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Low-frequency voltage noise in SNS Josephson junctions arrays
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Abstract

We present low frequency voltage noise measurements in SNS Josephson junctions arrays both above and below the
Kosterlitz–Thouless transition temperature. For zero applied magnetic field, the magnitude of the noise is found to have a

Ž . Ž .maximum at T and the spectral density S f is a Lorentzian. When the array is fully frustrated the magnitude of S fKT V V

decreases with essentially no noise around T . q 1999 Published by Elsevier Science B.V. All rights reserved.KT

PACS: 74.40.qk; 64.60.y i; 74.60.Ge; 74.50.q r
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Josephson arrays have proven to be quite useful in
the study of phase transitions in two-dimensional
systems. As a model system for the Kosterlitz–Thou-

w xless theory 1 , arrays have allowed the study of both
the thermodynamic and dynamic properties of low
dimensional systems. These studies have shown that
the KT theory and its generalization to Josephson
arrays describe well most of the observed phenom-

w xena 2 . When a magnetic field is applied to these
systems, arrays may also exhibit a variety of static
and dynamic phenomena. Depending on the mag-
netic field, spin-glass and KT-like behavior have

w xbeen found 3 . Dynamical properties, such as ‘giant
w xShapiro steps’ 4 , were not only surprising, but also

provided indirect information about the ground state
of the system. Vortex dynamics in arrays has also

1 E-mail: mcris@pion.ivic.ve

been probed experimentally and the general picture
of a vortex in the energy potential of the array
describes well the experimental results. Fewer details
are known about vortex diffusion and pinning of
vortices in arrays, this is the case of ballistic vortices
w x5 , where modeling shows ballistic motion to be

w xlimited by vortices losing energy to spin waves 6 ,
in contrast with experiments. Low frequency phe-
nomena are less well understood; very recent experi-

w xmental studies and simulations 7,8 show a complex
variety in the anomalous dynamical response, and
the specific interactions that give rise this unex-
pected response is far to be clear.

In this paper, we further probe the dynamics of
arrays through measurements of the low frequency
voltage noise both above and below the Kosterlitz–
Thouless transition temperature T , in zero appliedKT

FŽ .magnetic field s0 , as well as in the fully
F 0

F 1frustrated case of s . We find that the noise
F 20
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increases sharply in magnitude and becoming
Lorentzian as T is approached. Below T , theKT KT

1noise decreases in magnitude and becomes -like atf

the lowest temperature measured. The characteristic
times for the noise near the transition temperature
are found to be of the order of milliseconds, incon-
sistent with the expected high frequency dynamics of
vortices or the characteristic times for conventional
vortex diffusion. We discuss the observed results in
terms of different scaling regimes. Depending on
characteristic length comparison, the spectra mea-
sured follows an anomalous diffusion of pairs, vortex
pair generation and recombination at T , or anoma-KT

lous diffusion of free vortices.
Our samples consist of square arrays of 300 = 75

junctions of Nb–Au–Nb, made by electron-beam
lithography to form cross-shaped islands of niobium
on a continuous layer of gold; with a lattice constant
of 10 mm a width on the arms of 1 mm and a
separation of 0.5 mm between their tips. We first
characterize the samples for the thermally induced
vortex-unbinding transition through the measurement
of the I–V characteristics, and the related power-law

Ž . aŽT .relationship V T A I , as well as the jump of the
Ž .exponent a T predicted in the low current limit

w x9,10 from as1 at T)T to as3 at TsT .KT KT

The experimental setup for this characterization con-
sists of a variable current source and a Keithley 148
nanovoltmeter, used in a fourth probe configuration.
For temperature regulation between 10 K and 4.2 K,
we used a Lake Shore Cryotronics temperature con-
troller. Below 4.2 K we regulated the helium pres-
sure, in order to avoid noise introduced by the
controller.

A typical series of nonlinear I–V characteristic
F Ž .around T at s0 is shown on Fig. 1 a ; TheKT F 0

solid line corresponds to a power law fit with an
exponent of 3. For the sample presented in this paper
we found, defining T as the temperature for whichKT
Ž . Ž .a T s3, T s 2.8 " 0.1 K. All the resultsKT

presented here are similar to those measured in other
samples. As a comparison is presented the corre-
sponding series for the fully frustrated case in Fig.
Ž .1 b . Differences between both responses are evi-

dent. Even though each I–V characteristic can be
fitted by a power-like dependence in each case, the
discontinuity on the exponent is absent in the frus-
trated condition.

Fig. 1. Nonlinear I–V characteristic curves around T . The solidKT
FŽ .line corresponds to as3. a Zero applied magnetic case, s0.

F 0
F 1Ž .b Fully frustrated case of s .

F 20

The experimental setup for the noise measure-
ments is presented in Fig. 2. The voltage noise was
characterized by applying a dc current to the sample
and measuring the resulting voltage fluctuations after
filtering. The dc voltage is eliminated through a

Ž .blocking capacitor system )25000 mF , and fur-
ther filtering is made with a home-made low-pass

Ž .filter cutoff frequency of 1 kHz . The resulting
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Fig. 2. The experimental setup for the noise measurements.

signal is amplified by 106, using a transformer and a
low noise amplifier model PAR 190–113 system; the
spectral density is measured with a HP 3582A spec-
trum analyzer. The noise setup resolution is limited
by the instrumental noise, which is of the order of
10y20 V 2r Hz

While the Kosterlitz–Thouless theory is strictly
valid in the limit of no external perturbation, such as
a magnetic external field or current, we perturb the
array with a finite dc current, and thus have to
choose whether the spectra should be compared at
constant voltages or currents. While the results in
both cases are qualitatively similar near and below
T , the highly nonlinear I–V characteristics makeKT

comparisons at fixed current inadequate. Due to the
fact that the driven current through the array by
fixing the voltage has a much lower value above TKT

than the corresponding at a fixed current. As a
consequence, by fixing the voltage the effects of
current induced free vortices are minimized. Thus,
we made first a characterization at a fixed voltage,
the lowest voltage permitted by our sensitivity, which
minimizes the undesirable effects of pair-breaking.
After that we studied the perturbation of the Koster-
litz–Thouless transition by increasing the applied
current at T .KT

Ž .Fig. 3 shows a typical series of spectra for S fV

as a function of frequency, at a voltage of 50 nV,
both above and below T s 2.8 K in both zeroKT

applied magnetic field and full frustration. Note the
remarkable difference in the data depending on
whether the system is frustrated or not. Near the

F 1transition for s , the spectral density is always
F 20

at least two orders of magnitude lower than for
F F 1s0, and all the spectra for s above and

F F 20 0

below T are near the limit of sensitivity of ourKT
Ž y20experimental system which is approximately 10

2 .V r Hz . Only at the lowest temperature shown in
F 1Fig. 3 is there a measurable signal for s .

F 20
FFor s0, the voltage noise in Fig. 3 shows

F 0

three different regimes. First, above the Kosterlitz–
Thouless transition temperature T , the spectrum isKT
1 Ž .-like open triangles . Second, very close to T ,KTf

1the noise begins to rise, changing from -like to af

Ž .Lorentzian open circles . Finally, as the sample is
cooled below the transition temperature the magni-
tude of the noise decreases and the Lorentzian spec-

1 Žtrum slowly changes back to a -like spectrum filledf

.triangles . When the temperature approaches TKT

from below, the shape of the voltage noise changes
and at T , the spectral density is a LorentzianKT
Ž .curve solid line . This clearly suggests that the noise
increase at T is a consequence of vortex–anti-KT

vortex unbinding.
In Fig. 4 we show in detail how the noise magni-

tude increases at T for three different frequencies.KT

The maximum magnitude in the noise is found at
Ts2.8 K, consistent with the value of T deter-KT

Fig. 3. Spectral density versus frequency at 50 nV above and
below T , for zero applied magnetic field and full frustration.KT

Solid line corresponds to a Lorentzial fit and dashed ones corre-
Ž .spond to Eq. 4 fit.
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Fig. 4. Spectral density versus temperature for three different
frequencies.

mined from the I–V characteristics, within experi-
mental error. The fact that this maximum in the noise
spectrum coincides with the point where the sample
becomes superconducting, suggests that the noise is
due to temperature fluctuations. However, if this
were the case, there should also be a similar peak

F 1when s , which is not observed. Furthermore,
F 20

comparison of the detailed temperature dependence
of our experiments with the dependence expected

w x 2from temperature fluctuation model 11 , S rV AV
dRy1R , is inconsistent with this possibility, due todT

the fact that this model predicts a divergence of the
spectral density below T which is not observed inKT

our results. Similar results to those shown in Fig. 4
w xhave been published by Voss et al. 12 in high-resis-

tivity granular films of aluminum and tin, near the
superconducting transition. However, the peak in the
noise observed by Voss et al., which was interpreted
as a consequence of free vortices induced by the
applied current, increased with the dc current and
scaled with it, which is characteristic of flux-flow
resistance noise, rather than decrease with dc current
as shown in Fig. 5.

In Fig. 5 we prove that the observed Lorentzian
spectra measured at T is indeed related to theKT

presence of vortex pairs in the system. At the lowest
Žcurrent used, the noise spectrum is a Lorentzian Fig.

. Ž .3 , but as the dc current level is increased Fig. 5 ,
the magnitude of the noise decreases with essentially
no difference between this ‘high current’ spectra at
T , and those obtained at a higher temperature,KT

shown in Fig. 3. Thus, whatever the physical origin
of the voltage fluctuations is, finite currents reduce
and even completely change them, conclusively
showing that the voltage fluctuations observed are
related to pair vortex–antivortex dynamics.

The KT transition is strictly valid in the thermo-
dynamic limit when the system is infinite and the
applied current is zero. Vortex dynamics in two
dimensions shows an anomalous response character-
ized at low frequencies with a logarithmic diver-
gence of the conductivity, which seems to be an
intrinsic property on such systems. In weakly per-
turbed finite systems the dynamical behavior around
KT transition is strongly controlled by the length
scales that dominate the problem. Following a recent

w xtheoretical analysis 13 , is necessary to consider

Fig. 5. Spectral density versus frequency at T for three differentKT
Ž .applied currents. Solid curves correspond to the fit using Eq. 5 .

1The inset shows the dependence t vs and its linear fit for twoI

frequencies.
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current and finite size effects, besides the thermal
Ž .correlation length j T , in order to improve the

physical comprehension of some observed results.
Due to our noise characterization, we have to con-
sider finite current effects introducing the current
length j , defined as the maximum size of boundI

vortex pairs in the presence of a current I. The finite
size effect is taken into account with the linear extent

w xof the array L. The dynamical vortex response 14 is
Ddriven by the dynamical length scale l s(f 2p f

where D is the vortex diffusion constant and f is the
frequency. This length is interpreted as a measure of
the length scale over which the time average of the
pair correlation length is destroyed due to dynamics.

Ž .Below T the correlation length j T diverges, andKT

the scales of the system are dominated by j , L andI

l . In our experimental setup, the constant voltagef

condition below T , guarantees the relation j )LKT I

and the characteristic lengths L and l become thef

relevant scales in this regime. Therefore, the vortex
response is driven by the finite size and pairs dynam-
ical response. To interpret voltage noise spectra be-
low the transition, we use the Minnhagen phe-

w xnomenological model 15 extensively utilized to de-
w xscribe bound vortex–antivortex response 7 . The

voltage noise measures the complex impedance,
which is a reflect of the dynamical properties of the
vortex system. Using the Coulomb gas analogy with
vortices, the imaginary contribution to the dielectric
constant associated with the dissipative part of the
vortex response is:

1 4 YyC ln YŽ . Ž .
Im s , 1Ž .2´ f p 1yYŽ . Ž .

with

v0
Ys 2Ž .

2p f

and

D
Cs . 3Ž .2L 2p f

Ž .The term v T is a temperature dependent char-0

acteristic frequency, and is related to the screening
length of the vortex system. The parameter C con-
siders finite size effects due to the contribution of L
Ž .for infinite systems Cs0 . In the case of no ap-

plied magnetic field, the voltage noise is related to
the imaginary part of the dielectric constant by:

24k L e T 1B K
S f sy ImŽ .V 2 ´ f" p f Ž .

32 K L e2T v yDLy2 vŽ .B K 0 0
s ln .2 2 ž /2 2p f" p v y 2p fŽ .Ž .0

4Ž .

In order to investigate the temperature depen-
dence of the voltage fluctuations below T , we useKT

for the kinetic inductance the Ginzburg–Landau re-
Tsult L A1y , where T is the Ginzburg–LandauK c0Tc0

Ž .temperature. Using Eq. 4 to fit the spectra below
the transition we obtain the characteristic frequency
and the diffusion constant at each temperature in this

Ž Ž .regime dashed lines on Fig. 3 correspond to Eq. 4
.fit . The Fig. 6 shows the temperature dependence of

v . According to Minnhagen’s description, v is a0 0

monotonic increasing function of temperature, pro-
portional to the screening length of the vortex sys-
tem, and consequently proportional to the resistance.
This behavior suggests a dependence of the form
VA I, in accordance with the linear behavior pre-

w xdicted below T in the low current limit 13 whenKT

j )L. This linear resistance below KT-transitionI
w xis supported by the temperature dependence 16

" 1lnv A I T rk Ts shown in Fig. 6. TheŽ .Ž .0 c B2 e t

diffusion constant found from the fits presents a
weak increase with temperature for values within the

Ž 2 2 .range 0.14 cm rs - D - 0.26 cm rs ; for this
values the dynamical length can be calculated and is
found to be 0.01 cm - l - 0.2 cm. The relation-f

Žship between the length scales is l - L Ls 0.3f
.cm , which corresponds to the validity range of the

w xMinnhagen’s model 14 .
Ž .At T the Eq. 4 can not fit the measuredKT

spectrum and the later description fails. This behav-
ior would be explained due to the increase of l asf

the diffusion constant is increased and to the
Ž .crossover to comparable length scales l fL . Wef

found a Lorentzian frequency dependence typically
appearing in processes in which there is a single
characteristic time. We find from fitting all our data
near T that the average characteristic time is t sKT
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Ž .Fig. 6. a corresponds to The temperature dependence of v , and0
1Ž .b shows the v versus dependence, the solid line corresponds0 t

1to the function lnv versus .0 t

Ž .4 " 3 ms. This time is relatively large in compari-
son with characteristic times for typical processes in

w xsuperconducting films 17 , such as the characteristic
Žtime for laser pulsed-induced vortex motion t -

y8 .10 s , or free vortex diffusion in high-resistance
Ž y5 .granular films t - 10 s . To explain the contri-

bution of pair dissociation to the noise at T , weKT

consider a generation-recombination model similar
to that used to explain voltage noise in strongly

w xextrinsic semiconductors 18 . In analogy with this
model, we associate a lifetime with the mechanisms
of generation of free vortices and that of recombina-

w xtion of vortex–antivortex 19 pairs. In this case, the
recombination rate r is proportional to the square of

2Ž .the free vortex density rsa n I , and the genera-f

tion rate g can be modeled assuming classical es-
cape over a potential barrier gsbexp yU rk T ,Ž .0 B

where a and b are constants, n is the free vortexf

density and U is the height of the potential barrier.0

The characteristic time of the generation-recom-
bination of vortices will be given by the rate equa-

1 dr dgtion: s y , and only the free vortex density
t dn dnr f f

contribute to the characteristic time t . An estimater

of this time using the Halperin and Nelson contin-

w x Ž .uum theory 9 gives: t s 1r 8pmk Tn sr B f
Ž .1r 8p Dn . The density of free vortices in realf

systems is different than zero above the ground state
and scales at T as n sLy2 whereas the constantKT f

diffusion can be expressed in terms of the scaling
length as Ds2p fl2. All this leads to the equationf 2 Ž 2 .for the characteristic time: t s Lrl 1r 16p f .Ž .r f

Assuming that at T the characteristic lengths areKT
LŽ .comparable f1 , and that de correlated fluctua-
l f

tions are within the range 1- f-10 Hz, the charac-
teristic time ranges within the interval 0.6-t -6r

msec, in very good agreement with our experimental
results. This Lorentzian dependence might be inter-
preted as a Drude behavior, associated with free
vortex diffusion at T , but noise response found atKT

the transition as the current is increased, as well as
F 1the vanish signal for s around T , allows usKTF 20

to affirm that this is a consequence of vortex pair
unbinding.

If the current is now increased through to the
sample at T , j A Iy1 becomes the characteristicKT I

scale and a different mechanism drives the dynami-
cal response as free vortex motion across the sample
increases. A free vortex reaching the edge of the
sample will generate a voltage pulse of height
2pF rt and width t , where t the transit timeo

needed to cross the sample. While one might expect
this process to be described by classical diffusion,
direct measurement of the dielectric constant in ar-

w xrays 20 show that free vortex diffusion becomes
anomalously slow at low frequencies. This is appar-
ently due to the coupling of the vortices to the spin
wave excitations of the array, thus indicating that
this is a general property of a 2D superfluid system.
The detailed characterization of the dielectric con-
stant leads to a Drude-like expression where the
conductivity is frequency-dependent, resulting a
power spectrum of the form:

At fŽ .
S f s , 5Ž . Ž .V 2

1q p ft fŽ .Ž .

with

F W 2 1 F W 2 2 fo o 0
t f s s ln , 6Ž . Ž .2 2 ž /f p fR a I R a I00 0 0 0

m ž /f
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where R is the normal resistance, a is the lattice0 0
Ž .spacing, W is the transversal length Ws75a , and0

f is a characteristic frequency. While Drude-like0

classical diffusion would yield times that are too
short to explain our results, the logarithmic depen-
dence of the vortex mobility with frequency gives
rise to an anomalous vortex diffusion explained as a
sluggish vortex motion and observed at low frequen-
cies in similar systems. This model yields character-
istic times which are in line with our experiments.
We can use the results of anomalous diffusion to
calculate the power spectrum of the fluctuations and
compare it to that measured in our samples in the
presence of a current, with A and f as fitting0

parameters. Fig. 5 presents the spectral density at
T for different currents and its respective fit usingKT

Ž .Eq. 5 . The agreement between the experimental
curve and the fit is excellent. From the characteristic

Ž .frequencies f found for each curve f ) f , we can0 0

also calculate t as a function of the frequency and
verify experimentally the relationship tA Iy1. The
inset in Fig. 5 presents the characteristic time as a

1function of at two frequencies and its correspond-I

ing linear fitting. The agreement between the two is
1quite good, demonstrating the dependence pre-I

dicted by the model. The current dependence of the
characteristic times as well as the frequency range of
the voltage fluctuations observed in this free vortex
regime provides strong evidence for anomalous slow
diffusion of free vortices at large time scales.

While anomalous diffusion is characteristic of
disordered systems, it is unlikely that it can explain
our results. The question still remains as to the origin
of the slowdown of vortices in these systems. Well
below T vortices interact in different ways with theKT

pinning potential due to the lattice of junctions,
w xdepending on frustration. It is known 21 that the

F 1pinning energy for s , is much higher than for
F 20

F s0; this interaction with the lattice explains the
F 0

dramatic difference observed in the voltage fluctua-
tions well below the Kosterlitz–Thouless transition
for zero or full frustration, and give us additional
evidence to discard any pinning interaction in ex-

Fplain the results for s0. Furthermore, just at TKTF 0

it is well known that pinning interaction with the
w xlattice is less important 10 . This evidence leads us

to exclude any pinning mechanism as an explanation
of the observed sluggish vortex motion. Due to the

temperature range used in our experiments, we also
discard any quantum effect. This anomalous diffu-
sive vortex motion found both above and below TKT

appears to be an intrinsic dynamic property in two
dimensions. As a possible mechanism of low vortex
mobility at low frequencies, is suggested around TKT

an interaction between free vortices and thermally
induced bound pairs or vortices coupling with spin
waves. Even though simulations in this regime have
been made on the underdamped case, comparison
with experiments is yet unclear. In the overdamped
regime, some kind of dynamical vortex mass may
generate spin waves by losing ‘kinetic energy’, re-
sulting in a sluggish vortex mobility. Comparing our
results in the region TGT , with those presentedKT

w xby Shaw et al. 8 , a clear difference is observed in
the form of the spectra. Dynamic simulations using
time dependent Ginzburg–Landau in 2D xy models
w x7 , demonstrate that the variation of the function

1Im with the density of vortex around T canKT´ fŽ .
explain such a difference. Our measures correspond
to the case of low densities of thermally created

w xvortices, whereas the results of Shaw et al. 8 corre-
spond to a higher density case. Different simulated
flux noise results are found, using the phenomeno-

w xlogical Minnhagen picture above the transition 22 ,
w xor at T in a high vortex density limit 23 , how-KT

ever, differences are not surprising if we consider
that the observed results presented here are an indi-
cation of finite current and size effects, that the
simulated results do not take into account.

As the extensive and recent literature shows, the
dynamical vortex response around T even withoutKT

an applied magnetic field, is more complex than
expected. Effects such as coupling between free and

w xpair vortex 24 , spin-waves and vortices interac-
tions, and more recently finite size and current ef-
fects must be considered in order to understand the
observed phenomena.

In conclusion, the presented low voltage noise
measurements on arrays of Josephson junctions show
unexpected and novel characteristics. Below the
Kosterlitz–Thouless transition finite size scaling as
well as anomalous pair diffusion appears to describe
the observed voltage fluctuations. The spectra found
at the transition indicates the existence of an unique
characteristic time associated with vortex–antivortex
pair unbinding, and this feature is explained in terms
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of the generation-recombination model. Above this
transition, the scaling of voltage noise with current
strongly supports this analysis, and the relatively
high characteristic times observed above T areKT

well explained in terms of an anomalous low free
vortex diffusion at zero frustration.
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