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Superconducting junctions perturbed by environmental fluctuation
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A superconducting junctions device is investigated in the case of the environmental perturbation. It is found
that a net voltage can be produced, whose absolute value represents a phenomenon of resonance versus the
additive noise strength, and may be negative, positive, and zero. By controlling the correlation between the
additive and multiplicative noises, a reversal for the net voltage can be induced. The dc voltage versus the dc
current is studied. It is shown thét) with increasing the additive noise strength, the curve of the dc voltage
versus the dc current is nearer and nearer to the one for the Ohmic thé@ye¢he behavior of the dc voltage
versus the dc current can be manipulated by controlling the noise’s strengths. In addition, we study the mean
first passage timéMFPT) for the electron pair over a period of the potential, and find that the transition rate
(i.e., inverse of the MFPJTcan be suppressed by the positive correlations between the additive and multipli-
cative noises and show a minimum as the function of the noise’s strengths.
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[. INTRODUCTION andJ; are the resistance, capacitance, and critical current of
junctioni. For simplicity, we assume here that the two junc-
Recently, there has been an increasing interest in studyintipns in series are identical. We také;=C,=2C,, R,
the net voltagél,2] (i.e., a nonzero dc voltage with a zero dc =R,=R,/2, andJ;=J,=J,. The total voltage drop across
currenj and the dc current-voltage characterig®gl] in Jo-  the two junctions isV=V,+V,, whereV,=(%/2e) ;. If
sephson junctiorisuperconducting junctiorwith noises. It 4. (t) is a solution for the first junction, thea,(t) = ¢4(t)
is reported that the asymmetric noise can produce net voltage 4 (t)/2 is also a solution for the second junctid8]. This

[1,2], and dc voltage rectificatidr8,4]. We have showed that {[npliesV= & /12 with ¢ satisfying the equation,

the correlated symmetric noise can also produce a net vol
age[2,5], which stems from a symmetry breaking of the i . hC

system induced by the correlation between the additive and [/(t)=J,sin(/2) + ﬁ¢'+ Z—eéjﬁl . 2
multiplicative noises.

However, all of the above work was focused on the singlg e 4 series of two identical Josephson junctions can be

Josephson junction. In Ref6], Zapataet al, investigated  yegcribed by the same equation as a single junction, with the
the dc current-voltage characteristics for an asymmetric dc

device with three Josephson junctio(@epicted in Fig. 1

threaded by a magnetic flux and driven by periodic signal . *I(t_L
and additive noises. But they did not consider the case in the ) L0

presence of the additive and multiplicative noises, especially
the case when the additive and multiplicative noises are cor-
related. In this paper, we will study the net voltage, the dc
current-voltage characteristics, and the mean first passage
time for this device in the case of the environmental pertur- i fhé
bation, together with the thermal fluctuatioiThe environ- isin(e) J -
mental perturbation can be described by the multiplicative § R, [] Jrsin(¢.)
noises in the Langevin equati¢@—9], and the thermal fluc-
tuation by the additive Gaussian white nojd€)].) [
We focus on this devicéo see Fig. 1formed by Joseph-

son junctions whose phase is a classical variable and which
can be adequately described by the “resistively shunted junc-  J:sin(¢2) [] R, g
tion” model [11,12. Thus, the phase; across Josephson
junctioni on the left arm obeys the equation=1,2)

. h . &G
11(t)=J;sin(¢;) + ﬁ@‘*‘ Ze % ()
wherel(t) is the current through the left arm, aij,C;, FIG. 1. The three-Josephson-junction device.
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only difference that in the sine function: the argument_ 5, /DD S(t—t’ Ot )Y . =2\ /DD S(t—t'
@12 (¢p= ¢;) occurs[14]. On the right arm, the phase across ! ) ! SO) ,)’ {70l )_52 (') 2 26(t=t"),
and (£91)&P(t'))¢=0, with —1<);<1 and —1=<\,

he single junction n ion that r [ .

f/vi?hsthg ?;gefsﬁ Oan(c)iti)er)galaaceeg%?;.olnttﬁé %ﬁ%ﬁvﬁ%,r{vﬁq =<1 indicatin_g the strengths of the correlations. Equati®n
assume that each Josephson link operates in the overdamped]! Pe rewritten as

limit, (2e/%)J,R2C,<1 (a=1,r), so that the capacitive _

terms can be neglected in EQ) as well as in its right arm d="1() = &1(1)SIN(P/2) = E(V)siN(p+ de) + 1(t), (5)
counterpar{12,15.

The total current through the device it)=1,(t) where f(¢)=— w,Sin(¢/2)— w,sin(p+¢s), o =eR]/A,
+1,(t), which is marked in Fig. 1. In the limit, where the o =eRJ /7, fl(t)=(ealR/h)§(1°)(t), &(t)=(ea,R/
total loop inductance =L, +L, are |[LI()[<®o=h/(2€),  7)£0)(t), and 5(t)=(eR%)7o(t). The Stratonovich inter-
the total magnetic fluxb is approximately the external flux pretation of the stochastic differential equati@ yields the

®.. Then, the phase around the loop yielfls- ¢:=—¢e  Fokker-Planck equatiofl0,16-18
+2mn with ¢p.=27P,/P,. So the phase satisfies the equa-

tion HP(d1) == IA(B)P(b.1)+FZB(H)P(S1),  (6)
ho.
oR =—J,sin§—\]rsin(¢+ de)+1(1), @) where
in which ¢= ¢, A(p)=— w,SIN( $12) — w,SIN(p+ ) + (D 1/4)sin ¢
Il. THE MODEL AND ITS FOKKER-PLANCK EQUATION + (Dy/2)siN2(p+ pe)] — (A VDD4/2)cog ¢/2)
In the case of the environmental perturbation, such as the —(\, /552)005{ b+ bo)

external vibration, the change of the external temperature,

the perturbation of the external electromagnetic fields, and so

on, the internal structure of the Josephson junction shoul@nd

change. In general, the change is very small. But when the

environmental perturbation becomes larger and larger, the B(¢)=D;sir?(¢$/2)+ D,Sir?(¢+ ¢o)+D

change will become clearer and clearer. The change of the

internal structure of the Josephson junction will vary the — 2N 1 VDD SiN(¢p/2) — 20, VDD ,sin( ¢+ ¢be)
critical electric current. Now we describe these fluctuations

by stg}t):hast_ic ex_ternz(i(!) parame’ig)ﬂﬁ crlf(lo)(t) and J, with D,=(eo,RI%)2D,, D,=(es,RIH)?D, and D
+0,&7(t), in which &7/(t) and & ’(t) are assumed to be =(eRA)D.

the stochastic forces of the Gaussian white naiseand o,

are positive constants. On the other hand, the stochastic driv-

ing current is taken to be the thermal Gaussian white noise lll. THE NET VOLTAGE

1(t)=7o(t). Then, Eq.(3) becomeg2,4,9 The net voltage is given byfor convenience, we make

the calculation in a dimensionless form, and #éé=o

eﬁ—R' =—[Jl+algg°>(t)]sin§—[Jr+azgg°>(t)]sir(¢+ $) =0,=R=1)
+ 770(1), 4 (V)Y =((V(e.,1)) )¢
where the noisest{?(t), £°(t), and #5.(t) have zero =(($) )1
r:;%nl’ 5({5‘ f?,) ,""““;;‘(2’5{3';‘ ;gg{zt,)f;rftzi%nf;((ltoi(?,)gflm(t ;2; —((~ @SN $12) — wySin d— £,(1)sin( $/2)
(1)) M0)(t'))1=2D3(t—t) ({)¢ denotes the average —&(D)sing) i)y, (7)

over noise¢. The multiplicative noisest{?(t) and £0(t),

and the additive noiseyo(t) in this three-superconducting- where() , stands for the average over. According to the
junction device come from the external environmentalNovikov theorem[19], we have

perturbation and the thermal fluctuation, respectively.

However, they are not independent but related to each (£1(1)SIN($/2))=(D4/2)cog p/2)

other, since the environmental perturbation can also lead

to a change of the thermal vibration of molecules in X[ —sin(¢$/2)+N1yD/D4],

the Josephson junction. Thus, we should consider the corre-
lations between the additive and multiplicative noises . _
and assume that their correlation functions are taken (£2SIN($F o)) =DoCOL b+ be)

to be the simple relations[2,4,5, (7(t)é2(t")); X[ —sin( ¢+ ¢e) + Ao\ /D/D,].
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Under periodic boundary conditions, the stationary solution
of Eqg. (6) is [10,1§

R

B(¢#)Jo
Here, ®(¢)=/3[A(¢)/B(4')]de’', 6(d—¢') is the

Heaviside step function and is a normalized constant.
From Egs.(7) and(8), we obtain

"dgp e P -Umae-d)  (g)

Ps(¢)=N

Vo= tim [ (V) )i

=(A($))y
27 A(¢)e‘b“‘)f2w : :
=N| do—r= [T gare P@)-0@mUb-¢)
fo *“Bp o 9
(©)
In Fig. 2, we plot the net voltage versus the additive noise -02f 1207
strengthD from Eq.(9) in the dimensionless forifFig. 2(a) - =l
corresponds to the net voltage versus the additive noise B T T s 6 7

strength for different values of the critical curredt (J,
=0.3, 0.5, 0.7, and 1, respectivelwith J,=1, D;=D,
=0.3, and\;=\,=0.3; Fig. 2b) to that for different values

of J, (J,=0.2, 0.5, 0.7, and 1, respectivehlyith J;=1, D,
=D,=0.3, and\;=X,=0.3; Fig. Zc) to that for different
values ofA; (A\;=-0.9, —0.5, 0.5, and 0.9, respectively
with J;=J,=1, D,=D,=0.3, and\,=0.3; and Fig. &) to

that for different values of, (A\;=—0.9,—0.5, 0.5, and 0.9,
respectively with J;=J,=1, D;=D,=0.3, and\;=0.3].
From the figures, we can find that the net voltage is a non- .
monotonic function of the additive noise strength and its T T
absolute value has a clear pe@kmanifestation of the phe- 0 1 2 3 4 5 6 7
nomenon of resonance for the absolute value of the net volt-
age, and it may be negative, positive, or zero. In REE5],

we studied the single superconducting junction in the case of
environmental perturbation. It is found that the net voltage is
negative. In this paper, we find that for the Josephson junc-
tions device the net voltage can be negative, positive, or
zero. From Figs. @) and 2d), we note that a reversal for the
net voltage can be induced by controlling the correlations
between the additive and multiplicative noises.

Here, we wish to give some explanation for the origin of
the net voltage. First, in the absence of the multiplicative 04—
noises, no net voltage can be produced. A nonzero net volt- ’
age with¢;(t)=0 means that only thermal fluctuation is con- b
verted into work and implies a violation of the second law of  FIG. 2. The net voltage versus the additive noise strength in the
thermodynamics. Second, in the presence of multiplicativelimensionless form. Figurg® corresponds to the net voltage ver-
noises, (1) if the function f(¢) is symmetric and\q,\, sus the additive noise strength for different values of the critical
#0, the net voltage can be caused, due to the symmet§urrentJ; (3,=0.3, 0.5, 0.7, and 1, respectivelyith J =1,
breaking induced by the correlations between the additivebe=/2, D1=D>=0.3, and\,;=\,=0.3; Fig. 2b) to that for dif-
and multiplicative noiseg5]; (2) if f(¢) is asymmetric, even ferent valuesJ, (J,=0.2, 0.5, 0.7, and 1, respectivglyith
if \;=\,=0, there is still the nonzero net voltags. Thus, 9= 1¢e=7/2, D1=D>=0.3, and\,=1,=0.3; the Fig. Z) to
the correlations between the additive and multiplicativelhat for different values., (A,=-0.9, 0.5, 0.5, and 0.9, respec-
noises, or the asymmetry 6{¢) [or the asymmetry of the UYel) With J;=J;=1¢.=m/2, andD,=D,=0.3, andA,=0.3;
potential, which is ()= — [*f(¢')d¢'] is ingredient for Fig. 2(d) to that for different values., (A,=-0.9, —0.5, 0.5, and
producing the net voltage for mod@l). The reason for pro-

A,=0.9
A, =0.5
. A=05
A=09

0.9, respectively with J,=J,=1,¢p.=w/2, D;=D,=0.3, and
)\1:03
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FIG. 3. The dc voltage versus the dc current in the dimension- D

less form. Fig. 8a) corresponds t®=0.2, 0.5, 0.7, and 1, and Fig.
3(b)to D=1, 2, 3, and 4the diagonal line is plotted by the Ohmic
theorem with D;=D,=0.3, ¢po=7/2, A;=7,=0.3, andJ,=J,
=1.

FIG. 4. The natural logarithnn) of the MFPT versus the ad-
ditive noise strength in the dimensionless form for different values
of N\ [Fig. 4@, A,=-0.9, —0.5, 0.5, and 0.8 with,=0.3] and
X, [Fig. 4b), \;=—0.9, —0.5, 0.5, and 0.8 with\,=0.3] with

) . .D;=D,=0.3, ¢p=/2, andJ;=J,=1.
ducing the net voltage is that the symmetry of the system is
broken by the functiorf(¢), and the correlations between ity the increase of the additive noise’s strength, the curve
the additive and multiplicative noises. Now the asymmetryfor the dc voltage versus the dc current is nearer and nearer
of the system makes the probability of the fluctuations on thgq the one for the Ohmic theorem. This is the result of large
two sides of the potential barrier different, so that a net volt-zqgitive noise or any large perturbation, because in this case
age arises. The energy in response to the net voltage stefie particle does not “feel” the form of the nonlinear poten-
from the noise’s energy. tial and the dependence becomes linear. Now one can ma-

In addition, the phenomenon of resonance for the absolutgipylate the behavior of the dc voltage versus the dc current
value of the net voltage happening here should be analyzegly controlling the additive noise’s strength. For example, one
In the Figs. 2a)—-2(d), the additive noise plays twofold roles. can appropriately adjust the temperature to fit the features of
On one hand, it stimulates directional motion in response tgne ¢ voltage and the dc current to one’s demands by taking
the asymmetric condition of the system. On the other hand, ifhto account that the thermal additive noise strenDttis
reduces the asymmetry of the system which is the root Obroportional to the temperature.
directional motion. The competition of these two seemly op- | addition, further study shows that when the dc current
posite roles makes the curve produce a peak in which a phgs ot zero, the absolute value of the dc voltage versus the
nomenon of resonance appears for the absolute value of thgditive noise strength presents the same phenomenon of

net voltage. o resonance as in Figs(&@—2(d).
The dc current-voltage characteristics can be calculated

by Eq.(9) if A(¢)+1 [nowl(t)= n(t)+1] is used instead of
A(¢) in Eg. (9 (to include the A(¢') in ®(¢p)
=fg’[A(¢’)/B(qS’)]d¢’). In Figs. 3a) and 3b), we plot In this section, we will calculate the mean first passage
the dc current-voltage characteristics for different values ofime (MFPT) for a particle(an electron pajrover a period of
the additive noise strength in the dimensionless f¢Hig.  the potential. We start with the particle &0, so the initial
3(a) corresponds t® =1, 0.7, 0.5, and 0.2, and Fig(l8 to  condition isP(¢,0)= 6(¢). The boundary condition for the
D=4, 3, 2, and 1(in the figures, the dashed line is plotted reflecting (¢»=0) and absorbing ¢=4) boundaries, re-
with the Ohmic theoreni. From these figures, we note that spectively, are) ,P(¢,t)| 4—o=0 andP(¢,t)|,-4,=0. Be-

IV. THE MEAN FIRST PASSAGE TIME
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low we will calculate the MFPT over a period in the dimen-
sionless form(for convenience, we set/e=o;=0,=R
=1).

The MFPT is defined agl0]

T(¢)=—f;tatG(¢,t)dt= Kew,t)dt, (10)

in which G(¢,t) is the probability density for the backward
Fokker-Planck equation of E¢). From Eq.(6), we can get
the backward Fokker-Planck equation for E§). as

HG(h,1)=A($)3,G(¢,1) +B($)35G(,1),
where
A($)=— wiSiN $12) = w,SiN( ¢+ pe) +(D1/4)sin
+(Do/2)siN2(p + ¢e)] — (A1/DD1/2)cos $/2)
~ (\2/DDy)cod ¢+ e)

(11)

and
B(¢)=D;Sir(¢/2) + D2sirf(¢+ ¢pe) + D
—2\1VDDSIN($/2) — 2A ;D D,SIN( ¢+ ).

From Egs.(10) and (11), we obtain the equation of the
MFPT

A($)d4T(h)+B()d5T(d)=—1. (12)

PHYSICAL REVIEW6, 061110 (2003

Here, the reflecting boundary condition dgT(0)=0 and
the absorbing boundary conditidi{4=)=0. The MFPT for
the particle over a period that startsgat 0 isT=T(0). The
escape rate for a particle over a periodyis 1/T.

According to Eq.(12), we investigate the activation of
MFPT as the function of the noise strength for different val-
ues of the correlations between the additive and multiplica-
tive noises. We find that the escape réte., the reciprocal
value of the MFPT over a period of the potential can be
suppressed by the positive correlations and show a minimum
as the function of the three noise’s strengths. This phenom-
enon has been reported in Ref20,21]. It is called the
“giant suppression of the activation rat€éG9). In Figs. 4a)
and 4b), we plot the natural logarithm of the MFPT over a
period of the potential versus the additive noise strength in
the dimensionless form for different values ®f and \,,
respectively. The figures show that the MFPT curves for
positive correlation exhibits a peak valgee., GS exit$,
while curves for negative correlations do not, and the larger
the correlation is, the higher the peak becomes. Now the
positive correlation becomes more suppressive on the activa-
tion as the correlation grows, which is exactly the main con-
clusion of Ref.[20]. This is because when the correlations
are positive the instantaneous barrier can be liftedthp
negative correlations case is just the contrary
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