by a relatively low Q, for this JJ [recall that Q, decreases
with H according to Eq. (1)]. A similar evidence for the
MQT, i.e., saturation of T,,. at T— 0, was observed even for
more damped JJ’s SFS 2a, see Fig. 16(b), and unshunted
S-2DEG-S 3b, see Fig. 18(b), with Q,=<1, see Table L
Therefore, our data confirm the theoretical prediction7’8 that
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FIG. 17. (Color online) Switching histograms of a single 1JJ (a)
below and (b) above the collapse temperature T =75 K. Symbols
represent experimental data: dashed lines, TA probability density of
S— R switching; dashed-dotted lines, probabilities of not being re-
trapped Pz, Eq. (15). Solid lines show the conditional probability
density Pgr of switching without being retrapped. It is seen that
close to the collapse temperature, the retrapping process becomes
significant and effectively “cuts off” thermal activation at small
bias. Note that both the width and the shape of the histograms
change at T". Data from Ref. 2.

the MQT occurs even in the absence of well defined quantum
levels in slightly underdamped and overdamped JJ’s, Q,
= 1. Both the absolute value and the characteristic parabolic
shape of T,,.(T) in the MQT state are in good agreement with
theoretical predictions, as shown in Fig. 15(c). The solid
lines in Fig. 15(c) show simulated T, vs T in the MQT state,
calculated from Eq. (5) using the experimental conditions for
the data in Fig. 15(a). It is seen that both the absolute value
and the shape of simulated T,,.(T) agree with the experimen-
tal data.

(ii) Thermal activation regime. At intermediate T, Al in-
creases in agreement with TA calculations, 7,,.=7 shown by
dashed lines in Fig. 15(a). Slightly larger inclination of the
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FIG. 18. (Color online) Escape temperature vs 7T for the
S-2DEG-S junctions on chip 3 before and after in situ C shunting. It
is seen that the conventional TA behavior, 7,,.=T, is restored upon
increasing Q, after C shunting.
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FIG. 19. (Color online) (a) Escape and retrapping barrier heights
as a function of bias current for Q=3 and 5. (b) Numerical simu-
lations of the T dependencies of the most probable switching I,
and retrapping I, currents for two values of Q,. Simulations
were made for T-independent 7.4=20 uA (dotted line) and param-
eters typical for the S-2DEG-S 2b junction. (c) The simulated width
of switching Alg and retrapping Al histograms disregarding the
mutual influence of switching and retrapping processes. Al is the
resulting width of histograms taking into account switching and
retrapping. From (b) and (c), it is seen that the collapse of Al occurs
at the condition /g, = Ipax-

experimental T,,.(7) may be due to nonsinusoidal CPR in
this SNS-type JJ.24

(iii) Collapse of thermal activation. At higher 7, the width
of histograms starts to rapidly collapse, leading to a down-
turn of T,,.(T). The magnetic field dependence from Fig.
15(a) reveals that the collapse temperature T* decreases quite
rapidly with 1., i.e., the collapse occurs at lower 7 in junc-
tions with smaller Q.

C. Collapse in planar superconductor-ferromagnet-
superconductor junctions

Figure 16 shows switching current statistics at different 7
for the planar Nb-CuNi-Nb junction 2a at H=0.5 Oe. The
scales of both axes were kept constant for all histograms to
facilitate direct comparison of the histograms at different 7.
It is seen that the collapse of TA occurs at T% =200 mK.
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FIG. 20. (Color online) The log-log plot of the normalized col-
lapse temperature vs the quality factor: dashed line represents nu-
merical solution of Eq. (26) and symbols represent experimental
data for different JJ’s. Inset shows the height of the escape barrier at
the most probable switching current as a function of 7' (at T= T*):
symbols represent experimental data for S-2DEG-S 2b from Fig.
15(a) and the dashed line corresponds to Eq. (23).

D. Shape of switching histograms

Figure 17 shows switching histograms of the same single
1JJ as in Fig. 13 just before and after the collapse. It demon-
strates that not only the width but also the shape of the his-
togram changes upon the collapse. At 7T<< T, the histograms
have the characteristic asymmetric shape, perfectly consis-
tent with the TA theory,?® as shown by the black dashed line
(coincides with the blue solid line) in Fig. 17(a). However, at
T>T", histograms become narrower and lose the character-
istic asymmetric shape, as seen from Fig. 17(b). Such a ten-
dency was observed for all JJ’s, as can be seen from Figs. 13,
14, and 16. In Sec. VI below, we will argue that the trans-
formation of the histogram shape at 7>T7" is caused by the
interference of switching and retrapping processes.

E. Effect of C shunting

Figure 18 shows T, vs T obtained from switching current
statistics, for the same S-2DEG-S JJ’s as in Fig. 12, before
and after capacitive shunting. Apparently, C shunting quali-
tatively changed the phase dynamics of the junctions, even
though it had a minor effect on /., and R. However, C shunt-
ing strongly affected the quality factor of the JJ’s. From Fig.
18, it is seen that the switching statistics of the underdamped
C-shunted JJ 3b is well described by the TA theory, for
which T,,.=T. On the contrary, for the unshunted junction,
which is just at the edge of being overdamped, Q,=1, the
T,,. decreases with increasing 7 almost in the whole 7 range.

F. Failure of the thermal activation theory in moderately
damped junctions

The observed collapse cannot be caused by frequency de-
pendent damping due to shunting by circuitry impedance.’
Indeed, we observed the collapse in planar SFS junctions
with R<1 ), for which such shunting plays no role. Neither
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can it be due to 7 dependence of the TA prefactor a, in Eq.
(4), because damping changes only gradually through T" and
enters only into the (logarithmic) prefactor a, of the TA es-
cape rate, Eq. (2). Gradual variations of a,(T) do not cause
any dramatic variation of the TA escape rate. Moreover, in all
calculations presented here, we did take into account the
Q(T) dependence of the TA prefactor a,, so that T, must, by
definition, be equivalent to 7 for the conventional TA and the
drastic drop in T,,. at T> T* cannot be explained within a
simple TA scenario. Therefore, the observed collapse of
switching current fluctuations with increasing 7T represents a
dramatic failure of the classical TA theory, which was sup-
posed to be valid even for overdamped JJ’s.*7

VI. DISCUSSION

From Figs. 13-16 it is clear that these very different JJ’s
exhibit the same paradoxical collapse of switching current
fluctuations with increasing 7. A very similar collapse was
observed also in moderately damped SIS type Al-AlO,-Al
(Ref. 1) and Nb-AlO,-Nb (Ref. 3) junctions and supercon-
ducting quantum interference devices (SQUID’s). Therefore,
the collapse of TA must be a general property of all moder-
ately damped JJ’s.

The dramatic effect of C shunting on the collapse T
clearly shows that damping has a crucial significance for the
observed phenomenon. From the experimental data pre-
sented above, it is also clear that T" decreases with increas-
ing damping and that for overdamped junctions T -0, see
the curve for unshunted JJ 3b in Fig. 18. The data also show
that the T" is close to the temperature at which the hysteresis
in IVC’s vanishes, compare Figs. 3, 16, 9, 15(a), 11, and 13,
which implies that retrapping processes may become impor-
tant in the vicinity of the collapse state.

A. Influence of retrapping on the switching statistics of
moderately damped junctions

The paradoxical collapse of thermal fluctuations of Iy and
the corresponding failure of the conventional TA theory in
moderately damped JJ’s can be explained by the influence of
retrapping processes on the switching current statistics.!~
Indeed, in moderately damped junctions, /., and I, are close
to each other. As discussed in Sec. II, increasing T tends to
decrease I and increase I. Therefore, at sufficiently high 7,
both switching and retrapping events may become possible
at the same bias. If so, the criterion for measuring the switch-
ing event has to be reformulated: The probability of switch-
ing from the S to the R state is a conditional probability of
switching and not being retrapped back, during the time of
experiment,

Psg(D) = Ps(DP (D). (20)

Here, Pgy is the probability density of measuring the switch-
ing event, Py is the probability density of switching, Eq.
(13), and P, is the probability of not being retrapped, Eq.
(15).

Dashed-dotted lines in Figs. 17(a) and 17(b) show P,
calculated for experimental parameters typical for Bi-2212
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1JJ’s. The corresponding quality factors are indicated in the
figures. From Fig. 17(a), it is seen that at T<T ", the Pz
=1 in the region where P> 0; therefore, retrapping is insig-
nificant. However, at T7>T", retrapping becomes significant
at small currents. The resulting conditional probability den-
sity of measuring the switching current, Pgg, Eq. (20), nor-
malized by the total number of switching events, is shown by
the solid line in Fig. 17(b). This explains very well both the
reduced width and the almost symmetric shape of the mea-
sured histogram.

B. Collapse temperature

Figure 19(a) shows the bias dependence of switching AUy
and retrapping AUy, barriers. As was noted in Ref. 9, there is
always a current Ip,<<I,<I. at which AU(I,)=AUk(I,), so
that switching and retrapping processes become equally
probable. However, this will have an influence on the switch-
ing current statistics only in the case when the probability
density of switching at this current is considerable. For the
case Qy=3, shown in Fig. 19(a), 1,/1.,=0.7. However, at
low T, the major part of switching events will occur at
Iay=1.0>1,. Such a situation is seen in Fig. 17(a) for T
< T the probability of not being retrapped, P,z=1, at the
most probable switching current /g, and according to the
criterion, Eq. (20), retrapping has no influence on the switch-
ing statistics.

Figure 19(b) and 19(c) represent numerical simulations in
which we intentionally disregarded 7 dependencies of I,
=20 uA, Qyp, and Ej, for simplicity of analysis. Parameters
were chosen similar to that for the S-2DEG-S 2b at H
=3.66 uT, see Fig. 9. The two considered cases correspond
to the estimated capacitance of junction 2b (Q,=1.373) and
twice the capacitance (Q,=1.942), respectively. From Fig.
19(b), it is seen that the most probable switching current
I, decreases, while the most probable retrapping current
Irmar increases with 7" as a result of thermal fluctuations. The
widths of both switching Al and retrapping Al histograms
continuously increase with 7 for conventional TA, as seen
from Fig. 19(c). As expected, switching histograms are un-
affected by the small variation of Q,, so that both g, and
Al coincide for the two values of Q). On the contrary, re-
trapping histograms are strongly affected by Qy: the Iz,,,.(T)
dependence becomes weaker and Al smaller with increas-
ing Q,. This is caused by the increase of the retrapping bar-
rier AUy with Q, as seen from Fig. 19(a).

Since [, decreases while I, increases with 7, switch-
ing and retrapping histograms inevitably will overlap at a
certain temperature 7" Figures 19(b) and 19(c) clearly dem-
onstrate that the collapse of thermal fluctuations of the mea-
sured switching current A occurs at T" and that the T itself
strongly depends on Q,. From the simulations presented in
Fig. 19, it is clear that the collapse is not caused by a cross-
over from underdamped to overdamped state since Q, was T'
independent in this case.

The collapse temperature can be estimated from the fol-
lowing system of equations:

FTA(ISmax) = (dl/dt)/lcoa (21)
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FR(T*vISmax) = FTA(T*9ISmax) . (22)

Equation (21) states that the JJ switches into the R state
during the time of the experiment. From Egs. (2) and (21), it
follows that

AUs(Igy) _ |: a,w,l o ] =y (23)

kT 2ar(dl/dr)

In the measurements presented here, Y =24, as seen from
the inset of Fig. 20. The parameter Y is weakly (logarithmi-
cally) dependent on experimental parameters and, therefore,
has approximately the same value in different studies of
switching statistics of JJ’s. From Egs. (3) and (23), we obtain
the value of the most probable switching current I, (dis-
regarding retrapping):

ISmax/Ic() =1- [T/T1]2/3’ (24)

where T,=(4\2E,,)/(3Ykp). This dependence is shown by
the dashed line in Fig. 19(b) and agrees with numerical simu-
lations (squares).

Similarly, the most probable retrapping current Ig,,,,, (dis-
regarding switching) is obtained from Egs. (7), (22), and

(23):
[2k,T(Y + X)
IRmax = IRO + ICO EJOQ(Z) > (25)
271 (I spax—Iro) E . .
where X :1n[a1100(1_(15ma, ST Zwiir] is the logarithm of the

ratio of prefactors of TA retrapping and switching rates, Egs.
(2) and (7). The factor X is only weakly dependent on ex-
perimental parameters and, in the first approximation, can be
considered constant (or even neglected). For the case of
S-2DEG-S 2b, X=3. Red dashed lines in Fig. 19(b) repre-
sent Ig,,..(T) calculated from Eq. (25) with ¥=24 and X=3,
which perfectly reproduce the simulated I, (7T) for both Q,
values.

Knowing Is,,,.(T) and Iy,,,.(T), we can easily obtain T
from the condition [cf. Figs. 19(b) and 19(c)]:

IRmax(T*) = ISmax(T*) . (26)

A simple analytic estimation of T* can be obtained by
observing that I, (T) is almost linear in a wide T range, as
seen from Figs. 19(b) and 11. In this case, Eq. (24) can be
approximated as

Lgnad Lo =1 - BT, (27)

where B=2/(3T2 TV ~Ty), Ly=1,0[1-(Ty/ T))??/3], and T,
is some characteristic temperature ~7,. Substituting Eq. (27)
into Eq. (26), taking a simple approximation for Iy, Eq. (7),
and neglectlng T dependence of 1., we obtain a quadratic
equation for T, which yields

_— kB(2Y+X)2[ \/1 N <1L0_
2B°E ;00 Lo
(28)

From Eq. (28), it follows that kzT" /E,q strongly depends
on Qg but is independent of Ej, because T appears in Eqs.

i) 203BE 0 1]2
70 kp(Y +X) |
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(21) and (25) only in combination T/Ej [in the case of Eq.
(28) because B~ 1/Ey].

The dashed line in the marn panel of Fig. 20 represents
the numerically simulated T" normalized by Ejq and I, (left
and right axes, respectively) as a function of the quality fac-
tor Q. It was obtained by numerical solution of Eq. (26),
without simplifications used for the derivation of Eq (28).
For overdamped 1J’s, 0,<<0.84, T /1,0—0. The T /1,y con-
tinuously grows with increasing Q,>0.84 and saturates at
~2 K/ unA for strongly underdamped JI’s, Q> 1.

The symbols in Fig. 20 represent experimental values of
T/ 1,y for the JJ’s studied in this work. The experimental
data agree well with the proposed theory (dashed line). The
simulated values of 7" /I, are also consistent with experi-
mental data for underdamped SIS-type JJ’ s Al AlOgé Al,
T*/1,=1-33K/pA,! and  Nb-AlO,- T /1,
=1 K/uA (Ref. 3) [with a reservation that these measure-
ments were done on SQUID’s, which may have different
actrvatlon energies than single JJ’s, Egs. (3) and (8)].

The T/ 1., dependence, shown by the dashed line in Fig.
20, is almost universal and explains the paradoxical collapse
of switching current fluctuations, reported in Refs. 1-3, as
well as the data presented here. For example, recovery of
conventional TA switching in C-shunted S-2DEG-S junc-
tions, see Fig. 18, is caused by the i increase of the Q,, which,
according to Fig. 20, results in larger T* for the same 1.
Similarly, the decrease of Q due to suppression of I, causes
the collapse of switching hlstograms as a function of V, in
Fig. 14 and the decrease of T" with H in Fig. 15.

From Fig. 20, it is seen that in overdamped junctions,
T" =0, implying that retrapping is crucially affecting switch-
ing statistics at any 7. In this case, T,,(T) and AI(T) de-
crease at all 7. We observed such behavior for S-2DEG-S
junctions with small /., and, consequently, small Q,. The
tendency of decreasing T" with decreasing [, is apparent
from Fig. 15(a).

Therefore observation of the collapse, i.e., a maximum of

T, (T) at T" >0, is the most unambiguous indication of un-
derdamped, Q,>0.84, state in the studied JJ’s. The estima-
tion of Q, from the value of T* confirms our assessment of
junction capacitances, made in Sec. IV.

C. Phase dynamics in the collapsed state

The insight into the phase dynamics at 7> T* can be ob-
tained from the inset of Fig. 20, in which the dependence of
AU(I=I,,,) vs T is shown for the case of Fig. 15(a). The
dashed line corresponds to AU(I,,..)/ kgT=24.3=Y ob-
tained from simulations presented in Fig. 19 and demon-
strates excellent agreement with the experiment. The large
value of AUg/kgT implies that the JJ can escape from the S
to the R state only a few times during the time of the experi-
ment. Therefore, the collapse is not due to transition into the
phase-diffusion state, which may also lead to reduction of
AI' Indeed, phase diffusion requires repeated escape and
retrapping, which is only possible for AU/ kT~ 1.7 Care-
ful measurements of supercurrent branches in the IVC’s at
T=T" did not reveal any dc voltage down to ~10 nV for
S-2DEG-S JJ’s and ~1 uV for 11J’s. Furthermore, the IVC’s
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remain hysteretic at 7> T, which is incompatible with the
phase diffusion within the RCSJ model.” As can be seen
from Fig. 10, the phase diffusion in 1JJ’s appears only at T
>90 K, meaning that all the collapse shown in Fig. 13(b) at
75 K<T<85K occurs before entering into the phase-
diffusion state.

Therefore, in the collapse state, the junction makes a few
very short excursions from the S to the R state during the
current sweep, before it eventually switches into the R state.
However, the number of excursions and the total excursion
time are so small that they do not lead to a measurable dc
voltage in the JJ. The occurrence of the corresponding phase
dynamic state, prior to the phase diffusion, has been ob-
served by numerical modeling and discussed in Ref. 9.

VII. CONCLUSIONS

We have analyzed the influence of damping on the switch-
ing current statistics of moderately damped Josephson junc-
tions, employing a variety of methods for accurate tuning of
the damping parameter. A paradoxical collapse of switching
current fluctuations with increasing temperature was ob-
served in various types of Josephson junctions,'= including
low-T, SNS, SFS, S-2DEG-S, SIS, and high-T, intrinsic Jo-
sephson junctions. The unusual phenomenon was explained
by an interplay of two conflicting consequences of thermal
fluctuations, which, on one hand, assist in premature switch-
ing to the R state and, on the other hand, help in retrapping
back into the S state. In this case, the probability of measur-
ing a switching event becomes a conditional probability of
switching and not being retrapped during the time of the
experiment. Numerical calculations have shown that this
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model provides a quantitative explanation of both the value
of the collapse temperature T* and the unusual shape of
switching histograms in the collapsed state. Based on the
theoretical analysis, we conclude that the collapse represents
a very general phenomenon which must occur in any under-
damped JJ at sufficiently high 7.

The collapse of switching current fluctuations in Joseph-
son junctions represents an exception from the law of in-
creasing of thermal fluctuations with temperature. In the
studied case, the “failure” of this general law of nature is
caused by the coexistence of two counteracting processes
(switching and retrapping). It should be emphasized that
fluctuations for each of the two processes alone follow the
law and enhance with 7 in a conventional manner. It is,
however, remarkable and unusual that fluctuations may can-
cel each other out and lead to reduction of thermal fluctua-
tions of a physically measurable quantity.

Finally, we note that the reduced width of switching his-
tograms in the collapsed state of moderately damped JJ’s
may be advantageous for single-shot readout of supercon-
ducting qubits,>® which requires accurate discrimination of
two close current states.
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