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One-Dimensional Localization of Quantum Vortices in Disordered Josephson Junction Arrays
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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

Quantum mechanical particles in a periodic potentiakepulsive interaction. A previous Letter contains an ex-
form energy bands; their wave functions extend througtperimental study of Mott localization of quantum vortices
the system. When the periodicity is distorted the spatiain periodic samples [7]. When the vortex density is com-
extent of the wave functions is reduced. This phenomemensurate with the one-dimensional lattice potential, the
non of Anderson localization [1] has been the subject ofvortices localize due to the effects of vortex-vortex inter-
extensive studies during the past decades [2]. The lowexction. In this Letter we report on an experimental study
the dimensionality of the system, the stronger the effect 0bf the influence of disorder on the quantum transport of
disorder [3]. According to Mott and Twose [4], in one- vortices.
dimensional systems even weak disorder leads to strong The samples consist of a square network of Josephson
localization. Experimentally, few systems are availablgunctions in which each superconducting island is coupled
for a controlled study of the dynamics of particles withto four nearest neighbors (square cell). The lengtbf
one-dimensional motion. In this Letter we report on athe array is very largéL = 1000 cells) compared with
study of the influence of disorder on the quantum transthe widthW (W = 7 cells). Along the length of the ar-
port of vortices in fabricated mesoscopic one-dimensionalay the islands at both edges are connected by a narrow
arrays of Josephson junctions. The great advantage stiperconducting strip (busbar). The vortices are repelled
these systems is that disorder can be introduced in a velyy these busbars and are therefore confined to one dimen-
controlled way. We have compared the transport propersion. The bias current, which exerts a force on the vortex
ties of samples with a slightly distorted periodicity of the in the length direction, is injected in the middle of the
potential to those of a periodic sample. We find that in thebusbar. The voltage, which is induced when the vortices
disordered systems the quantum transport is suppressedmbve, is probed at one end of the busbars [Fig. 1(a)]. To
low temperatures while vortex transport remains possiblstudy the influence of disorder, a periodic superlattice was
in the periodic system. constructed and compared with two slightly disordered

The motion of a vortex in a Josephson junction array is
homologous to the motion of a particle in a potential land-
scape. The potential is periodic when all the junctions
are identical. The energy barrier between two energy
minima is proportional to the Josephson coupling energy
E; = i.o®o/27, wheredy = h/2e is the flux quantum
andi., the critical current of a single junction. Locally,
this energy barrier can be tailored by varyiag of the
junction. The mass of the vortex, can be calculated
quasistatically [5]m, = ®3C/24?, hereC is the capaci-
tance of the junction and the lattice constant. This qua-
sistatic value can serve as an indication for the effective
mass in the band. In a nearly free-vortex approximationg|G. 1. (a) Sketch of the sample layout. The resistance is
the bandwidth is close to twice the single electron chargeetermined by a four terminal measurement. The bias current
ing energyEc = ¢%/2C. A vortex with a large mass in is applied in the middle of the sample and the voltage is probed
an array with high barriereE; > Ec) behaves as a clas- at one end. The lattice junctions and the barrier junctions are

ical ticle. H f I dl b denoted by crosses and stars, respectively. (b) The potential
sical particle. However, tor smaller mass and lower ar'landscape for a vortex traveling through the middle path (along

riers (E; =~ Ec) the vortex exhibits quantum mechanical horizontal arrow) near a barrier. (c) The potential landscape
properties [5—7]. The vortices are bosonic particles withperpendicular to the length direction (along vertical arrow).
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superlattices. A barrier was created by enlargifyjgof = microwave filters at the temperature of the mixing cham-
the junctions at the barrier position with a factor of two. ber. At room temperature the leads were additionally fil-
These junctions will be called “barrier junctions,” whereastered bylIlI filters. The sample was screened from mag-
the other junctions will be called “lattice junctions.” In netic inference by placing it in a superconducting shield
Fig. 1(a) it is illustrated how a barrier is introduced in inside au-metal box. A small magnetic field was applied
the array. A column of junctions with Josephson cou-by two superconducting coils in the Helmholtz configura-
pling energyE; is replaced by junctions with Josephsontion. The one-dimensional frustrationis defined as the
coupling energy2E;. To estimate the actual static po- magnetic fluxWBS divided by ®,. For an infinite sys-
tential landscape numerical simulations were performedem,»n equals the one-dimensional vortex density.
The total potential energf = > ; Ej;;(1 — cos¢;) was To characterize the quality of the samples, the depinning
computed iteratively by solving Kirchhoff's law at each current/; as a function ofi was measured. The depinning
island. Ej; is the Josephson coupling energy of junctioncurrent is defined as the current at which the voltage over
i and ¢; the gauge invariant phase difference of junctionthe array exceed2 wV. At the depinning current the
i. In the calculation induced magnetic fields were ne-vortices have just enough energy to overcome the barrier
glected, which is reasonable because the geometrical seffotentials. Below/,; vortex transport is only possible by
inductanceL; = uoa is much smaller than the Josephsonthermal activation over the barriers or quantum transport
inductancel.; = ®y/(27i.,). A more elaborate calcula- through the energy band. In Fig. 2(a) the measuyeid
tion for a large two-dimensional array, taking into accountplotted as a function o# for the three samples. For the
all inductance effects, was done by Phillgtsal. [8]. The  periodic superlatticéd = 0), distinct peaks are observed
position of the vortex is defined by fixing the phases ofatrn = p/10, wherep is an integer number. These peaks
four islands. The remaining phases are computed. Theeflect the periodic arrangement of the barriers, which are
phases of the islands which are connected by a busbapaced by 10 lattice cells. When disorder is introduced,
are equal. In Fig. 1(b) the result of the calculation ismost peaks disappear. Fér= 1, two peaks are observed
shown. Far from the barrier, the cell-to-cell barrier ison both sides of thexr' = 0” peak, whereas fof = 2 only
0.2E,, which corresponds to the results of Lobbal. [9]  one peak on both sides is observed. &6t 1andé = 2,
for a uniform two-dimensional array. The barrier junc- small peaks around = 1 andrn = 2 are observed. These
tion causes an energy barrier bf E;. The perturbation peaks are due to the periodicity of the lattice junctions.
of the potential spreads out over approximately 3 cells oTo obtain a more quantitative comparison the Fourier
both sides. In Fig. 1(c) the potential energy perpendiculatransformation of the energy landscape was computed.
to the length axis is shown. The vortices travel along theThe potential of the barrier is approximated by the potential
middle path(y = 0) because of the repelling busbars.  depicted in Fig. 1(b). More than 4 cells from the barrier
A comparison was made between periodic and disor-
dered samples. In the periodic superlattice, the distance
between two barriers is alwayida (6 = 0). In others

disorder was introduced using a uniform distribution. In a) b)
the least disordered samil@ = 1) the barriers are sepa- | I; | [ F)

rated by9a, 10a, or 11a with equal probabilities. In the

other disordered sampl{é = 2) the barriers are separated 8=217¢ , _

by 8a, 9a, 10a, 11a, or 12a also with equal probabilities.  p=t
Each sample contains 100 barriers.

Samples were fabricated using electron beam lithogre
phy and a shadow evaporation technique. The junction
are small Al-ALO;-Al tunnel junctions. The capacitance
C of the lattice junctions is estimated to be 1 fF. The bar-
rier junctions have a capacitance of about 2 fF. The nor
mal state array resistangg, is (91 = 1) Q for all three
samples. Assuming that the normal state resistance of tt
barrier junctions is half the resistance of the lattice junc-wj 6=0 | HJ ’H l 3=0
tions, the normal state lattice junction resistangcequals SEm—— L —
(14.3 = 0.2) kQ2. The Ambegaokar-Baratoff result for L. . . . RS . . . .
aluminum(ic,r, = 300 wV)leadstaE, /ky ~05Kand -2 -1 O 1 2 -2 -1 0 1 2
E;/Ec = 0.52. The lattice constant is 1.2 um and the n
cell areaS is 2 um?. The quasistatic vortex mass is ap- FIG. 2. (a) The experimental depinning curreff as a

; o
prOX|ma'Fer10 times the eIectrQn mass. . function of n at T = 30 mK. (b) Calculated Fourier spectra

Experlm'ents were perform_ed in a dilution refrigerator. r(n) of the potential landscape of the three samples. The units
The electrical signals were filtered by meansRaf and  on they axis are arbitrary.

0.5 A

4258



VOLUME 77, NUMBER 20 PHYSICAL REVIEW LETTERS 11 NVEMBER 1996

the potential is assumed to be sinusoidal. In Fig. 2(b) thelisordered samples. For the periodic array a fikte
calculated Fourier spectra of the potential landscapes of th&,/R,, = 0.015) is observed at the lowest temperatures.
three samples are shown. A close resemblance betwedm contrast, for the disordered arrays the zero-bias resis-
the calculated spectra and the measurements is observednce disappears below our experimental resolution. In
which reflects the high quality of the samples. other words, transport is possible in the periodic sample
To determine the quantum transport properties of theesulting in a finite zero-bias mobility of the vortices,
vortices the zero-bias resistand® was measured by whereas in the disordered arrays the vortices are local-
means of a lock-in technique. The resistance was meazed (R, = 0). Between the two disordered samples no
sured with a maximum bias current of 2 pA per junction.clear difference is observed. This observation is consis-
For these small currents the resistance was determingednt with the fact that in a one-dimensional system even
in the linear response regime. The voltage resolution isery weak disorder causes localization. The localization
0.4 nV. For the periodic sampl&, drops sharply to length in the disordered samples is of the order of the dis-
zero at commensurate densities= p/10. This local- tance between two barrie(s-10 cells).
ization is due to the effects of the repulsive vortex-vortex Forn < 0.3 the zero-bias resistance is too small to re-
interaction and is similar to the forming of a Mott insu- solve even for the periodic sample. Fa8 < n < 0.8
lator which was studied in detail in Ref. [7]. We did not the zero-bias resistance of the periodic sample is signif-
observe the forming of a Mott insulator at= 1/3 and icantly larger than the zero-bias resistance of the dis-
n = 2/3 as was previously observed [7]. Below, we areordered samples. However, around= 1 the transport
explicitly interested in the effect of disorder on the quan-properties of the three samples are not significantly differ-
tum transport at noncommensurate densities. In Fig. 8nt. In Fig. 4 the logarithm of the normalized resistance
the logarithm of Ry normalized to the normal state ar- is shown as a function of the reciprocal temperature for
ray resistancer, is plotted as a function of;/kpT at a large vortex densityn = 1.08). Whereas for low den-
a one-dimensional vortex density= 0.44. HereE; is sities a clear difference is observed between ordered and
the Josephson coupling energy of the lattice junctions. Adisordered samples, at high densities no significant differ-
highT (E;/kgT < 0.8) no significant difference was ob- ence in transport properties is measured. At high densities
served between the different samples. The vortex tranghe distance between two neighboring vortices is small,
port is thermally activated. The corresponding energyand therefore the repulsive vortex-vortex interaction be-
barrier for the thermally activated transport is approxi-comes more important than at low densities. The experi-
mately 3E, for all three samples. This barrier is larger mental fact that transport is possible in the disordered
than the computed value7E;. This discrepancy is not lattices forn =~ 1 indicates delocalization of the vortices
yet understood. When the temperature is lowered belowue to the repulsive interaction.
600 mK (E;/kgT > 0.8), a significant difference is ob-  To summarize, we have studied the transport of quan-
served between the periodic sample= 0) and the two tum vortices in very long and narrow arrays of Josephson
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FIG. 3. The logarithm of the normalized resistari&g'R, as

a function of the normalized reciprocal temperatlg' kT for FIG. 4. The logarithm of the normalized resistari@g'R,, as
n = 0.44. The noise floor aRy/R, = 2 X 1073 is denoted by  a function of the normalized reciprocal temperatBygkz T for
the dashed line. The dotted line serves as a guide for the eyen = 1.08. The dashed line is a guide for the eye.
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