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One-Dimensional Localization of Quantum Vortices in Disordered Josephson Junction Arrays
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Department of Applied Physics and Delft Institute of Micro-electronics and Submicron-technology (DIMES),

Delft University of Technology, P.O. Box 5046, 2600 GA Delft, The Netherlands
(Received 26 August 1996)

The influence of disorder on the transport of quantum vortices in one-dimensional arrays of Josephson
junctions was studied experimentally. The vortices localize in disordered arrays for small vortex
densities resulting in a vanishing transport at low temperatures, whereas, in a periodic array, transport
remains possible. For large vortex densities the mobility of vortices is maintained in the disordered
samples, due to the strong vortex-vortex interactions. [S0031-9007(96)01689-4]

PACS numbers: 74.50.+r, 05.30.Jp, 72.15.Rn
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Quantum mechanical particles in a periodic poten
form energy bands; their wave functions extend throu
the system. When the periodicity is distorted the spa
extent of the wave functions is reduced. This phenom
non of Anderson localization [1] has been the subjec
extensive studies during the past decades [2]. The lo
the dimensionality of the system, the stronger the effec
disorder [3]. According to Mott and Twose [4], in on
dimensional systems even weak disorder leads to st
localization. Experimentally, few systems are availa
for a controlled study of the dynamics of particles w
one-dimensional motion. In this Letter we report on
study of the influence of disorder on the quantum tra
port of vortices in fabricated mesoscopic one-dimensio
arrays of Josephson junctions. The great advantag
these systems is that disorder can be introduced in a
controlled way. We have compared the transport prop
ties of samples with a slightly distorted periodicity of t
potential to those of a periodic sample. We find that in
disordered systems the quantum transport is suppress
low temperatures while vortex transport remains poss
in the periodic system.

The motion of a vortex in a Josephson junction array
homologous to the motion of a particle in a potential lan
scape. The potential is periodic when all the junctio
are identical. The energy barrier between two ene
minima is proportional to the Josephson coupling ene
EJ ­ icoF0y2p, whereF0 ­ hy2e is the flux quantum
and ico the critical current of a single junction. Locally
this energy barrier can be tailored by varyingEJ of the
junction. The mass of the vortexmy can be calculated
quasistatically [5]:my ­ F

2
0Cy2a2, hereC is the capaci-

tance of the junction anda the lattice constant. This qua
sistatic value can serve as an indication for the effec
mass in the band. In a nearly free-vortex approximat
the bandwidth is close to twice the single electron cha
ing energyEC ­ e2y2C. A vortex with a large mass in
an array with high barrierssEJ ¿ ECd behaves as a clas
sical particle. However, for smaller mass and lower b
riers sEJ ø ECd the vortex exhibits quantum mechanic
properties [5–7]. The vortices are bosonic particles w
0031-9007y96y77(20)y4257(4)$10.00
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repulsive interaction. A previous Letter contains an e
perimental study of Mott localization of quantum vortice
in periodic samples [7]. When the vortex density is com
mensurate with the one-dimensional lattice potential, t
vortices localize due to the effects of vortex-vortex inte
action. In this Letter we report on an experimental stud
of the influence of disorder on the quantum transport
vortices.

The samples consist of a square network of Josephs
junctions in which each superconducting island is coupl
to four nearest neighbors (square cell). The lengthL of
the array is very largesL ­ 1000 cellsd compared with
the widthW sW ­ 7 cellsd. Along the length of the ar-
ray the islands at both edges are connected by a narr
superconducting strip (busbar). The vortices are repell
by these busbars and are therefore confined to one dim
sion. The bias current, which exerts a force on the vort
in the length direction, is injected in the middle of the
busbar. The voltage, which is induced when the vortic
move, is probed at one end of the busbars [Fig. 1(a)]. T
study the influence of disorder, a periodic superlattice w
constructed and compared with two slightly disordere

FIG. 1. (a) Sketch of the sample layout. The resistance
determined by a four terminal measurement. The bias curre
is applied in the middle of the sample and the voltage is prob
at one end. The lattice junctions and the barrier junctions a
denoted by crosses and stars, respectively. (b) The poten
landscape for a vortex traveling through the middle path (alo
horizontal arrow) near a barrier. (c) The potential landsca
perpendicular to the length direction (along vertical arrow).
© 1996 The American Physical Society 4257



VOLUME 77, NUMBER 20 P H Y S I C A L R E V I E W L E T T E R S 11 NOVEMBER 1996

o
a
n
in
u

on
o-
e

h
on
io
e
s
on
-
n

o
T
sb
i
is

c

o
ul
th

o
n

In
-

d
.

gr
io
e
ar
o

f t
nc

r

p-

or

m-
fil-
g-

eld
d
a-

ing
g
ver

rrier
y
ort

e
d
ks
are
ed,
d

e
ns.
ier
ted.
tial
ier

a
nits
superlattices. A barrier was created by enlargingEJ of
the junctions at the barrier position with a factor of tw
These junctions will be called “barrier junctions,” where
the other junctions will be called “lattice junctions.” I
Fig. 1(a) it is illustrated how a barrier is introduced
the array. A column of junctions with Josephson co
pling energyEJ is replaced by junctions with Josephs
coupling energy2EJ . To estimate the actual static p
tential landscape numerical simulations were perform
The total potential energyE ­

P
i EJis1 2 cosfid was

computed iteratively by solving Kirchhoff’s law at eac
island. EJi is the Josephson coupling energy of juncti
i andfi the gauge invariant phase difference of junct
i. In the calculation induced magnetic fields were n
glected, which is reasonable because the geometrical
inductanceLs ­ m0a is much smaller than the Josephs
inductanceLJ ­ F0ys2picod. A more elaborate calcula
tion for a large two-dimensional array, taking into accou
all inductance effects, was done by Phillipset al. [8]. The
position of the vortex is defined by fixing the phases
four islands. The remaining phases are computed.
phases of the islands which are connected by a bu
are equal. In Fig. 1(b) the result of the calculation
shown. Far from the barrier, the cell-to-cell barrier
0.2EJ , which corresponds to the results of Lobbet al. [9]
for a uniform two-dimensional array. The barrier jun
tion causes an energy barrier of1.7EJ . The perturbation
of the potential spreads out over approximately 3 cells
both sides. In Fig. 1(c) the potential energy perpendic
to the length axis is shown. The vortices travel along
middle paths y ­ 0d because of the repelling busbars.

A comparison was made between periodic and dis
dered samples. In the periodic superlattice, the dista
between two barriers is always10a sd ­ 0d. In others
disorder was introduced using a uniform distribution.
the least disordered samplesd ­ 1d the barriers are sepa
rated by9a, 10a, or 11a with equal probabilities. In the
other disordered samplesd ­ 2d the barriers are separate
by 8a, 9a, 10a, 11a, or 12a also with equal probabilities
Each sample contains 100 barriers.

Samples were fabricated using electron beam litho
phy and a shadow evaporation technique. The junct
are small Al-Al2O3-Al tunnel junctions. The capacitanc
C of the lattice junctions is estimated to be 1 fF. The b
rier junctions have a capacitance of about 2 fF. The n
mal state array resistanceRn is s91 6 1d V for all three
samples. Assuming that the normal state resistance o
barrier junctions is half the resistance of the lattice ju
tions, the normal state lattice junction resistancern equals
s14.3 6 0.2d kV. The Ambegaokar-Baratoff result fo
aluminumsicorn ­ 300 mV d leads toEJykB ø 0.5 K and
EJyEC ø 0.52. The lattice constanta is 1.2 mm and the
cell areaS is 2 mm2. The quasistatic vortex mass is a
proximately1023 times the electron mass.

Experiments were performed in a dilution refrigerat
The electrical signals were filtered by means ofRC and
4258
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microwave filters at the temperature of the mixing cha
ber. At room temperature the leads were additionally
tered byP filters. The sample was screened from ma
netic inference by placing it in a superconducting shi
inside am-metal box. A small magnetic field was applie
by two superconducting coils in the Helmholtz configur
tion. The one-dimensional frustrationn is defined as the
magnetic fluxWBS divided by F0. For an infinite sys-
tem,n equals the one-dimensional vortex density.

To characterize the quality of the samples, the depinn
currentId as a function ofn was measured. The depinnin
current is defined as the current at which the voltage o
the array exceeds2 mV . At the depinning current the
vortices have just enough energy to overcome the ba
potentials. BelowId vortex transport is only possible b
thermal activation over the barriers or quantum transp
through the energy band. In Fig. 2(a) the measuredId is
plotted as a function ofn for the three samples. For th
periodic superlatticesd ­ 0d, distinct peaks are observe
at n ­ py10, wherep is an integer number. These pea
reflect the periodic arrangement of the barriers, which
spaced by 10 lattice cells. When disorder is introduc
most peaks disappear. Ford ­ 1, two peaks are observe
on both sides of the “n ­ 0” peak, whereas ford ­ 2 only
one peak on both sides is observed. Ford ­ 1 andd ­ 2,
small peaks aroundn ­ 1 andn ­ 2 are observed. Thes
peaks are due to the periodicity of the lattice junctio
To obtain a more quantitative comparison the Four
transformation of the energy landscape was compu
The potential of the barrier is approximated by the poten
depicted in Fig. 1(b). More than 4 cells from the barr

FIG. 2. (a) The experimental depinning currentId as a
function of n at T ­ 30 mK. (b) Calculated Fourier spectr
Fsnd of the potential landscape of the three samples. The u
on they axis are arbitrary.
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the potential is assumed to be sinusoidal. In Fig. 2(b)
calculated Fourier spectra of the potential landscapes o
three samples are shown. A close resemblance bet
the calculated spectra and the measurements is obse
which reflects the high quality of the samples.

To determine the quantum transport properties of
vortices the zero-bias resistanceR0 was measured b
means of a lock-in technique. The resistance was m
sured with a maximum bias current of 2 pA per junctio
For these small currents the resistance was determ
in the linear response regime. The voltage resolutio
0.4 nV. For the periodic sample,R0 drops sharply to
zero at commensurate densitiesn ­ py10. This local-
ization is due to the effects of the repulsive vortex-vor
interaction and is similar to the forming of a Mott ins
lator which was studied in detail in Ref. [7]. We did n
observe the forming of a Mott insulator atn ­ 1y3 and
n ­ 2y3 as was previously observed [7]. Below, we a
explicitly interested in the effect of disorder on the qua
tum transport at noncommensurate densities. In Fi
the logarithm ofR0 normalized to the normal state a
ray resistanceRn is plotted as a function ofEJykBT at
a one-dimensional vortex densityn ­ 0.44. Here EJ is
the Josephson coupling energy of the lattice junctions.
high T sEJykBT , 0.8d no significant difference was ob
served between the different samples. The vortex tr
port is thermally activated. The corresponding ene
barrier for the thermally activated transport is appro
mately 3EJ for all three samples. This barrier is larg
than the computed value1.7EJ . This discrepancy is no
yet understood. When the temperature is lowered be
600 mK sEJykBT . 0.8d, a significant difference is ob
served between the periodic samplesd ­ 0d and the two

FIG. 3. The logarithm of the normalized resistanceR0yRn as
a function of the normalized reciprocal temperatureEJykBT for
n ­ 0.44. The noise floor atR0yRn ­ 2 3 1023 is denoted by
the dashed line. The dotted line serves as a guide for the
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disordered samples. For the periodic array a finiteR0
sR0yRn ­ 0.015d is observed at the lowest temperature
In contrast, for the disordered arrays the zero-bias re
tance disappears below our experimental resolution.
other words, transport is possible in the periodic sam
resulting in a finite zero-bias mobility of the vortice
whereas in the disordered arrays the vortices are lo
ized sR0 ­ 0d. Between the two disordered samples
clear difference is observed. This observation is con
tent with the fact that in a one-dimensional system ev
very weak disorder causes localization. The localizat
length in the disordered samples is of the order of the
tance between two barrierssø10 cellsd.

For n , 0.3 the zero-bias resistance is too small to
solve even for the periodic sample. For0.3 , n , 0.8
the zero-bias resistance of the periodic sample is sig
icantly larger than the zero-bias resistance of the d
ordered samples. However, aroundn ­ 1 the transport
properties of the three samples are not significantly diff
ent. In Fig. 4 the logarithm of the normalized resistan
is shown as a function of the reciprocal temperature
a large vortex densitysn ­ 1.08d. Whereas for low den-
sities a clear difference is observed between ordered
disordered samples, at high densities no significant dif
ence in transport properties is measured. At high dens
the distance between two neighboring vortices is sm
and therefore the repulsive vortex-vortex interaction
comes more important than at low densities. The exp
mental fact that transport is possible in the disorde
lattices forn ø 1 indicates delocalization of the vortice
due to the repulsive interaction.

To summarize, we have studied the transport of qu
tum vortices in very long and narrow arrays of Joseph

FIG. 4. The logarithm of the normalized resistanceR0yRn as
a function of the normalized reciprocal temperatureEJykBT for
n ­ 1.08. The dashed line is a guide for the eye.
4259



VOLUME 77, NUMBER 20 P H Y S I C A L R E V I E W L E T T E R S 11 NOVEMBER 1996

dis
ve
go
w

the
d
im

ew
e

for
of
is
rk
nta

g.

d

-

E.
.

P.

s.
junctions, with controlled presence and absence of
order. At high temperatures no difference was obser
between ordered and disordered samples; transport is
erned by thermal activation. At low temperatures for lo
vortex densities, localization was clearly observed in
disordered samples. For larger densities the vortices
localize in the disordered systems. This indicates the
portant role of vortex-vortex interaction.
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