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THE ROLE OF VORTICES
THE GAUSSIAN APPROXIMATION IS NOT ENOUGH: IT DOESN’T TAKE INTO ACCOUNT
THE PRESENCE OF VORTICES!
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THE ROLE OF VORTICES
THE GAUSSIAN APPROXIMATION IS NOT ENOUGH: IT DOESN’T TAKE INTO ACCOUNT
THE PRESENCE OF VORTICES!

A simple estimate...
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When does the transition occurs? 

!  Simple estimate: balance between energy and entropy 

T<TBKT T>TBKT 

Stuttgart, 13-01-2015 
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Js(TBKT) = fl2nsd
4m

= fl2d
4e2µo∏2 = 2TBKT

º

Js universal jump at T =TBKT is the hallmark of the transition!

When does the transition occurs? 

!  Simple estimate: balance between energy and entropy 

!  This translates in the well known superfluid-density jump: at a 
critical value of the superfluid stiffness J the BKT transition 
occurs 

Stuttgart, 13-01-2015 
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Universal jump observed in He films.
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What we would expect in SC film?
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BKT IN ULTRATHIN SC FILMS
SOME COMPLICATIONS:

L. Presence of quasiparticles excitations

When does the transition occurs? 

!  Simple estimate: balance between energy and entropy 

!  This translates in the well known superfluid-density jump: at a 
critical value of the superfluid stiffness J the BKT transition 
occurs 

Stuttgart, 13-01-2015 
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However, additional effects are present 
that can modify this simple  

text-book picture 

L. Screening effects due to charged supercurrents©. Screening effects due to charged supercurrents

L. Presence of disorder

G.Lemarie et al PRB 87 (2013)

STM map of the local
SC order parameter in

NbN-films
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SOME COMPLICATIONS:

L. Presence of quasiparticles excitations

L. Screening effects due to charged supercurrents
Vortices interact logarithmically only up to the Pearl length

§= ∏2

d

Reducing the thickness d of the film !§> L
) vortices interact logarithmically at all length scale!

©. Screening effects due to charged supercurrents

L. Presence of disorder

G.Lemarie et al PRB 87 (2013)

STM map of the local
SC order parameter in

NbN-films
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BKT IN ULTRATHIN SC FILMS
SOME COMPLICATIONS:
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L. Screening effects due to charged supercurrents
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DISORDERED ULTRATHIN SC FILMS
THEORETICAL STUDY:
T.CEA, D. BUCHELI, G. SEIBOLD, L. BENFATTO, J. LORENZANA AND C. CASTELLANI PRB 89 (2014)

Mean Field calculations at T=0 for an effective boson model
! Effective model with disordered coupling Jij

Jij = Jsin¡i sin¡jOPTICAL EXCITATION OF PHASE MODES IN STRONGLY . . . PHYSICAL REVIEW B 89, 174506 (2014)
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FIG. 5. (Color online) (a) and (b) Density of phase modes N (ω)
and effective dipole Zα at two values of disorder (averaged over 100
disorder configurations). (c) Spatial structure of the phase modes
φαi in the one-dimensional case for a given disorder realization. The
solid lines represent the spatial dependence of the eigenfunctions φαi

[whose gradient enters Eq. (17) for the effective dipole Zα] at selected
values of the excitation energies Eα . In the lower part of the figure we
also represent with bars the spatial variations of the local stiffness J x

i .
As one can see, the largest effective dipole Zα is realized for the blue
and orange excitations, whose monotonic phase variations overlap
with a region of large local stiffness.

σreg(ω) (see Appendix B). The results are shown in Fig. 3 and in
the inset of Fig. 2. As one can see, at large U the bosonic model
reproduces in a quantitative way the characteristic energy
scales for optical absorption in the fermionic model. At weaker
coupling the comparison is instead only qualitative, due partly
to the difficulties of clearly separating the contribution of
quasiparticles and collective modes.

Let us finally analyze the connection between the optical
response and the inhomogeneous spatial distribution of the
SC properties. The optical response (16) is proportional to
the density of states of phase modes N (ω), weighted by
the effective dipole function Zα of Eq. (17). Both quantities
depend on disorder, as shown in Figs. 5(a) and 5(b), and in
general the 1/Eα prefactor of Eq. (17) favors a larger dipole
for lower-energy modes. In addition at strong disorder, when
the system segregates into SC islands with large local stiffness
J i

µ, the optical absorption is large when the phase excitations
occur inside the SC regions, according to Eq. (17). This effect
can be better visualized in a one-dimensional version of the
model (10), as shown in Fig. 5(c). Here one can clearly see that
the largest optical dipole is realized when a monotonic phase
variation overlaps with a good SC region. Since the charge is
the conjugate variable of the phase gradients, one then realizes
a charge unbalance on the two sides of the island, making it
optically active.

At strong disorder this space-selective optical absorption
is strictly connected to the emergence of percolative paths
for the superfluid currents, analogous to the ones discussed
in Ref. [30] for the fermionic model (1). In Fig. 6 we show
at two values of W/J the currents in the presence of a finite
applied field A = −Ax̂ for a given disorder configuration,
superimposed on the map of the local stiffnesses J x

i . Since
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FIG. 6. (Color online) Local supercurrents (arrows) for an ap-
plied field A = −Ax̂ superimposed over the map of the local
stiffnesses J x

i /J for a given disorder realization and two values of
W/J . The size of the arrows is proportional to the strength of the
total local current, whose diamagnetic contribution is proportional to
the local stiffness displayed in the underlying map. The current flows
along preferential paths connecting the regions with large J x

i . This
means that the isolated SC islands, i.e., those which reside far from
the main percolative paths of the current, have a large paramagnetic
response responsible for the absorption at finite frequencies. For
example, for W/J = 18 the whole diamagnetic contribution of the
white regions on the bottom of the map is transferred to σreg(ω).

J x
i is a measure of the local diamagnetic response, a small

current occurring over a good SC region is due to a large local
paramagnetic response, i.e., to an optical absorption at finite
frequencies. At strong disorder the percolative supercurrent
paths leave aside several isolated SC islands, which then
contribute to σreg(ω) thanks to the dipole-activation mechanism
explained above.

IV. CONCLUSIONS

In summary, we computed the optical response due to col-
lective modes in two prototype fermionic and bosonic models
for disordered superconductors. In both cases we find that
disorder renders phase fluctuations optically active, in a range
of energies that lies below the threshold for single-particle
excitations for the fermionic case. The bosonic approach
allows us to establish a clear correspondence between the
optical response and the spatial inhomogeneity of the SC order
parameter, showing that optical absorption stems predomi-
nantly from phase fluctuations within the good SC regions.
Besides explaining recent experiments in strongly disordered
superconductors [14–17] our results could be further checked
experimentally by means of near-field scanning microwave
impedance microscopy [33]. Indeed, the proposed mechanism
of direct correspondence between the SC granularity and
optical absorption, evidenced in Fig. 6, can be potentially
mapped out by this technique, which is able to resolve spatial
variations at length scales well below the radiation wavelength.
In this respect the variation of the microwave optical properties
of disordered superconductors at the nanoscale can be used
to improve the performance of SC microresonators built in
standard geometries or even to design new nanoelectric devices
targeted for space- and frequency-selective applications.

174506-5

Disorder structured in real space!!
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σreg(ω) (see Appendix B). The results are shown in Fig. 3 and in
the inset of Fig. 2. As one can see, at large U the bosonic model
reproduces in a quantitative way the characteristic energy
scales for optical absorption in the fermionic model. At weaker
coupling the comparison is instead only qualitative, due partly
to the difficulties of clearly separating the contribution of
quasiparticles and collective modes.

Let us finally analyze the connection between the optical
response and the inhomogeneous spatial distribution of the
SC properties. The optical response (16) is proportional to
the density of states of phase modes N (ω), weighted by
the effective dipole function Zα of Eq. (17). Both quantities
depend on disorder, as shown in Figs. 5(a) and 5(b), and in
general the 1/Eα prefactor of Eq. (17) favors a larger dipole
for lower-energy modes. In addition at strong disorder, when
the system segregates into SC islands with large local stiffness
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optically active.

At strong disorder this space-selective optical absorption
is strictly connected to the emergence of percolative paths
for the superfluid currents, analogous to the ones discussed
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frequencies. At strong disorder the percolative supercurrent
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contribute to σreg(ω) thanks to the dipole-activation mechanism
explained above.

IV. CONCLUSIONS

In summary, we computed the optical response due to col-
lective modes in two prototype fermionic and bosonic models
for disordered superconductors. In both cases we find that
disorder renders phase fluctuations optically active, in a range
of energies that lies below the threshold for single-particle
excitations for the fermionic case. The bosonic approach
allows us to establish a clear correspondence between the
optical response and the spatial inhomogeneity of the SC order
parameter, showing that optical absorption stems predomi-
nantly from phase fluctuations within the good SC regions.
Besides explaining recent experiments in strongly disordered
superconductors [14–17] our results could be further checked
experimentally by means of near-field scanning microwave
impedance microscopy [33]. Indeed, the proposed mechanism
of direct correspondence between the SC granularity and
optical absorption, evidenced in Fig. 6, can be potentially
mapped out by this technique, which is able to resolve spatial
variations at length scales well below the radiation wavelength.
In this respect the variation of the microwave optical properties
of disordered superconductors at the nanoscale can be used
to improve the performance of SC microresonators built in
standard geometries or even to design new nanoelectric devices
targeted for space- and frequency-selective applications.
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DISORDERED ULTRATHIN SC FILMS
OPEN QUESTIONS:

1. What happens for T 6= 0?

2. Can the disorder explain the smearing of the superfluid
stiffness jump observed?

M.Mondal et al. PRL 107 (2011)
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œ Z.Han et al Nature 10 (2014)NATURE PHYSICS DOI: 10.1038/NPHYS2929 ARTICLES
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Figure 1 | Proximity-coupled array of superconducting discs on graphene.
a, Schematics of the device, involving a triangular array of superconducting
tin discs decorating the bare graphene surface. The device is connected to a
current source and measured using a four-probe measurement set-up.
b, Optical micrograph of the sample. The black lines indicate the graphene
sample plasma-etched Hall bar, which is connected to the gold electrodes
seen on the edge of the image. The graphene surface is decorated with a
regular array of tin discs of diameter 400 nm, separated by 1 µm between
centres. c, Scanning electron micrograph of the dashed rectangular region
in b showing the triangular lattice of tin discs with diameter 2a and
separated by a distance b.

superconductivity on the discs by the inverse proximity e�ect26.
As we describe below, these capabilities, along with quantitative
comparisons with theory, allow us to reveal both the collapse of
superconductivity by quantum phase fluctuations, and the ensuing
2D metallic state. In addition, under perpendicular magnetic
field a re-entrant superconducting state is observed at our lowest
temperatures, as expected from theory27–29.

Berezinskii–Kosterlitz–Thouless transition
Our proximity-induced array consists of a triangular lattice of
disc-shaped superconducting islands, which are deposited onto a
graphene Hall bar equipped with a backgate electrode (Fig. 1). The
superconducting discs are in the form of 50 nm thick tin films, with
diameter 2a= 400 nm. Discs are separated by a distance b= 1µm
between their centres (Fig. 1). The electronmobility of the graphene
extracted from a fit of the field e�ect and fromHall measurements is
680 cm2 V�1 s�1 at high gate voltages (Supplementary Fig. 1), while
the mean free path l can be varied with the backgate in the range
10–30 nm (Supplementary Fig. 2), corresponding to a di�usion
coe�cient D=50–140 cm2 s�1 (Supplementary Fig. 2). Our system
di�ers considerably from previous experiments performed on tin–
graphene hybrids4,30, for which tin clusters of random shapes
densely self-assembled on the graphene surface by dewetting.
Those experiments were performed in the opposite regime of short
junctions (coherence length � b) and in one case4 in the limit
of strongly disordered graphene (mean free path ⌧ b), for which

a superconductor-to-insulator quantum phase transition has been
observed on decreasing the graphene charge carrier density.

We begin the presentation of the data by describing the
two-step transition31,32 that the sample undergoes towards the
superconducting state. On cooling from the normal state, a gate-
independent resistance drop occurs at a temperature of ~3.6 K
(Fig. 2a, red and blue curves, also Supplementary Fig. 3), which
is consistent with a previous observation of the superconducting
transition temperature of tin nanoparticles30. We attribute this
first drop to the superconducting transition of the discs, which
locally shunt the graphene area underneath. The relative resistance
drop 1R/RN at this transition amounts to 20% on the electron
side and 10% on the hole side, in good agreement with a model
including a carrier dependent tin/graphene interface transparency
(Supplementary Information). Such an electron/hole asymmetry is
related to the pinning of the charge density of graphene below the
metal33, which in the case of tin30 leads to a p/n junction on the
hole side and a transparent p/p junction on the electron side. In the
rest of the paper, we will focus rather on the electronic properties
of the system on the electron side, for which the relative drop of
resistance 1R/RN exceeds the filling factor of the tin deposition
(Supplementary Fig. 3), indicating that the tin/graphene interface
conductance greatly exceeds the quantum of conductance.

Further cooling enhances the proximity e�ect via the graphene,
which eventually leads to the percolation of superconductivity and
the establishment of a 2D superconducting state (Supplementary
Fig. 3a,b). As shown in Fig. 2a, at gate voltages between 0 and 30V,
the resistance decreases when the temperature is lowered from 3K
to 0.06K. An opposite trend is seen for gate voltages close to the
charge neutrality point (namely, from �30V to 0V).

Below 1K and for gate voltages above �3V, the proximity-
coupled array develops full superconductivity, with a zero
resistance state and a gate-dependent critical temperature. The
transition is captured by a Berezinskii–Kosterlitz–Thouless (BKT)
mechanism34,35, which describes the 2D superconducting transition
as a proliferation and unbinding, atT BKT

c , of vortex–antivortex pairs,
that is, thermal phase fluctuations of the superconducting order
parameter. A colour-scaled map showing the device resistance
versus gate voltage and temperature is shown in Fig. 2b. The
experimentally measured superconducting temperature Tc is
indicated by the white contour. The higher positive gate voltage
leads to higher Tc, whereas Tc vanishes in the region around the
charge neutrality point, between �30V and �3V.

For Josephson junction arrays, the value of T BKT
c is directly

proportional to the Josephson energy EJ(b,T ) of a single junction
formed between two superconducting discs. For a triangular lattice,
the relation reads29:

T BKT
c '1.47EJ(b,T BKT

c ) (1)

where EJ(b, T ) depends on the metal conductance g , the inter-
disc distance b and the di�usion coe�cient D (Methods). Using
experimentally extracted values ofD and of the graphene resistance
measured at 4 K for all back-gate values, we calculated T BKT

c by
solving (1) self-consistently with respect to T for the entire back-
gate range (Methods). In Fig. 2b, the resulting T BKT

c is shown by the
dashed line. For high gate voltages (that is,Vg >10V) this theoretical
value of T BKT

c is in excellent agreement with the experimental
critical temperatureTc without any fitting parameter, supporting the
theoretical model29.

The critical supercurrent at T =0 provides another computable
physical quantity in such arrays. As shown in Fig. 3a, the plot of
the di�erential resistance dV/dI versus bias current and Vg allows
us to obtain the full Vg dependence on Ic at T = 0.06K. In the
zero-temperature limit, the critical current of an array of discs can
be inferred from the Josephson coupling energy of neighbouring
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Approaching zero-temperature metallic states
in mesoscopic superconductor–normal–
superconductor arrays
Serena Eley1, Sarang Gopalakrishnan1, Paul M. Goldbart2 and Nadya Mason1*
Systems of superconducting islands placed on normal metal
films offer tunable realizations of two-dimensional (2D)
superconductivity1,2; they can thus elucidate open questions
regarding the nature of 2D superconductors and competing
states. In particular, island systems have been predicted to
exhibit zero-temperature metallic states3–5. Although evidence
exists for such metallic states in some 2D systems6,7, their
character is not well understood: the conventional theory of
metals cannot explain them8, and their properties are dif-
ficult to tune7,9. Here, we characterize the superconducting
transitions in mesoscopic island-array systems as a function
of island thickness and spacing. We observe two transitions
in the progression to superconductivity. Both transition tem-
peratures exhibit unexpectedly strong depression for widely
spaced islands, consistent with the system approaching zero-
temperature (T=0)metallic states. In particular, the first tran-
sition temperature seems to linearly approach T = 0 for finite
island spacing. The nature of the transitions is explained using
a phenomenological model involving the stabilization of super-
conductivity on each island via a coupling to its neighbours.

Conventional zero-temperature (T = 0) metallic states do not
exist in 2D systems possessing any disorder, because of Anderson
localization8,9. To reconcile this fact with experimental evidence for
T = 0 metals in 2D, it has been proposed that the experimental
observations do not pertain to conventional metals, but rather
to spatially inhomogeneous superconducting (or, more generally,
correlated) states3,4,10. Inhomogeneity is thought to arise in some
of these systems because of phase separation; however, it can also
be tunably engineered, for example, in hybrid superconductor–
normal–superconductor (SNS) systems, such as the arrays studied
here. In arrays of SNS junctions, the diffusion of electron pairs
from the superconductor into the normal metal11–13—known as the
proximity effect—gives rise to global superconductivity, through a
transition typically described using the phenomenological theory
of Lobb, Abraham and Tinkham (LAT)14. According to the LAT
theory, the T = 0 state is always superconducting, and no zero-
temperature metallic state should appear.

Most previous studies of SNS arrays used islands much larger
than the superconducting coherence length ⇠SC (that is, having
well-defined superconductivity)1; however, there is evidence that
arrays of mesoscopic islands (that is, islands of dimensions
comparable to ⇠SC) exhibit behaviour that deviates from the
LAT theory5,15, and might therefore possess non-superconducting
T = 0 states. Furthermore, the dependence of the superconducting
transition on key parameters—such as island spacing and size—has

1Department of Physics and Frederick Seitz Materials Research Laboratory, 104 South Goodwin Avenue, The University of Illinois Urbana-Champaign,
Urbana, Illinois 61801-2902, USA, 2School of Physics, Georgia Institute of Technology, 837 State Street, Atlanta, Georgia 30332-0430, USA.
*e-mail: nadya@illinois.edu.
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Figure 1 |AFM topography of arrays of Nb islands on Au and SEM image
of device. a,b, AFM images of arrays of 87-nm-thick Nb islands (red) on
10-nm-thick Au underlayer (yellow). Each array has an edge-to-edge
spacing of 140 nm (a) and 340 nm (b). The scale bar is 500 nm. c, False
colour SEM image of island array (red rectangle) overlapping Au four-probe
pattern (yellow), with the measurement schematic indicated.

not previously been studied systematically. In this Letter, we present
transport measurements on arrays of mesoscopic niobium (Nb)
islands having systematically varying inter-island spacings, placed
on patterned gold (Au) films. We observe that the device resistance
drops to zero in two steps as the temperature is lowered. The lower-
temperature drop, at temperature T2, is associated with super-
conducting phase-locking across the array; the data show that the
dependence of T2 on island spacing and thickness deviates strongly
from LAT theory. Surprisingly, the higher-temperature drop, at T1,
traditionally associated with the superconducting transition of each
island, also depends strongly on the island spacing, and seems to
extrapolate to zero at finite spacings. This observation implies that
superconductivity on individual islands is fragile, and that a T = 0
metallic statemight be realizable for veryweakly coupled islands.

Our samples consist of 10 nm-thick Au, patterned for four-point
transport measurements, on Si/SiO2 substrates (see Methods for
fabrication details). The Au patterns are overlaid with triangular
arrays of 260 nm diameter Nb islands, as shown in Fig. 1. Each
array contains more than 10,000 Nb islands. The data in this Letter
are from two sets of devices: having 87-nm (±2 nm)- and 145-nm
(±2 nm)-thick Nb islands respectively. The devices in each set
are identical, except for varied island spacing. X-ray diffraction
and scanning electron microscopy of the Nb revealed columnar
grains⇠30 nm in diameter, typical of evaporated Nb (ref. 16); thus,
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Figure 1 | Proximity-coupled array of superconducting discs on graphene.
a, Schematics of the device, involving a triangular array of superconducting
tin discs decorating the bare graphene surface. The device is connected to a
current source and measured using a four-probe measurement set-up.
b, Optical micrograph of the sample. The black lines indicate the graphene
sample plasma-etched Hall bar, which is connected to the gold electrodes
seen on the edge of the image. The graphene surface is decorated with a
regular array of tin discs of diameter 400 nm, separated by 1 µm between
centres. c, Scanning electron micrograph of the dashed rectangular region
in b showing the triangular lattice of tin discs with diameter 2a and
separated by a distance b.

superconductivity on the discs by the inverse proximity e�ect26.
As we describe below, these capabilities, along with quantitative
comparisons with theory, allow us to reveal both the collapse of
superconductivity by quantum phase fluctuations, and the ensuing
2D metallic state. In addition, under perpendicular magnetic
field a re-entrant superconducting state is observed at our lowest
temperatures, as expected from theory27–29.

Berezinskii–Kosterlitz–Thouless transition
Our proximity-induced array consists of a triangular lattice of
disc-shaped superconducting islands, which are deposited onto a
graphene Hall bar equipped with a backgate electrode (Fig. 1). The
superconducting discs are in the form of 50 nm thick tin films, with
diameter 2a= 400 nm. Discs are separated by a distance b= 1µm
between their centres (Fig. 1). The electronmobility of the graphene
extracted from a fit of the field e�ect and fromHall measurements is
680 cm2 V�1 s�1 at high gate voltages (Supplementary Fig. 1), while
the mean free path l can be varied with the backgate in the range
10–30 nm (Supplementary Fig. 2), corresponding to a di�usion
coe�cient D=50–140 cm2 s�1 (Supplementary Fig. 2). Our system
di�ers considerably from previous experiments performed on tin–
graphene hybrids4,30, for which tin clusters of random shapes
densely self-assembled on the graphene surface by dewetting.
Those experiments were performed in the opposite regime of short
junctions (coherence length � b) and in one case4 in the limit
of strongly disordered graphene (mean free path ⌧ b), for which

a superconductor-to-insulator quantum phase transition has been
observed on decreasing the graphene charge carrier density.

We begin the presentation of the data by describing the
two-step transition31,32 that the sample undergoes towards the
superconducting state. On cooling from the normal state, a gate-
independent resistance drop occurs at a temperature of ~3.6 K
(Fig. 2a, red and blue curves, also Supplementary Fig. 3), which
is consistent with a previous observation of the superconducting
transition temperature of tin nanoparticles30. We attribute this
first drop to the superconducting transition of the discs, which
locally shunt the graphene area underneath. The relative resistance
drop 1R/RN at this transition amounts to 20% on the electron
side and 10% on the hole side, in good agreement with a model
including a carrier dependent tin/graphene interface transparency
(Supplementary Information). Such an electron/hole asymmetry is
related to the pinning of the charge density of graphene below the
metal33, which in the case of tin30 leads to a p/n junction on the
hole side and a transparent p/p junction on the electron side. In the
rest of the paper, we will focus rather on the electronic properties
of the system on the electron side, for which the relative drop of
resistance 1R/RN exceeds the filling factor of the tin deposition
(Supplementary Fig. 3), indicating that the tin/graphene interface
conductance greatly exceeds the quantum of conductance.

Further cooling enhances the proximity e�ect via the graphene,
which eventually leads to the percolation of superconductivity and
the establishment of a 2D superconducting state (Supplementary
Fig. 3a,b). As shown in Fig. 2a, at gate voltages between 0 and 30V,
the resistance decreases when the temperature is lowered from 3K
to 0.06K. An opposite trend is seen for gate voltages close to the
charge neutrality point (namely, from �30V to 0V).

Below 1K and for gate voltages above �3V, the proximity-
coupled array develops full superconductivity, with a zero
resistance state and a gate-dependent critical temperature. The
transition is captured by a Berezinskii–Kosterlitz–Thouless (BKT)
mechanism34,35, which describes the 2D superconducting transition
as a proliferation and unbinding, atT BKT

c , of vortex–antivortex pairs,
that is, thermal phase fluctuations of the superconducting order
parameter. A colour-scaled map showing the device resistance
versus gate voltage and temperature is shown in Fig. 2b. The
experimentally measured superconducting temperature Tc is
indicated by the white contour. The higher positive gate voltage
leads to higher Tc, whereas Tc vanishes in the region around the
charge neutrality point, between �30V and �3V.

For Josephson junction arrays, the value of T BKT
c is directly

proportional to the Josephson energy EJ(b,T ) of a single junction
formed between two superconducting discs. For a triangular lattice,
the relation reads29:

T BKT
c '1.47EJ(b,T BKT

c ) (1)

where EJ(b, T ) depends on the metal conductance g , the inter-
disc distance b and the di�usion coe�cient D (Methods). Using
experimentally extracted values ofD and of the graphene resistance
measured at 4 K for all back-gate values, we calculated T BKT

c by
solving (1) self-consistently with respect to T for the entire back-
gate range (Methods). In Fig. 2b, the resulting T BKT

c is shown by the
dashed line. For high gate voltages (that is,Vg >10V) this theoretical
value of T BKT

c is in excellent agreement with the experimental
critical temperatureTc without any fitting parameter, supporting the
theoretical model29.

The critical supercurrent at T =0 provides another computable
physical quantity in such arrays. As shown in Fig. 3a, the plot of
the di�erential resistance dV/dI versus bias current and Vg allows
us to obtain the full Vg dependence on Ic at T = 0.06K. In the
zero-temperature limit, the critical current of an array of discs can
be inferred from the Josephson coupling energy of neighbouring
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The gate-tunable sheet resistance
of graphene allows to vary the

coupling J between islands.

Collapse of superconductivity at T = 0.
! Emergence of an unexpected state.
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Figure 2 | Collapse of superconductivity in the proximity-coupled array. a, Gate voltage dependence of the four-probe resistance for three di�erent
temperatures. The curve at T = 4 K gives the gate dependence of the device resistance above the superconducting transition of the tin discs. At T =3 K, the
resistance drops throughout the full gate range owing to the superconducting transition of the tin discs. At the base temperature of 0.06 K, the array
undergoes a transition from the superconducting to the resistive state for �29 V <Vg <�3 V and the resistance exhibits a sharp peak at the charge
neutrality point, indicated by Vd, the so-called Dirac voltage. b, Colour-scaled map of resistance versus temperature and gate voltage ( Vg). The
superconducting phase (S) on the electron-doped side is shown as the blue area and the superconducting critical temperature Tc bordering the resistive
state is indicated by the white contour. The dashed line is calculated from equation (1) without a fitting parameter. The experimental Tc deviates around
Vg =5 V towards a sharp breakdown of the superconducting state at Vg =�3 V. c, Line cuts from b of the temperature dependence of the array resistance.
Whereas the resistance drops into a fully superconducting state for Vg �Vd > 10V, a levelling-o� to a gate-dependent finite value is observed for
0<Vg �Vd < 10V.

discs29, which is given by:

EJ (b,T =0)= �3

4
g�D

b2 ln2(b/a)
= �

2e
I1 (2)

where g =�/(e2R�) is the dimensionless conductance of graphene
in the normal state, with R� the sheet resistance, and I1 is the
maximum supercurrent between two neighbouring discs. The total
critical current Ic can be estimated by summing the local critical
current I1 of each of the disc neighbours (Fig. 1b) of the array,
which contribute as parallel channels, and by neglecting the small
contribution to Ic fromnon-nearest pairs of discs, leading to: Ic ⇡6I1.
According to the above relations, at T ⌧Tc, the product of IcRN
(RN being the graphene sheet resistance in the normal state) should
depend only on di�usion coe�cient D for a given geometry. This
can be directly tested, as the use of graphene as a 2D disordered
metal enables one to gate-tune the di�usion coe�cient while
keeping all geometrical aspects of the array constant. By extracting
the experimental critical current Ic from Fig. 3a, and measuring RN
at 4 K (Fig. 2a), we plot the quantity eIcRN/�D as a function of the
gate voltage in Fig. 3b. One can see that above a given doping level

this quantity reaches a constant level of 3.6×109cm�2. Such a value
matches the quantity 3�3/b2 ln2(b/a) (dashed line in Fig. 3b), which
depends only on the geometry of the array. Therefore, at high gate
voltages, this experiment follows the theoretical predictions for such
proximity-coupled arrays of discs sparsely decorating graphene29.

Quantum breakdown of superconductivity
The central result of this work is the anomalous reduction of the
sample’s critical temperature Tc with respect to the calculated TBKT
on increasing graphene resistance, leading to a sudden collapse of
superconductivity when approaching the charge neutrality point of
the graphene layer (dark red region of Fig. 2b). The Vg-dependence
of Tc shown in Fig. 2b first deviates from T BKT

c towards lower
temperatures for Vg < 10 V, and then abruptly drops to zero at
around�3V. The suppression of superconductivity is also apparent
in the Vg-dependence of the critical supercurrent Ic at 0.06 K. As
can be seen in Fig. 3, the zero-resistance state (blue region, marked
as ‘S’ in Fig. 3a) disappears when Vg = �3V, in a similar fashion
as for Tc. We attribute these significant deviations, culminating
in the collapse of superconductivity, to the failure of the BKT
model29, which takes into account only thermal phase fluctuations.
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Approaching zero-temperature metallic states
in mesoscopic superconductor–normal–
superconductor arrays
Serena Eley1, Sarang Gopalakrishnan1, Paul M. Goldbart2 and Nadya Mason1*
Systems of superconducting islands placed on normal metal
films offer tunable realizations of two-dimensional (2D)
superconductivity1,2; they can thus elucidate open questions
regarding the nature of 2D superconductors and competing
states. In particular, island systems have been predicted to
exhibit zero-temperature metallic states3–5. Although evidence
exists for such metallic states in some 2D systems6,7, their
character is not well understood: the conventional theory of
metals cannot explain them8, and their properties are dif-
ficult to tune7,9. Here, we characterize the superconducting
transitions in mesoscopic island-array systems as a function
of island thickness and spacing. We observe two transitions
in the progression to superconductivity. Both transition tem-
peratures exhibit unexpectedly strong depression for widely
spaced islands, consistent with the system approaching zero-
temperature (T=0)metallic states. In particular, the first tran-
sition temperature seems to linearly approach T = 0 for finite
island spacing. The nature of the transitions is explained using
a phenomenological model involving the stabilization of super-
conductivity on each island via a coupling to its neighbours.

Conventional zero-temperature (T = 0) metallic states do not
exist in 2D systems possessing any disorder, because of Anderson
localization8,9. To reconcile this fact with experimental evidence for
T = 0 metals in 2D, it has been proposed that the experimental
observations do not pertain to conventional metals, but rather
to spatially inhomogeneous superconducting (or, more generally,
correlated) states3,4,10. Inhomogeneity is thought to arise in some
of these systems because of phase separation; however, it can also
be tunably engineered, for example, in hybrid superconductor–
normal–superconductor (SNS) systems, such as the arrays studied
here. In arrays of SNS junctions, the diffusion of electron pairs
from the superconductor into the normal metal11–13—known as the
proximity effect—gives rise to global superconductivity, through a
transition typically described using the phenomenological theory
of Lobb, Abraham and Tinkham (LAT)14. According to the LAT
theory, the T = 0 state is always superconducting, and no zero-
temperature metallic state should appear.

Most previous studies of SNS arrays used islands much larger
than the superconducting coherence length ⇠SC (that is, having
well-defined superconductivity)1; however, there is evidence that
arrays of mesoscopic islands (that is, islands of dimensions
comparable to ⇠SC) exhibit behaviour that deviates from the
LAT theory5,15, and might therefore possess non-superconducting
T = 0 states. Furthermore, the dependence of the superconducting
transition on key parameters—such as island spacing and size—has

1Department of Physics and Frederick Seitz Materials Research Laboratory, 104 South Goodwin Avenue, The University of Illinois Urbana-Champaign,
Urbana, Illinois 61801-2902, USA, 2School of Physics, Georgia Institute of Technology, 837 State Street, Atlanta, Georgia 30332-0430, USA.
*e-mail: nadya@illinois.edu.
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Figure 1 |AFM topography of arrays of Nb islands on Au and SEM image
of device. a,b, AFM images of arrays of 87-nm-thick Nb islands (red) on
10-nm-thick Au underlayer (yellow). Each array has an edge-to-edge
spacing of 140 nm (a) and 340 nm (b). The scale bar is 500 nm. c, False
colour SEM image of island array (red rectangle) overlapping Au four-probe
pattern (yellow), with the measurement schematic indicated.

not previously been studied systematically. In this Letter, we present
transport measurements on arrays of mesoscopic niobium (Nb)
islands having systematically varying inter-island spacings, placed
on patterned gold (Au) films. We observe that the device resistance
drops to zero in two steps as the temperature is lowered. The lower-
temperature drop, at temperature T2, is associated with super-
conducting phase-locking across the array; the data show that the
dependence of T2 on island spacing and thickness deviates strongly
from LAT theory. Surprisingly, the higher-temperature drop, at T1,
traditionally associated with the superconducting transition of each
island, also depends strongly on the island spacing, and seems to
extrapolate to zero at finite spacings. This observation implies that
superconductivity on individual islands is fragile, and that a T = 0
metallic statemight be realizable for veryweakly coupled islands.

Our samples consist of 10 nm-thick Au, patterned for four-point
transport measurements, on Si/SiO2 substrates (see Methods for
fabrication details). The Au patterns are overlaid with triangular
arrays of 260 nm diameter Nb islands, as shown in Fig. 1. Each
array contains more than 10,000 Nb islands. The data in this Letter
are from two sets of devices: having 87-nm (±2 nm)- and 145-nm
(±2 nm)-thick Nb islands respectively. The devices in each set
are identical, except for varied island spacing. X-ray diffraction
and scanning electron microscopy of the Nb revealed columnar
grains⇠30 nm in diameter, typical of evaporated Nb (ref. 16); thus,
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Figure 2 | Superconductivity in Nb island arrays. a,b, Temperature dependent resistive transitions in arrays having different edge-to-edge island spacings.
The island diameter is 260 nm for all arrays. The islands are 87 nm thick (a) and 145 nm thick (b). Black arrows in a mark T1 and T2 for the islands spaced
140 nm apart. The data are normalized to the resistance at 10 K. Note that T1 and T2 occur at higher temperatures for thicker islands. In a, the lowest
temperature curves are cut off by the minimum attainable temperature of our apparatus. c, The curve illustrates two-step resistance versus temperature
behaviour, with the island transition marked at T1, and film transition marked at T2. Pictures show three islands, each limited to four grains for simplicity. In
region I, the Nb islands are normal metals. In region II, the phase of the grains (represented by arrows) starts to become coherent throughout each island
(although there is not yet inter-island phase coherence). At T1, Cooper pairs diffuse from the Nb into the Au, and the resistance drops. The grains have
intra-island Josephson coupling J and nearest-neighbour inter-island coupling J’(represented by red squiggly lines). In region III, J has saturated, but J’
continues to increase as the normal metal coherence length ⇠N increases. In region IV, ⇠N becomes comparable to the island spacing, and the entire system
of film and islands progresses towards having global phase coherence. As the temperature is further decreased, the film undergoes a transition to a
superconducting state at T2.

each Nb island contains ⇠50–100 grains. The superconducting
coherence length of Nb is estimated to be ⇠27 nm (see Methods),
comparable to the grain size but smaller than the island size.

Figure 2 shows resistance measurements for the devices, as well
as an illustration of the two-step development of superconductivity.
The data in Fig. 2a,b show that both T1 and T2 decrease with
increasing island spacing. The resistance exhibits an abrupt change
in slope at T1, but not the sharp drop seen for larger islands1.
Figure 3 shows a plot of T1 versus island spacing. It is evident that
T1 decreases more rapidly for the shorter islands, but seems to
decrease linearly with spacing for both the shorter and taller islands,
extrapolating to zero at⇠840 nm and⇠2,600 nm, respectively. The
resultingT =0 states would thus bemetallic in that they would have
finite resistance at finite island spacing. The data in Fig. 2 also show
that T2 is more strongly depressed for shorter islands than for taller
islands. As schematized in Fig. 2c, these trends can be understood
using a model of coupled islands, each composed of grains, having
two characteristic energy scales: (1) J , the coupling between grains
on an individual island, and (2) J 0 (<J ), the coupling between grains
on neighbouring islands. According to this scheme, for T >T1, the
separate grains on each island have incoherent superconducting
phases; at T1, intra-island phase coherence develops, and the
system’s resistance decreases. For very large islands, T1 would
depend only on J , which grows with island height but is spacing-
independent. Formesoscopic islands, however, the T1 of an isolated
island is depressed (possibly to T = 0) by phase fluctuations
among the grains; the inter-island coupling J 0 serves to reduce

these fluctuations by increasing the effective ‘dimensionality’ of
the island system, thereby stabilizing superconductivity. Thus, T1
decreases for larger spacings (that is, as J 0 decreases). Below T1,
the intra-island phase coherence strengthens continuously (Fig. 2c,
region II); thus, the system resistance continuously decreases rather
than steeply dropping at T1. Region III of Fig. 2c shows the familiar
proximity behaviour; here, the normal-metal coherence length17 ⇠N
increases until it becomes comparable to the island spacing. Then,
inter-island phase coherence begins to emerge (Fig. 2c, region IV),
and at T2 the system undergoes a Berezinskii–Kosterlitz–Thouless
transition to a fully superconducting state1,2.

The inset to Fig. 4 shows how T2 decreases with increasing
island spacing. For each device, T2 was extracted by measuring
the temperature at which current–voltage (I–V ) curves became
nonlinear (see Supplementary Information). The dependence of T2
on array parameters deviates from LAT theory both quantitatively
(that is, T2 decreases more rapidly with island spacing than
predicted) and qualitatively (that is, T2 depends strongly on island
height). Figure 4 also shows the systematic dependence of ⇠N(T2)
on island spacing, where ⇠N = p

h̄D/(kBT ) and the normal-metal
diffusion constant D ⇡ 94 cm2 s�1 (see Methods). We observe
⇠N(T2) to vary approximately linearly with island spacing.

We now turn to a more quantitative description of these
transitions. From the Ginzburg–Landau perspective, T1 for an
isolated island of lateral dimensions comparable to ⇠SC should
equal the transition temperature for a continuous film of the
same height, because the suppression of superconductivity due to
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PERSPECTIVES:
NUMERICAL SIMULATIONS ON SC FILMS
NEW DISORDERING METHOD:

œ Jij = sin(µi)sin(µj) °! a structural distribution in real space

Goals:
* Exploration of the finite temperature regime
* Effects of this structured disorder on the superfluid density jump

(smearing?)
* Study of the fluctuations above the critical temperature

œ Systems of disordered interacting islands of spin

Goals:
* Understanding the unexpected metallic state at T = 0.

* Continuing a previous work 1, explaining the dependence of the
Tc

1 on the islands spacing

1I.Maccari et al arXiv:1509.04593 (2015)



BKT TRANSITION BKT IN SC FILMS ARTIFICIAL NANOSTRUCTURE GOALS AND PERSPECTIVES

Thank you for your
attention!


	BKT transition
	BKT in SC films
	Artificial nanostructure
	Goals and Perspectives

