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One-Dimensional Mott Insulator Formed by Quantum Vortices in Josephson Junction Arrays

Alexander van Oudenaarden and J. E. Mooij
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 February 1996)

The quantum transport of vortices in very long and narrow arrays of small Josephson junctions has
been studied experimentally. The chemical potential of the system can be changed by an external
magnetic field. When the vortex density is commensurate with the one-dimensional junction lattice, the
vortex mobility vanishes for a finite window of the magnetic field. The localization of the vortices is
due to the forming of a one-dimensional Mott insulator. [S0031-9007(96)00521-2]

PACS numbers: 74.50.+r, 05.30.Jp
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Low-dimensional systems of strongly interacti
bosons reveal a broad spectrum of quantum phase tr
tions. For bosons with repulsive interactions in a perio
potential, a phase transition occurs from a superfl
to a Mott insulator when the boson density chan
from incommensurate to commensurate with the peri
lattice [1]. This phase transition is driven by the com
tition between the hopping of bosons and the repul
interactions between the bosons. In two dimensions
transition has been studied in experimental systems
as 4He on graphite [2] and flux lines in superconduct
with artificial pinning centers [3]. The phase diagram
one-dimensional bosons on a lattice has been theoret
studied with analytical [4] and quantum Monte Ca
methods [5]. The theoretical studies focus mainly
interacting bosons with short-range interactions. Exp
mentally, Josephson junction arrays can be used to s
interacting bosons in one dimension. We do not know
any other experimental one-dimensional boson system

A voltage across a Josephson junction array is c
nected with the motion of vortices. Vortices in Joseph
junction arrays behave as mass-carrying particles in a
riodic potential landscape caused by the junction lat
Traveling from cell to cell the vortex has to overcom
an energy barrier, which is proportional to the Joseph
coupling energyEJ . The vortex mass is inversely pr
portional to the charging energyEC [6]. In the limit of
high barriers and large vortex mass (EJ ¿ EC) the vor-
tices behave as classical particles. For smaller mass
lower barrier height (EJ ø EC) the vortices exhibit quan
tum mechanical properties [6,7]. These quantum vort
behave as bosons. They repel each other over a
range with a force proportional toEJ . Because of the
quantum mechanical nature of the vortices and the p
odic lattice potential, bands will form. The bandwidth
proportional toEC . Josephson junction arrays have
advantage thatEJ and EC are experimentally well con
trollable and can be varied over a wide range.

Is this Letter, we report the observation of a o
dimensional Mott insulator formed by quantum vortic
in a very long and narrow array of Josephson junctio
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Around one-dimensional commensurate densities the
bility of the vortices vanishes for a finite window of th
magnetic field. By varyingEJyEC the stability of the
Mott insulator can be changed. In this way the lobel
shape of the Mott insulating phase of interacting boson
a one-dimensional periodic potential has been determ
experimentally for the first time.

The samples consist of an array of Josephson juncti
Each island is coupled to four neighboring islands (squ
cell) with small Josephson junctions. The lengthL of
the array (L  1000 cells) is much larger than the widt
W of the array (W  7 cells). Along the length of the
array the islands at both edges are connected by a na
superconducting strip (busbar). These busbars repe
vortices and confine the vortex motion to one dimensi
The current is injected in the middle and the volta
probes are situated at one end of the busbar. The sa
layout is schematically sketched in Fig. 1. The area o
cell S is 2 mm2.

Samples were fabricated using electron beam lithog
phy and a shadow evaporation technique. They con
of high quality Al-Al2O3-Al tunnel junctions. We presen
the results of three different samples, which are indica
by A, B, and C. The capacitancesC, estimated from the
nd

s
ng
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-
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FIG. 1. Layout of the sample. The transport properties
determined by a four-terminal measurement. The curren
injected in the middle of the sample and the resulting voltag
measured at one end of the sample. The Josephson junc
are denoted by crosses.
© 1996 The American Physical Society 4947



VOLUME 76, NUMBER 26 P H Y S I C A L R E V I E W L E T T E R S 24 JUNE 1996

1.
rg
e

r
to
ph

fo

ica
n
p
i

rr

fo
]
a
its
ic

ra

a
m

a
ti

th
on

qu

d
ed
pA
in
g.

na
ce

ith
the

o

er
a

om-

s a
ing
he
ces
g

ow
t
the

od
0].
the
are

a
he
th,

o
e-
e
m-

n-
er
or-
he
ed

tt
sity,
overlap area of the junctions, are 2.1 (A), 1.5 (B), and
fF (C), which correspond to values of the charging ene
EC  e2y2C of 0.44 (A), 0.70 (B), and 0.93 K (C). Th
normal state junction resistancesrn are 5.6 (A), 7.6 (B),
and 11.1 kV (C). The variations inC andrn over one array
are approximately 5%. The variations are estimated by
sistance measurements on separate test circuits next
arrays and by scanning electron microscopy photogra
The Josephson coupling energyEJ is given byic0F0y2p,
whereic0 is the intrinsic junction critical current andF0
is the flux quantum. The Ambegaokar-Baratoff result
aluminum (ic0rn  300 mV) leads toEJyEC ratios of 2.8
(A), 1.3 (B), and 0.7 (C). In the absence of geometr
inductance effects the interaction range of the vortex is
screened and the interaction range is cut off by the sam
size. In the presence of induced magnetic fields the
teraction range is screened. For a two-dimensional a
[8] the interaction range isl2D  F0y2pm0ic0a (¿ L),
wherea is the lattice spacing. The interaction range
a one-dimensional parallel Josephson junction array [9
l1D 

p
l2D (60–80 cells). The interaction range in

very long and narrow array is bounded by these two lim
Therefore the long-range interaction between the vort
plays an important role.

The experiments were performed in a dilution refrige
tor. Electrical signals were filtered byRCand microwave
filters at the temperature of the mixing chamber. The le
were additionally filtered by feedthrough rfi filters at roo
temperature. Magnetic interference was screened by
perconducting shield inside a Mumetal box. A magne
field was applied by two small superconducting coils in
Helmholtz configuration. The two-dimensional frustrati
f is defined as the applied magnetic fluxBS per cell area
divided by F0. The one-dimensional frustrationn, rele-
vant for the physics of the one-dimensional system, is e
to WBSyF0  Wf. For an infinite systemn equals the
one-dimensional vortex density.

The zero-bias resistanceR0 of the arrays was measure
by a lock-in technique as a function of the appli
magnetic field. The maximum bias current was 10
per junction, which was small enough to determ
the resistance in the linear response regime. In Fi
R0 normalized to the normal state array resistanceRn

( WrnyL) is shown as a function of the one-dimensio
frustration n for sample C. The zero-bias resistan
increases with increasingn. At n  1y3 the resistance
drops sharply to zero. We observed the same dip
n  2y3. We could not observe a decrease ofR0 at
n  1y2, which is remarkable. In other samples w
EJyEC ø 5, we have observed sharp maxima in
depinning current atn  2y3, 1, 3y2, 2, and 3. We
will not discuss those samples here. In the inset
Fig. 2 the I-V characteristics for a commensurate (n 
1y3) and an incommensurate (n  0.340) vortex density
are shown. At the commensurate density, the z
bias resistance is zero (the vortices are localized)
4948
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FIG. 2. The normalized resistanceR0yRn as a function of the
one-dimensional frustrationn for sample C (T  30 mK). The
resistance drops sharply to zero at the one-dimensional c
mensurate staten  1y3. In the inset theI-V characteristics
are shown for a commensurate fillingn  1y3 and an incom-
mensurate fillingn  0.340 for sample C.

the depinning current is0.1 mA (0.04ic0), whereas for
incommensurate filling the zero-bias resistance ha
finite value (vortices are delocalized) and the depinn
current is 2 orders of magnitude smaller than for t
commensurate density. In the case of localized vorti
(R0  0) the I-V characteristic exhibits superconductin
properties.

In Fig. 3, a blowup of then  1y3 dip is shown for
three different samples. The figure shows that the wind
whereR0  0 decreases asEJyEC decreases. Adjacen
to the dip the resistance oscillates as a function of
magnetic field with a perioddn ø 1y1000  1yL. This
oscillating behavior is a finite size effect. Each peri
corresponds to adding an extra vortex to the array [1
Both the oscillating resistance and the sharpness of
dips at the one-dimensional commensurate values
indicative for the high quality of the samples.

The experimental findings can be interpreted using
model of interacting bosons on a periodic lattice [1]. T
competition between the repulsive interaction streng
proportional toEJ , and the bandwidth, proportional t
EC , determines the mobility of the vortices. The on
dimensional frustrationn can be associated with th
chemical potential. Around the one-dimensional co
mensurate filling the vortices are localized (R0  0): The
vortices form a Mott insulator. In this phase the pote
tial energy required to add or remove a vortex is larg
than the energy the system gains when it allows a v
tex to hop through the one-dimensional lattice. In t
Mott insulating phase, the number of vortices is lock
to the commensurate value. An energy gapEg for the
creation of a particle or hole excitation exists in the Mo
insulating phase. Precisely at the commensurate den
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FIG. 3. The normalized resistanceR0yRn as a function of
the one-dimensional frustrationn for samples A, B, and C
(T  30 mK) around the one-dimensional commensurate s
n0  1y3. The curves for samples B and C have an offse
R0yRn of 0.1 and 0.2, respectively, which is proportional to t
relative increase ofECyEJ for samples B and C. In this way th
phase diagram can be constructed. The dashed lines ind
the phase boundary between the conducting phase and the
insulating phase.

Eg has its maximum value. The energy gap decrea
away from the commensurate filling and equals zero
the phase boundary. At incommensurate filling, the
netic energy gain is larger than the potential energy cos
add or remove a vortex, which results in delocalized v
tices (R0 fi 0). DecreasingEJyEC results in a decrease o
the interaction strength and an increase of the bandw
Therefore, for samples with relatively largeEJyEC the
vortices are localized for a larger range of the magn
field than samples with a relatively smallEJyEC. In this
way the lobelike shape of the phase diagram in Fig. 3
be understood.

In Fig. 4 the rangeDn where the Mott insulator is
stable (R0  0) is plotted as a function of temperatur
The shape of the lobe near the phase boundary
be deduced from the temperature dependence. At fi
temperature the thermal activation energy can overc
Eg. When the temperature is increased, the first instab
will occur near the phase boundary, because hereEg

is smallest. The phase boundaries move towardsn0
when the temperature is increased. Experimentally
have observed a linear decrease ofDn as a function of
temperature forT , 500 mK. This linear dependenc
indicates a linear relation betweenEg and n 2 n0 near
the phase boundaries. The slope of theDn versusT
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FIG. 4. The rangeDn for which the vortices form a Mott
insulator as a function of the temperature. Note thatDn is of
the order of1022, which corresponds to a magnetic inductio
B of only 1022 G.

curve is approximately the same for the three samp
For T . 500 mK, Dn drops sharply to zero. For thes
high temperatures the influence of quasiparticles beco
important, which suppresses quantum effects and prov
a dissipation mechanism for the vortices. At high
temperatures the superconducting gap of aluminum
starts to decrease, which results in a decrease ofEJ .

In conclusion, we have experimentally observed a o
dimensional Mott insulator formed by quantum vortices
very long and narrow arrays of small Josephson junctio
We have investigated the stability of the Mott insulati
phase as a function of the repulsion between the vort
(~ EJ), the bandwidth (~ EC), and the temperature
The experiments indicate that long and narrow arr
are promising experimental systems to study interac
bosons in one dimension.
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