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We have used a dc superconducting quantum interference device to measure the magnetic flux
noise generated by the equilibrium vortex density fluctuations associated with the Kosterlitz-Thouless-
Berezinskii (KTB) transition in an overdamped Josephson junction array. At temperatures slightly
above the KTB transition temperature, the noise is whiteffor f. and scales as$/f for f > f,.

Here f, o ¢7¢, where ¢ is the correlation length and is the dynamic exponent. Moreover, when
all frequencies are scaled bf,, data for different temperatures and frequencies collapse onto a
single curve.

PACS numbers: 74.50.+r, 74.40.+k

Arrays of Josephson junctions have been used extemletermined by the dissociation of vortex pairs by ther-

sively as a model system to study the effects of ordemal fluctuations, these external forces, which also dissoci-
parameter phase fluctuations on the superconducting traate pairs, affect one’s ability to study the intrinsic critical
sition in two dimensions. Such arrays can be fabricategghenomena near the true thermodynamic transition tem-
with a high degree of uniformity, and their relevant pa-perature. In this paper we employr@ninvasiveprobe
rameters can be accurately determined. It is widely acto study the transition in equilibrium. Specifically, we
cepted that the zero field transition is described by theneasure the spectral density of magnetic flux noise [18],
Kosterlitz-Thouless- Berezinskii (KTB) theory [1-4] and S¢( f), over a frequency range of more than five decades.
its extension to nonzero frequency [5-7]. According toWe find thatSq ( f) is white for f < f, and scales ab/f
this theory, phase coherence is established throughout tfier f > f.. In addition, by plottingfSq¢ ( f) versusf/f
sample below a temperatuf& g, and the system is su- we show that the data collapse in a manner consistent with
perconducting. For temperatures abdyerg but below  dynamic scaling.
the bulk transition temperature, even though individual Thel mm X 1 mm array [19] consists df.2 xm thick
islands are superconducting, the array is not. The theicross-shaped niobium islands patterned on top0o$ ga«m
mal excitations, vortices and antivortices, that trigger thighick copper film [Fig. 1(a)]. The islands form a square ar-
phase transition are topological defects of the order paray with a lattice constant dfd xm, and the junctions are
rameter. Belowl'xtg vortices and antivortices bind in 4 um wide and2 um long. The measurement apparatus,
pairs to produce a vortex dielectric, while abo¥grg  originally used to study vortex motion in high-temperature
the pairs dissociate to form a vortex plasma. In the vorsuperconductors [20], involves a Nb-based superconduct-
tex plasma phase, one can identify a characteristic lengtimg quantum interference device (SQUID) attached to a
£, as the average separation between free vortices; @sld stage inside a vacuum can surrounded by liGtid.
T — Tg¢rs, & diverges. Thermal fluctuations that perturb A Mumetal shield reduces the static magnetic field to less
the vortex density away from its equilibrium value relaxthan1 «T. The array, equipped with current and volt-
through some local dynamic process. Thus, associatealje leads, is mounted a distantie< 100 wm) away on a
with the characteristic lengtlf there is a characteristic variable temperature stage. The SQUID is a square washer
time 7 (or an inverse characteristic frequenﬁy1 o« 7)
corresponding to the time required for the disturbance
to propagate across the distanée As ¢ diverges, so
doeST(fgl), signifying critical slowing down. In gen-
eral 7 = 19(£/&y)%, where the exponent depends on
the dynamics of the relaxation ang and &, are nonuni-
versal time and length scales characteristic to the specific
sample. For simple diffusion, = 2.

Previous experimental studies have involved both elec-

trical resistance [8—16] and two-coil mutual inductanceFIG 1 L ]

. . . 1. (a) Photograph of array. Crosses are niobium islands;
[17] techniques, both of which apply an external fqrpe O3rea between crosses is copper film. (b) Schematic representa-
the system and are generally confined to a specific freson of SQUID, with inner and outer dimensios and ¢,, a
quency. Because the transition to the resistive state idistanced from array; dashed square has afga = ¢,{,.
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with inner and outer dimensiors = 180 um and{, =  time scale is longer than the characteristic relaxation time,
900 wum [Fig. 1(b)], and is operated in a flux-locked loop. so that the system appears disordered. In this picture, the
The output signal is proportional to the change in mag-distinctions between thé/f (critical) and white (disor-
netic flux through the SQUID induced by vortex motion in dered) power spectra reflect the fundamental differences
the array. in the relaxation dynamics of these two very different

The inset to Fig. 2 shows the differential resistancethermodynamic states. It is worthwhile to point out that
dV /dl, of the array versus temperatur®, measured at theories based on the two-dimension&Y model and
zero bias current with an rms current tf A at a fre-  time-dependent-Ginzburg-Landau dynamics predict a
quency of 47 Hz. The initial drop in the resistance atl/f? behavior forf > f, [23,24]. This is in marked
approximately7” = 8 K marks the bulk transition tem- contrast to thd /f behavior observed in our experiment.
perature of the niobium islands. As the temperature is To interpret our data, we now present a brief discussion
lowered, a resistive plateau develops and is followedf a scaling theory for the flux noise measurements. In
by a second precipitous drop, which is the KTB transi-our geometry [Fig. 1(b)]/ is the direction perpendicular
tion. These data are similar to those obtained in previouto the plane(z = 0) defined by the array. We denote
experiments [8—16]. To obtain the average critical cur-a three-dimensional vector byx,#4), where x is the
rent per junction.(T), we measure/V /dl as a function component of the vector in the plane of the array. In
of the static bias current. We take the current at whictthe absence of the SQUID, the perpendicular component
dV /dI is a maximum as N(7T), whereN is the number of the magnetic fieldB |, induced at pointx, /) at timez

of junctions across the width of the array [21,22]. by a vortex density distributiop,, (X, ) ath = 0 is
Figure 2 shows the spectral density of flux noise,
So(f), for 15 temperatures abovBcrg. At each tem- B, (X, h;t) = cpof d*x'KE — X hp,(X, ). (1)

peratureSq¢( f) is white for f < f(T) and > 1/f for

f > fe(T). We definef:(T) as the intersection of lines Here dy = he/2e and K(F — ¥, h) = h/(|¥ — ¥]> +

through the white and/f noise regions as shown in 12)3/2 for |3 — ¥/|2 + 12 > 42 [23], where a is the
Fig. 2 for 7 = 1.978 K. Qualitatively, we understand |attice constant of the array. The total fluk(z), detected
the difference between the two frequency regimes aBy the SQUID is®(t) = [d?x B, (¥, h = d;t), where

follows. Forf > f. we probe the system at a time scalethe integral is performed over the effective area of

shorter than that required for vortex density disturbanceghe SQUID, ¢%; = ¢;¢,. In fact, magnetic field lines

to travel over the correlation length. Thus, the systemproduced by vortices near the SQUID are distorted by the
appears to be critical. On the other hand, for f; the  presence of the superconducting washer, modifying the
form of K. However, we do not expect this modification
to change the scaling dimension &f from two; that is,

if we replacex, x’,d by x/&,x'/&,d/ &, we still expect

4L ~ i
R R g 80— K(% — #|.d) to become 2K ((¥ — ¥)/£,d/€) so that
5 1'857K = 40l A our scaling arguments remain valid. Thus the flux-flux
107 F \ 2 f" N correlation functionCq (t) = (®(£)P(0)), is
1.869 K& > Ohd o .
10° |- 1.885 K~ & 0 i ® A Colt) = Py ] &x &y &Px' dPy' K (G — ¥,d)
- 1.899 K f: (1.978 K) o ) )
T 107 | 1.906K \ - X K(y = ¥, d){p,(F',10)p,(5,0)). (2)
S g i?)izlli Here, () denotes the thermodynamic average, and the
& 107 F - 7 unprimed integrals are taken over the effective area of the
1978 K SQUID. Next, we assume a scaling ansatz for the vortex
107 F 2.010K - density-density correlation function:
2.033 K . o s L=
1010 | 2054 K i <pv(x »t)pv(y ’0)>_ f Fl(t/T»lx |/§’L/§)
2.098 K 3)
101 S (1.978 K) i Here we have used the fact that the scaling dimension
L L ! L ! ! ! L of the vortex density is two at the KTB transition (that
10° 10% 10" 10° 10' 10> 10* 10* is, py « £€72). In Eq. (3),F; is a scaling function, and
Frequency (Hz) L is the smaller dimension of the array. For Josephson

junction arrays,
FIG. 2. Spectral density of magnetic flux noisg,( ), versus J y

frequency for 15 temperatures abo¥erg; scatter at higher = &nexpb /T — T! , da
temperatures is due to subtraction of SQUID noise. Dashed & = doexpb/ kte) (42)
lines have slope-1 and 0. Inset showgV /dI versusT. T' = kgT/E;(T) = 2ekgT /i (T), (4b)
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and E;(T) is the Josephson coupling energy per junctionof about 10%. However, changes kg beyond a
[4]. If we substitute the scaling ansatz, Eq. (3), intofew mK or changes inbz of more than about 10%
Eqg. (2) and perform proper rescaling of the integrationalways result in a lower quality data collapse. We
variables, one can show that can obtain a more accurate estimatebaf through the
- @2 temperature dependence $f(7). Using Egs. (4) and
) ¢¢(t) q)OFZI.(t/Tf’d/g_’L/f’Te;ff/f)_’ ®) fe(T) = folé(T)/é0] 7%, we expect a straight line of
whereF; is a new scaling function. e noise spectrum,slope —bz on a plot of I f¢) versus1/NT' — Ters
- . — . £ KTB-
So(f), is defined asSqe(f) = fd_f expi2m f1)Ca(1).  |nset (@) to Fig. 3, usinglkrts = 1.63 K, shows the
Substituting Eq. (5) in this expression, we find resultant straight line which yields: = 4.10 = 0.04 and
fSo(T) = ®FF(f/fe,d/é L/ Eec/€).  (6)  fo= (2.1 £ 03) X 10° Hz.
Here F is another scaling function, the form of which we We note that althoggho Is in the megahert/z freq/uency
determine from a subsequent data collapse. range, the exponential dependencefgfon 7 — Trs

. implies that f¢ is reduced to the order of 1 Hz even
quf \(/(\/5()3 ;)grggir(;sthe dependence alf¢, L/¢, andfere/€, o 'T is about 0.2 K abovdxrg. This sensitivity is

) illustrated by the fact that the apparent transition tem-
[Sa(T) = GF((f/fo) explbz/NT' — Tyrg)), (7)  perature,Tkrs(47 Hz), associated with the sharp rise in

where we have explicitly put in the temperaturedV/dl measured at 47 Hz (inset, Fig. 2) is substantially
dependence off;. In Eq.(7), Txkre and bz are higher than the static valu& g = 1.63 K inferred from
unknown. To determineT’, we fit i.(T) between OUr noise data. However, these values are quite consis-
T = 152and1.93 K using the expected temperature t€Nnt SinceTkrg(47 Hz) is the temperature at whicky =
dependence i.(T) = i.(0)exp(—a+/T) [25], finding 47 H;. Using the above values @%s, fo, and bz, we
i.(0)=0.133A and a =9.14 K /2, and extrapo- predict Tx rp (47 I_—|z) = 1.94 K, in good agreement with
late to higher temperatures. Equation (7) predictdhedV/dI data (inset, Fig. 2). 3
that by choosing the correct values fdfkrs and In addition to findingbz, we can extract the critical
bz and plotting fSo(f) versus the scaled frequency €xPonent in the following manner. At low frequencies,
f/7ofe = fexplbz/ [T" — Tfrs), we should obtain & two-dimensional sample with a linear conductivity

a collapse of the raw data onto a single curve. OupProduces white noise with spectral densily = ksTo.
procedure for data collapsing is to make iterative change% the KTB regime for f < f¢, o is proportional to

-1 _ 2 . . e .
in bz and T until the best data collapse is obtained.(P») = &, reflecting the intuitive idea that the low
The final result is shown in Fig. 3, where the fitting frequency conductivity is inversely proportional to the

parameters werebz = 4 and Tgrg = 1.63 K. The density of free vortices. Therefore, fgr< f¢,

quality of the data collapse is strongly affected by the ,

choice of Txrs but relatively weakly by the choice Sg o« kgT &G exp2b/NT' — Thry). (8)
of bz. One can compensate an increase (decreas

b test Eq. (8), we defingl} as the horizontal line d
of Txrg of a few mK by a decrease (increase) i est Eg. (8), we defing,, as the horizontal line drawn

through the low frequency data at each temperature, as
shown for 7 = 1.978 K in Fig. 2, and plot ISg/T)
versusl /T — Tkrg. Inset (b) to Fig. 3, usin@ktg =
] 1.63 K, shows the resultant straight line which yields
2b = 4.13 = 0.04. Combining this result with the value
3 bz = 4.10 £ 0.04 from the temperature dependence of
f¢ yields the dynamic exponept= 1.98 = 0.03.

In summary, we have used measurements of magnetic
J flux noise to study the equilibrium KTB transition in an
array of overdamped Josephson junctions. We emphasize
. that confirmation of the critical dynamics of the KTB tran-
sition requires measurement of frequency and temperature
1.5 25 35 dependent properties such as those presented above. Us-
YT -Tgrg | ing bz = 4 andTxrg = 1.63 K, we have shown that the
e data collapse over more than five decades in frequency,
confirming the predictions of dynamic scaling. In addi-
tion, from the temperature dependenceg paindSg,, we
FIG. 3. fS¢(f) versus f/Tofg for flux noise shown in have extracted the dynamic exponent 1.98 £ 0.03.
Fig. 2; Txts = 1.63 K,bz = 4. Insets show Iff;) versus Our experimental findingSqe(f) « 1/f in the critical
1//T' — Tk with line of slope—4.10 and IS} /T) versus  frequency regime is inconsistent with theoretical predic-
1/JJT' — Tkrs with line of slope 4.13. tions based on time-dependent Ginzburg-Landau (TDGL)

10° 10 10* 10° 100 10"
f/Tofa (HZ)
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