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Fluctuation-dissipation theorem and flux noise in overdamped Josephson-junction arrays
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The form of the fluctuation-dissipation theorem for a resistively shunted Josephson-junction array is derived
with the help of the method which explicitly takes into account the screening effects. This result is used to
express the flux noise power spectrum in terms of the frequency-dependent sheet impedance of the array. The
relation between the noise amplitude and the parameters of the detection coil is analyzed for the simplest case
of a single-loop coil, as well as the frequency dependence of the noise spectrum in different regimes.
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[. INTRODUCTION tion of a more universal approach to the calculation of the
flux noise power spectrum. It is based on the direct relation
The two basic experimental methods used for contactlesgliscussed in Sec. )llof the flux noise with current fluctua-
investigation of the finite frequency properties of two- tions, which, on the other hand, can be expressed in terms of
dimensional superconducting systefeach as thin filmg;®>  the complex frequency-dependent sheet impedance with the
Josephson junction arra§s® and wire network®?) are the  help of the fluctuation-dissipation theorem.
two-coil mutual-inductance technigqtié®~* and the flux The additional advantage of such an approach is that it
noise power spectrum analysi€ The first of them is based allows one to include into consideration in a systematic way
on the measurement of the voltage induced in the detectiothe mutual influence between magnetic-field fluctuations and
coil by the currents flowing in the sample under the action ofcurrent fluctuationgthe screening effectswhich insofar has
the ac electric field produced by the current in the othefeen neglected in the theoretical works’ devoted to the
(driving) coil. For the given geometry of the coils the mea- flux noise spectrum analysis. The form of the Hamiltonian,
sured signal can be used to extf8¢he complex frequency Which should be used for the description of a resistively
dependent sheet impedange(w) of the sample on the as- shunted array in the presence of self-induced magnetic fields,
sumption that for wavelengths larger than the characteristits discussed in Sec. lll, and the corresponding dynamic equa-

dimensions of the detection cafl(w) is not wavelength tions in Sec. IV. S
dependent. The explicit form of the fluctuation-dissipation theorem

In the case of the flux noise spectrum analysis, the apfor resistively shunted Josephson-junction array is derived in
proaches to interpretation of the experimental data are muchec. V. It shows that the current correlations in the array are
more varied. The theoretical predictions of the flux noisedetermined by the response of the current to the external
spectrum used for comparison with experimental data arélectric field and not directly by the sheet impedance of the
found by relating it wit*? or (no less oftenby replacing it ~ array (which is defined as a response to tleal electric
by3v13r14a correlation function describing the vortex distribu- fleld) The nature of the eXpreSSion for the currents correla-
tion and, naturally, they turn out to be dependent on thdion function, related with the peculiarities of the two-
particular choice of assumptions concerning the form of thiglimensional geometry, allows one to expect the same expres-
distribution. Numerical simulations also demonstrate a cleafion to be applicable for arbitrary two-dimensional systems
tendency towards studying the vortex number ngise!® in which capacitive effects can be neglected.
rather then the flux noise. The only attempt to achieve a Our main result, the relation between the flux noise power
description of the flux noise power spectrum in terms of thesPectrum and the frequency-dependent sheet impedance of a
sheet impedance of the sample taking into account the actubwo-dimensional superconductor, is presented in Sec. VI,
geometry of the detection coil has been undertaken by Kinyvhich includes also the discussion of the noise spectrum
and Minnhagerl! However, this calculation is also based on frequency dependence and its relation with the parameters of
expressing all quantities in terms of the vortex gas Corre|athe detection CO”, as well as a Comparison of our results with
tion functions and, therefore, can be expected to be applithose of other authors.
cable only in a limited range of parameters.

_ In the present paper, we argue that in the case of a resis- || £/ yx NOISE AND CURRENT CORRELATIONS

tively shunted Josephson-junction array the general expres-

sion for the flux noise spectrum can be found without artifi- In a flux noise experiment, one measures and analyzes the
cial decomposition of all fluctuations into the vortex parttime dependence of a voltage created in a detection coil by
(which is usually assumed to be responsible for the fluXfluctuations of currents in some conductifgr supercon-
noise and the remaining so-called “spin-wave” pawhich  ducting object. This voltage is determined by the time de-
is traditionally neglected Although in semiphenomenologi- rivative of the magnetic flux penetrating the coil, and the
cal treatmenf™4*® of two-dimensional superconductors value of the flux can be expressed in terms of the current
such decomposition seems to be inevitable, the case of alensity distributionj(r)[r=(xy,X»,X3)] inside the object
overdamped Josephson-junction array allows for the applicawith the help of the Biot-Savart’s law, which in the Coulomb
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gauge (dih=0) can be written as is the amplitude of'(q), €, IS the unit antisymmetric ten-
sor,
AA(r)=— ot
(r)=—uoj'(r), () 2 3y(r)
whereA(r) is the vector potential defining the distribution of F(q)= ———exp(—hq) (10
the magnetic fieldmagnetic inductionB(r)=rotA(r) cre-
ated byj(r), is the geometrical factor depending on the parameters of the
coil, andJ,(2) is the first-order Bessel function. In the case
P PP when the coil can be considered as consistingNofurns
A= 2 separated by the distanbefrom each other, the expression

2 2 2
My G 0 for F(q) should also include the additional factor obtained

is the three-dimensional Laplacian and by the summation of contributions from different tuths
i'(r)=j(r)— A~ *grad divj(r 3 2mrd(rq) 1-exp(—Nbq)
i(n=j(r)—A~"grad divj(r) 3 e Y
is the transverse part ¢fr). Magnetic fields produced by q
the longitudinal part of(r) cancel each other.. The power spectrum of the flux noise is given by the
In the case of a system which can be considered as effegyx-flux correlation function
tively two-dimensional and situatedor simplicity) in the
plane x;=0, the three-dimensional current densjty) is i
reduced to S(w)= | di{®(to+1)D(to))expliwt)  (12)
j(N)=i(x)8(xs), (4) and with the help of Eq(8) can be expressed in terms of the
) ] ) ~current density correlation function
wherex=x, («=1,2) is the two-dimensional vector defin-
ing the position of a point in the plang=0 andi=i , is the T 2 . .
two-dimensional vector describing the two-dimensional cur- (lDqu= | d° | difexp(—iax+iwt)
rent density. L 4
Substitution of Eq(4) into Eq. (1) allows us then to find X (Xo+ X, o+ 1)i'(Xo,t0))] (13
that as
d’q [ dds expi(gx+gsxs) ul [ d%q
A(r)= f — it _ro) 21 2 it
(r)= o (2m?2) 2w P ) S(w)=— (Zw)zF (@i e - (14)
2 H _
_ po d%q expigx—dlxs|) IIl. HAMILTONIAN OF JOSEPHSON-JUNCTION ARRAY
2 | (2w q (a), 5
a

When a self-induced magnetic field is taken into account,
where a square Josephson-junction array can be described by the
Hamiltoniart®2°

i(Q)=f d*x exp( —igx)i(x) (6)
H=—J cosV,en—An)
is the (two-dimensional Fourier transform ofi(x), q=|q| e

and 1
= +5 2 (VXA)MGHV XA, (15)
i'(q)=i(q)—q[qi(q)] (7) i
, ) - ) ) where ¢,, is the phase of the order parameter on tik
L)sa';zietlr?;;verse part ofq), g=a/q being the unit vector g, herconducting islandi=(n,,n,) with n, andn, integers

; . . is the number of the island, the variableg, (defined on the
In the simplest case, a coil can be approximated by §qnqs of the latticeare determined by the integral of the

closed circular ring. Integration &f(r) over the perimeter of oo, potentialA(r) over the line connecting the geometri-
the ringxj+ x5=r? situated at the distandefrom the plane cal centers of two neighboring islands

X3=0 gives
2 -

d°q " Ana=, an
(277)2F(q)' (@), (8)

drA(r), (16)

®= § drA(r)= %
a is period of the lattice and

where (1,0  for a=1

e“:[(o,n for a=2

are the two unit vectors.

A (17
i‘(q)=a23 €aplal 5(Q) 9
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The first term in Eq(15) describes the Josephson energy

of the junctions in the array. The coupling constdentering (VD=2 [1ne—| (n—e,al 27
this term is determined by the critical currdptof a single “
junction: is the lattice equivalent of divergence. Equati@6) can be

alternatively obtained by the application of the opereft’g;
e, (18) to Eq. (23). Therefore, Egs(23) and (26) [both obtained by
2e variation of Eqg.(15)] are not independent of each other.

which is assumed to be the same for all junctions, whereas The vector potential of the magnetic field created by the

V.., denotes the difference af, between the neighboring cu.rrents flowing in_the array can be chosen purely transverse
sitaesnof the lattice: . (divA=0), which in terms ofA,,, corresponds to

VA, =0. (28)
In that case, Eq(23) is reduced to

Vo= Pn+e,” Pn- (19

Notice that the combination

2e
U=V o~ An 20 lna=F 2 Mad(= A, 29
which enters as the argument of the Josephson energy _
E;(6)=—Jcod is a gauge-invariant quantity. where A, =3 ;V ;V ;5 is the two-dimensional lattice analog
The second term in E¢15) is the energy of the magnetic of the Laplacian

field

(AX0=2) (X~ 2Xic+ Xigy)- (30

1 s
Emfzz—J d3rB?(r) (21)

Mo Comparison of Eq(29) with Eq. (5) allows us to find that for
expressed in terms of the variablés,. The matrix M In—k[>1
=M(n—Kk) is wusually called the mutual inductance 52 1
matrix'*~?! and Mul=l— ——— (31

nk "\ 2e) mwuoaln—k|-
(VXA),=2, €50V gAna (220 On the other hand, fon—k|~1 the form ofM & depends
apB on the particular shape of superconducting islatds.

Linearization of Eqs(23) and their solution allows us to
show that when the magnetic fields of the currents in the
array are taken into account, the logarithmic interaction of
vortices becomes screert@at so-called magnetic-field pen-
etration lengthA, exactly as it happens in superconducting

is the directed sum of the variablés,, along the perimeter

of a lattice plaquettéthe lattice equivalent of ra&&) and is

proportional to the magnetic flux penetrating this plaquette.
Variation of Eq.(15) with respect tdA,, gives the equa-

tion films.?2 When screening is relatively weafthat is when
26 _ A>a), the value ofA is given by
_ -1
|na—7; VXM VXA, (23) o 42
~— 2—) (32
which relates the value of the superconducting current in a mod | 28
junction and does not depend on the shape of superconducting islands
_ forming the array?®
Ina=lc SINV on—Ana) (24) Instead of considering Hamiltoniaid5) as dependent on

with the vector potential of the magnetic field induced by thetWo different types of variables defined on the siteg)(and
on the bonds 4,,,) of the lattice, it is convenient to use a

presence of the currents in the array. Hfilke in Eq. (22)] ! ! . ) ,
single variable, namely, the gauge-invariant phase difference

V X stands forEﬁeBCﬁﬁ, wherea&B designates the lattice - T,
difference, analogous to the one defined by Eif), but (91ng) %Z?]ngg g{vﬁgéﬁogsm terms of fn,, the Hamiltonian

shifted in the negative direction

1
~ _ -1
V 6Xn=Xn = Xn-e, (25) H——JEM COSHna t 5 En’k (VX 0)nM (VX O)y,
(33

variation of which with respect té,, reproduces Eq23) in
the form

On the other hand, variation of E@.5) with respect tap,,
gives the current conservation equation

(V1),=0, (26)

2e ~ 1
where 'na:_zz VXM (VX )y, (34)
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where the expression for the superconducting current (Ena(t)§k5(t')>=277T5nk5a55(t—t'), (41)

[he=1cSIN6,, (350  whereT is the temperature expressed in energy utitat is
multiplied by the Boltzmann constakg). We also have in-
cluded in the right-hand side of E0) the nonrandom ex-
ternal forcef,, (to be discussed later

is naturally consistent with Eq24). As previously, the cur-
rent conservation Eq26) can be obtained by application of

the operatoiV,, to Eq. (34). In terms of the expression for the current the random
force &, corresponds to the appearance in E29) of the
IV. DYNAMIC FLUCTUATIONS IN ARRAY additional(fluctuating contribution to normal currendl ,,
OF RESISTIVELY SHUNTED JUNCTIONS
) ho9
The dynamic description of the same system requires us lhe=1l¢ SINO,,+ ﬁﬁanﬁ S pys (42

to complement the Hamiltoniad by the dissipative function

W (we assume that the array is overdamped and therefore itghere 51 ,,,=— (2e/%)é,,. Note that since Eq(34) de-
dynamics is purely relaxationalln the case of the array scribes the relation between the currents and the magnetic
formed by SNS(superconductor—normal metal—supercon-field induced by them, it has to remain fulfilled also when the
ductop junctions one can describe dissipation in terms of thefluctuations of currents are taken into account. The validity
effective resistance shunting each junctio-called RSJ  of the current conservation Eq®6) remains ensured by the

mode). This corresponds t&V{ 6} of the form form of the right-hand side of Edq34).
) The suggestion to describe the dynamics of a resistively
W= 2 (ﬂa ) (36) shunted Josephson-junction array by Ed®) has been put
K at ") forward by Shenoy? who did not consider fluctuations of

the magnetic field, that is assumég,= Pnie,~¢n- IN that

case, substitution of Eq$42) into the current conservation
5\21 Egs.(26) leads to the dynamic equations f@f, with nonlo-
n= (5) R (37)  cal effective viscosity> Quite remarkably, the inclusion into
consideration of the magnetic-field fluctuations leads to a
is determined by the value of the shunting resistaRce simplification of the dynamic equations whi¢m terms of
which is assumed to be the same for all junctions. \Woof 0,,) become local. The idea that in the presence of magnetic
the form (36), the conservation of energy is achieved whenfield fluctuations a resistively shunted Josephson-junction ar-
the time evolution of the variableg,, is governed by the ray can be described by Eqgl0), where 6, is the gauge
standard equations of relaxational dynamics invariant phase difference, has been introduced by
Dominguez and Jos€

where the effective viscosity

J oH
gt Ona= 960, (38) V. FLUCTUATION-DISSIPATION THEOREM
(34), where the expression for the current should be replace¥ariables{6} is governed by the standard Langevin equa-
by tions of the form(40), the equilibrium(that is calculated for
fne=0) correlation function
. ho 9
Ina=1cSiNbhat 505 = Ona- (39 Chakpg(t=t")=(Ona(t) Bt )0 (43)

The time derivative o#,, being proportional to the voltage, is related with the response function
the second term in Eq39) can be easily identified as the ()
normal current flowing in the junction. Consideration of Graxp(t—t')= na (44)
purely relaxational dynamics means that we are neglecting ' 5tk lig

capacitive effects and currents have to be conserved on ea
site of the latticgin other words, only transverse currents are
allowed. This is ensured by the form of EB4), substitu- 19
tion of which into Eq.(26) automatically leads to its fulfill- Grakp(t) = Gnas(—1)=—= —Cpaxp(t). (45
ment for any form ofl ,,, . ' ' Tot 7

In the presence of thermal fluctuations the right-hand side
of Eq. (38) should be complemented with the random force

BE]/ the fluctuation-dissipation theorem

However, in a practical situation one is interested not in

term &,,(t) the response of the gauge-invariant phase differghgeto
the (unspecifiedl conjugate forcef,,, but rather in more
J oH readily observable quantities such as conductivity, which is
e Ona=— S0 +&nat Fras (40)  the response of a current to the application of electric field.
ne In a situation when electric fiel&(r) is created due to the
the correlations of which are Gaussian and satisfy presence of ac magnetic field, it is given by
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J )
E(r) =~ ZA(D). (49 G0 =)= =) &2
kB vext—q
whereA(r) is the vector potential defining thgotal) mag-

netic inductionB(r) =rotA(r). of the current with respect to external voltage

In the presence of the external magnetic field hoo
H(r)=(1/uo)rotA®{(r) the expressior(21) describing the Vig=— Z_E(A%t L (55)
magnetic-field energy should be replaced by the expression €
for the Gibbs free energy Eqg. (53) can be rewritten as
1 ChosO =TI  L(O+a" (- D)]. 56
me:f d3r ﬂBZ(I’)—B(I’)H(I’) , (47) na,kﬁ( ) [gna,kﬁ( ) gna,kﬁ( )] ( )
0

For wave vectors small in comparison wittalthe vari-
a variation of which in the absence of any other terms givesibles|,, can be identified withai(x), whereasVeX" with
B(r)=uoH(r). This leads to the appearance in the Hamil-agf*(x), where Ef(x) is the projection of the external

tonian(33), describing the array, of the additional term electric-fieldE®{(x) on the planex;=0 [here and below we
assume thaEﬁ’Xt(q,w) is transversg This allows us to re-
AH :2 (VX H)nM;kl(VXAeXt)k . (48) write Eq (56) as
n,k
i'i')q=2T RELG*(q, )], (57)
Here, the variables (s q97(a.e)]
where the Fourier transform®(q,») of the effective con-
2e (a(n+e,) ductivity is the coefficient of proportionality in the relation
A= 7 f dr A®(r), (49)
an i(9,0)=9°"(q,0)Ef(q,0). (58)

defined on lattice bonds, are related to the vector potential
A®{(r) of the external magnetic-field exactly in the same
way as earlier introduced variables,, are related to the
total vector potentiaA(r).

The form of the correction to the Hamiltonian given by

Eq. (48) corresponds to the presence in E40) of the ex- i(0,@)=g0(q, ) Ey (0 0). (59
ternal force term : ’ ,

One should distinguish betweeg®™(q,w) and (also
momentum- and frequency-dependesheet conductance
00(qg,w), which is defined as the coefficient of proportion-
ality betweeni(q,») andtotal electric fieldE(q, ),

The form of the current induced correction E@X‘(q,w) can
be easily found with the help of Eq&) and(46), which lead

fra=—2> VXM LV XA, . 50 1o
3
Comparison of Eq(50) with Eq. (34) shows thafup to the _ ext . Mo,
. . = J’_ —_ .
factor of 2e/#) f,, is related toA®! exactly in the same way Ei(0.0)=Ef(qw) tiw 2q (G) (60

asl,, is related to#,,. This allows us to conclude that the

correlation functions of the currents in the array Substitution of Eq(59) into Eq. (60) then gives

1
Chakg(t=t)=(Ina(Dlie(t") (51 Ej(q.w)= - EF(0,0) (62)
and the response function 1"‘*’%95((].&))
(1 na) and, accordingly,
"N na
Gl p(t—t)=——e (52)
o(Akg) |1_q eff 1
9°(0, @)= " , (62)
have to satisfy the relation —iw—O+ZD(q,w)

2q

[ [ __h1a where Z-(q,0)=1/g(q,0) is the momentum- and
Gnakp(V) = Gnap(~V =~ 55 7 5t Cnas(V 3 frequency-dependent sheet impedance.
oxtt The form of Eq.(62) suggests that the response of a cur-
completely analogous to E¢45). Here, ()" is the trans-  rent in a two-dimensional system to the external electric field
verse part oAy As can be seen from the right-hand side ofjs the same as if the proper sheet impedance of a system

Eq. (50), the longitudinal part ofAZy is completely decou- Z(q,w) has been connected in series with the other contri-

pled from fluctuations o#,,,, . bution, which can be considered as the effective impedance
In terms of the effective conductivitgﬁzvkﬂ, defined as  of the empty space surrounding this system. This additional
the response function contribution is purely inductive and corresponds to

104513-5



S. E. KORSHUNOV PHYSICAL REVIEW B56, 104513 (2002

o ray requires the lattice constant of the ar@yo be much
ﬁ' (63 smaller then the geometrical parameter~s of the(gajl and

h) entering the expressions fé1(q) andF(q).

In the case of a superconducting system in the low- Comparison of Eq(68) with Eq. (67) shows that the real

Ly(q)=

frequency limitZ(q,w)~ —iwlLy, whereL is the effec- parte(f)ff 0Zy(w) is determined by the sanieea) component
tive sheet inductance, substitution of which into E§1)  ©f 9°(q,w) as the noise spectrum, so in the absence of a
allows us to rewrite it as difference betweefr (q) andF(q) the noise spectrurf(w)
would be simply proportional to RéZ,(w)]
Aq
Eu(q,w)szﬁXt(Q.w), (64) 2T
g S(w) =~ —Rd 6Zn(w)]. (69)
where @
oL In the case of _the simplest cdi single circular loop of
A= oD 65) radiusr) Eg. (67) is reduced to
Ho » e (= [J3(ra)
is the (two-dimensional magnetic-field penetration lendth S(w) =7 por Tfo dq exp(—2hq)
already discussed in Sec. lll. Since the transverse electric
field appears only as a consequence of the ac magnetic field, e{ 1 }
i i . Re — . 70
the same length describes as well the screening of the trans STl Q)+ Zo(q o) (70

verse electric field. . . . . :
The form of the fluctuation-dissipation theorem obtainedThe analogous equation derived by Kim and Minnhagéem

after substitution of Eq(62) into Eq. (57), the framework of a less general approdbl expressing all
quantities in terms of the vortex gas dielectric funcjidif-
N 1 fers from Eq.(70) basically (i) by the absence of the term
(i'iYq,=2TRe ol )+ Zo(q.@) (66) L (q) and(ii) by the presence in the integrand of the addi-

tional factor q*. The former of the two discrepancies is
being completely independent of the details of the structureather natural, since in Ref. 17 the screening effects have not
of the particular system used for its derivation, one can exbeen taken into account, whereas the latter we believe to be
pect it to be valid also for other two-dimensional supercon-the consequence of the incorrect calculation of the magnetic
ducting (or simply conductingsystems, in particular, super- field produced by the currents in the array.

conducting films. In Ref. 17, this magnetic field is calculated as the sum of
the magnetic fields produced by the current loops associated
VI. RESULTS AND DISCUSSION with lattice plaquettes, whereas the magnitude of a current in

o ) ) each loop is assumed to be given the directed sum of the
The substitution of Eq(66) into Eq. (14) gives the €x-  cyrrents in the junctiond,, along the perimeter of a

pression for the flux noise power spectrum plaquette(in the present paper this sum is deno®& 1). In
5 5 such a procedure the current of each junction is counted
w)= M_oT q F2(q)Re{ 1 twice (as giving contributions to the loop currents associated

2 ) (2m)? —ioLdQ)+Z5(q,w)]’ with the two neighboring lattice plaquetjelsut with oppo-

(67) site signs, so these two contributions almost cancel each

S . , other, which leads to the appearance of the additional
which is the central result of this work. It allows us, 'nSteadq-dependent factor in comparison with our E@0). In a

of constructing special theories explaining frequency depeng,q e consistent implementation of this approach, the values
dence ofS(«) in different regimes, to relate it with the prop- ot the |oop currents associated with arrays plaquettes should

erties ofZ5(q, w). be chosen in such a way that the value of the current on each

It is of interest to compare Eq67) with the expression ;,nction is given by the difference of the loop currents asso-
for the quantity{the correction to frequency-dependent mu-ciateq with the two neighboring plaquettes. These so-called

tual impedance ()], which is measured in the framework eqp oyrrenfd#| ™ are related with the currents in the junc-
of the two-coil method and is defined as the ratio of the,:

o . “tions|,,, as
measured voltage to the driving current. In our notation, this
expressioff can be rewritten as IM=—A HVXI),, (71
2 2 = which explains the appearance of the additional factay‘of
LM [ d%g F(a)F(q) ; s . m
6Zm(w)=—w?— 5 — ) in calculation which uses\{(X1), instead ofl'. An analo-
4J) (2m? —lold@)+Zn(q,0) gous mistake is incorporated in numerical calculations of
(68)  Ref. 17.

The main contribution to the integral in E(/0) is com-

whereF(q) is the geometrical factor analogousFéq), but ing from the region

describing the driving coil. Note that the applicability of Egs.
(67) and (68) for the description of a Josephson-junction ar- 0<gs1h, (72
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so in the situation wheh exceeds all the microscopic scales centrationn, (Ref. 25,28] and, therefore, to frequency inde-
responsible for thej dependence oZ(qg,w), one can re- pendent(at low frequenciesnoiseS(w)xT/n, .

place in Eq.(70) Z5(q,») by Experimental data of Refs. 7 and (8ken presumably
) ) aboveTgyr) indeed demonstrates a crossover from almost
Zn(w)=—iolp(w)+Rp(w)= IlmOZD(qyw) (73 white noise at low frequencies to the noise with algebraic
q—>

frequency dependence at higher frequencies. The value of
and useS(w) to extract information about(w) and S(w=0) increases with deceasing temperature in qualitative
Ry (w). agreement witt5(w) being inversely proportional to,(T).

Let us first discuss the limit when the effects of screeninglowever, the algebraic dependenceSgt) on w observed
can be neglected. This is possible if in the essential part o&t higher frequencieand at lower temperaturesannot be
the interval(72) one can neglect (q) in comparison with ~unambiguously ascribed to vortex pairs contribution, because
LD((()) and requires{\>h’ r (and notA<h, as has been in contrast to Eq(78) the value of the exponent describing
claimed in Refs. 4 and 17In that case, Eq(70) is reduced this dependencgS(w)>1/w] remains independent of tem-

to perature in a wide interval of dimensionless temperatures
=T/J(T) and in terms of EQ.(78) corresponds toT
Ro(w) =Tgkr-

S(w)=7udr?TY(h/r) (74 In the opposite limit of strong screening(w) can be
neglected in comparison withyw), and S(w) can depend

only on Ry(w), but not onL(w). In particular, forr

szZD(w) + Ré(w) ’

where . S ;
> A, h integration in Eq(70) gives
‘Y Ii(p) 12 for u<l
YW= fo P OXRT2UP=1 62 for us1, ot T
75 S(w)=~ (79
This means that fon<r the amplitude of the noise has to be
almost independent dfi, whereas foth>r it has to decay for w<Ry(w)/uoh,Ro(w)/ueA and
proportionally to 1th2. The experimental results of Festin
et al,* obtained on thin YBCO film ah/r~1, are compat-
ible with 1h? dependence even better than with*¢epen- o)~ 2r Rog(o)T (80
dence erroneously predicted in Ref. 17 fogr. h w2

The frequency dependence $fw) in the weak screening
regime is directly determined by the frequency dependenc

. for w>Ro(w)/uoh andhs A.
of Zo(w). According to the results of Ambegaoker al.® or w>Rp 0 .
below the temperatur@gir of the Berezinskii-Kosterlitz- Notice that Eq.(79) corresponds to the very special re-

Thouless phase transitigh?” that is in the quasiordered gime of the universal 14 noise, the amplitude of which does

phase of the array, the contribution R3;(w) coming from not depend orZp(w) and, accordingly, does not allow one

vortex pairs has to béfor low-enough frequenciesf the to extract any information al_)out_the_propertles of the sample.
algebraic form It is, therefore, natural to inquire ifalmos) temperature-

independent 14 noise observed in Refs. 7 and 8 over four

RYP( ) o 2K(M 1 (76) decades in frequency can be interpreted as resulting from the
O ’ . . . . .

realization of such a strong screening regime. The idea that
whereK (T) is the prelogarithmic factor in the vortex-vortex 1/w dependence appears because the SQBliperconduct-
interaction divided by #. With increasing temperature, ing quantum interference devicéntegrates contributions
K(T) monotonously decreases from)(T)/2T at T<J(T)  from a wide interval of wave vectors has been put forward
to 1 at T=Tger, demonstrating on approachiriigr a by Wagenblast and Fazid.

square-root singularity However, our derivation has shown that in order to obtain
the 1l dependence over four decades in frequency as a

Tekr—T result of the integration ovey in a strong screening regime

K(T)— 1« Toer (77)  one should have/h=10*, which definitely has not been

fulfilled in the experiments of Refs. 7 and 8. Thus, the origin
of the 1 dependence of the flux noise power spectrum
observed experimentally in Josephson-junction arrays still
sdemains to be elucidated. The analogous frequency depen-
nglence of the noise spectrum in thin YBCO fifis ascribed
to the vortex hopping between neighboring pinning centers, a
S(w)x wXM-3, (7g)  finite vortex concentration being associated with the pres-
ence of a residual magnetic field. The same mechanism may
Above Tgyr, the presence of free vortices leads to a finitebe responsible for the results of the experim&fitson
zero-frequency resistand@roportional to free vortex con- Josephson-junction arrays.

Substitution of Eq(76) andL ;(w)~const[below Tgkr,
the main contribution td.5(w) is purely superconductiye
into Eq.(74) gives that in the absence of screening the noi
spectrum associated with vortex pairs should be of the for
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