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Direct observation of melting in a two-dimensional
superconducting vortex lattice
I. Guillamón1, H. Suderow1*, A. Fernández-Pacheco2,3,4, J. Sesé2,4, R. Córdoba2,4, J. M. De Teresa3,4,
M. R. Ibarra2,3,4 and S. Vieira1

Topological defects such as dislocations are predicted to
determine the two-dimensional (2D) melting transition1–4. In
2D superconducting vortex lattices, macroscopic measure-
ments provide evidence for melting close to the transition to
the normal state. However, the direct observation at the scale
of individual vortices of the melting sequence has never been
carried out. Here, we use scanning tunnelling spectroscopy
(STS) to provide step-by-step imaging of a 2D system of vor-
tices up to the melting transition in a W-based superconducting
thin film. We show directly the transition into an isotropic liquid
below the superconducting critical temperature. Before that,
we find a hexatic phase, characterized by the appearance of
free dislocations, and a smectic-like phase, possibly formed
through partial disclination unbinding. These results represent
a significant step in the understanding of the melting of 2D
systems, with an impact across several research fields, such as
liquid-crystal molecules or lipids in membranes5–8.

The seminal ideas of Berezinskii, Kosterlitz and Thouless1,2,
further developed by Halperin, Nelson and Young3,4, have been
much discussed in connection with the melting of many differ-
ent 2D hexagonal crystals. These include crystals formed from
elongated rod-like entities such as superfluid vortices, lipids or
liquid-crystal molecules, as well as from more isotropic con-
stituents, such as electrons in Wigner crystals, particles or bub-
bles, or electronic charge-density arrangements9–11. Theoretically,
it is found that the unbinding of dislocation pairs creates an
intermediate phase in a 2D hexagonal crystal, named the hex-
atic phase, which retains six-fold orientational order but has no
long-range translational order2–4. The hexatic phase, which appears
between the 2D crystalline phase and the isotropic liquid, has
been the subject of much research. Vortex lattices in amorphous
transition-metal superconducting thin films are considered as an
ideal system where the mechanism of the 2D melting process
can be investigated. Until now, superconducting vortex-lattice
melting in thin films has been studied through macroscopic ex-
periments of thermal properties or of critical currents around
the melting transition12–14. The transition clearly follows the the-
ory of 2D dislocation-unbinding melting behaviour15–19. How-
ever, no local direct observation of melting has been provided.
Here, we track the modifications induced by temperature on a
2D vortex system, from its formation up to the isotropic liquid
state. On increasing the temperature, we first observe thermal
depinning of vortices, which produces a more ordered hexagonal
lattice. The melting process is then initiated with the appear-
ance of free dislocations, corresponding to the hexatic phase,
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after which smectic-like vortex arrangements appear, before the
isotropic liquid is formed.

Our sample is an amorphous W-based thin film deposited using
an ion beam focused to nanometric size, with a superconducting
critical temperature Tc = 4.15K at zero field and a thickness
d = 200 nm (refs 20, 21). It is an extreme type-II superconductor,
with superconducting behaviour that is similar to that found in
other amorphous transition-metal thin films12–14. Values for the
coherence length and London penetration depth are, respectively,
ξ = 6.25 nm and λ = 850 nm (see Supplementary Information).
Macroscopic measurements of the critical current provide values
between 104 and 105 A cm−2. As the magnetic field is applied
perpendicular to the film surface, the longitudinal correlation
length Lc, which can be estimated from the critical current (see,
for example, refs 12–14) and provides the length scale for vortex
distortions parallel to the magnetic field, is of the order of 5 µm,
which ismuch larger than the sample thickness d . So vortices indeed
behave to a large extent as a 2D solid, as previously shown in other
amorphous extreme type-II transition-metal superconducting thin
films with similar parameters12–16.

The superconducting vortex lattice can be imaged using STS
(ref. 22). As the superconducting gap closes inside the vortex cores,
well-resolved vortex-lattice images can be obtained by means of
tracking the Fermi-level (zero-bias) tunnelling conductance (the
voltage derivative of the tunnelling current dI/dV ), normalized
to the value at voltages well above the superconducting gap, as a
function of the position at the sample’s surface (that is, tracking
σ (x,y), with σ = (dI/dV (V = 0V))/(dI/dV (eV >>1)),1 being
the superconducting gap and e the electronic charge). However,
very stable and flat surfaces are required, with homogeneous
superconducting tunnelling conductance curves at zero field. The
compound NbSe2, with excellent surface properties, has provided
the basic element for STS work in the vortex lattice, including
pioneering experiments about its dynamic behaviour under current
flow and as a function of temperature23,24. However, the melting
transition could not be observed. In previous work on extreme
type-II superconducting thin films, it was necessary to evaporate a
further small normal surface Au layer25,26. This strongly decreased
the contrast and imaging capacities of the STS, so the vortex lattice
has not been followed as a function of temperature. Other local
real-space techniques have faced different resolution limitations
close to melting27,28.

In contrast, in the thin films studied here, STS can be used in a
wide range of temperatures andmagnetic fields without a particular
surface preparation21. Topographical (scanning tunnelling
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Figure 1 | Thermal depinning of the 2D vortex lattice. a, Scanning tunnelling microscopy topography, with a grey scale corresponding to height changes of
10 nm. Surface topography features are marked in a–e as red dashed lines. b, STS vortex-lattice image after applying a magnetic field of 1 T at 0.1 K. The
vortices (black areas) form a hexagonal lattice, which is strongly distorted, as highlighted by the light-blue hexagon. Note that the vortices have a strong
tendency to follow a near-square arrangement, imposed by the linear surface features surrounding the central part of the image. c, When increasing the
temperature, nothing changes until it reaches 1.5 K, where the vortices start to move. The changes are subtle. The vortex lattice in the central part of the
image suffers a small rotation, highlighted by magenta and blue hexagons. The magenta hexagon shows the present vortex arrangement, whereas the blue
hexagon shows the same six vortices at lower temperatures. d, The vortex arrangement switches at 1.6 K (as shown schematically by orange arrows)
between two positions, although the temperature is fixed. e, Above 1.6 K, the vortex lattice has found a stable position, with a more ordered triangular
arrangement. f, Angular distortion of the vortex lattice as measured from an analysis of the Fourier transform of the vortex-lattice images. The angles α1

and α2, as defined in the insets, which represent the Fourier transform of the STS images at 0.1 K (lower left) and 1.6 K (upper right), strongly change at the
depinning temperature.
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Figure 2 | Temperature-induced changes in the superconducting signal
and in the contrast of the vortex-lattice STS images. Amplitude of the
six-fold Bragg peaks (open circles) of the Fourier transform of the images,
and the normalized zero-voltage tunnelling conductance averaged over
whole images σaverage (filled circles), as a function of temperature and at
2 T. σaverage(T) gives the decrease in the superconducting signal in the STS
images due to temperature-induced smearing of the local density of states
and the decrease of the superconducting gap (see also ref. 21). The Fourier
amplitude of the Bragg peaks (open circles) shows the decrease in the
vortex-lattice contrast in the STS images. This has a steeper temperature
dependence than σaverage because of the thermal motion of the vortices.
The time scale of the thermal fluctuations in the vortex positions is more
than ten orders of magnitude below the time we need to make a line scan
over each vortex15. Therefore, the obtained tunnelling conductance curves
give the average between those inside and outside the vortices, which
continuously move below the tip. Vortex-lattice contrast is lost well below
Tc, signalling the transition to an isotropic liquid.

microscopy) landscapes are highly uniform. Large flat areas are
easily found, for which the main defects are small and smooth
hills, separated by linear surface features of a few nanometres in
height and around two hundred nanometres in lateral size. At zero
field, tunnelling characteristics (STS) show the features expected
for a simple s-wave Bardeen–Cooper–Schrieffer superconductor,
with a uniform gap value ∆= 0.66meV over the whole surface21.
Owing to the flatness of the sample surface and the uniformity of its
superconducting behaviour as probed by STS, we have been able
to follow with detail the temperature-induced changes in small
groups of vortices. The contrast is maximized in STS images, so
that the inter-vortex superconducting state is represented as white,
and the normal intra-vortex state as black21. Besides information
about vortex positions, σ (x,y) also shows directly if the sample is
superconducting or normal (where σ (x,y)= 1), which is crucial
for identifying the isotropic liquid. Vortex images are made in
a fixed location and at constant temperature and magnetic field
(applied at low temperatures in zero-field-cooled conditions).
The temperature was increased in steps of 0.1 K, and each image
was taken as quickly as possible, in most cases in about 8min.
Several images were taken at a single temperature. More detailed
information is given in the Supplementary Information. At low
temperatures, typically we observe a triangular lattice that is rather
disordered owing to pinning by features of the topography of the
surface21. Images have been taken at up to ten different locations,
and at four magnetic fields (1, 2, 3 and 4 T), always showing the
phenomenology described by the individual regions shown below,
so that the observations are representative of thewhole surface.

Thermally induced depinning is shown in Fig. 1, with several
representative vortex-lattice images. Here, we have searched for
an area showing several surface features that act as pinning
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Figure 3 | Three-stage melting. a, A hexagonal lattice as imaged by STS at 1.2 K and a magnetic field of 2 T (the lateral size is 220 nm; the black areas are
individual vortices). The image is taken above the depinning temperature, so the vortex lattice is more ordered than at lower temperatures. The magenta
dotted lines highlight the vortex arrangement. b, At 1.9 K, temperature-induced changes start to become obvious. The lattice shows more disorder, and a
dislocation enters the image from the bottom left. This marks the hexatic phase. The magenta lines highlight the dislocation, and the orange and green
lines correspond to seven-fold- and five-fold-coordinated vortices. c, A slight temperature increase (to 2.0 K) further moves the dislocation to the upper
part of the image. d, At 2.1 K, a new feature appears in the images: linear vortex arrangements (highlighted by the dashed magenta lines) in the upper right
part of the image. Local contrast is lost along these lines, providing evidence for strong 1D motion. Note that the movement occurs along curved paths very
similar to those produced by disclinations. Moreover, the separation between the lines corresponds to the low-temperature inter-vortex distance. This
demonstrates the presence, at the local level, of a smectic-like phase. The smectic-like phase coexists with the disordered hexatic vortex lattice seen at the
bottom of the image. e, At 2.8 K, no stripes or isolated vortices are seen in the lower right part of the image. Nevertheless, the smectic-like phase is still
roughly visible in the upper part. f, At 3.0 K, no isolated vortices or smectic-like arrangements are seen, and the superconducting gap is homogeneous,
demonstrating that the vortex lattice has formed an isotropic liquid.

centres. With increasing temperature, the distorted vortex lattice
does not change up to 1.5 K. The vortices move and rearrange
in the temperature interval between 1.5 and 1.6 K. Depinning
occurs essentially at the central part of the image, with thermally
induced movements involving around 20–30 vortices, and leads
to a more ordered vortex lattice. The STS images and the
corresponding video (see Supplementary Information) are self-
explanatory. Nevertheless, it is useful to discuss the temperature
evolution of their Fourier transforms. These show the six Bragg
peaks associated with the hexagonal symmetry of the vortex lattice
with an angular distortion at low temperatures, which disappears
abruptly at the depinning temperature of 1.5 K (Fig. 1f). So the
lattice disorder induced through vortex pinning by features of the
surface topography decreases at a temperature below that at which
the melting regime appears. In particular, the size of the correlated
in-plane hexagonally ordered vortex bundles, typically named Rc
(ref. 16), slightly increases from around 100 nm up to around
200 nm at the depinning line (discussed below).

Let us now focus on the sequence of results approaching Tc,
disclosing the melting process in detail. The starting points in these
experiments are hexagonal vortex bundles produced by thermal
depinning. Moreover, we select flat surfaces to avoid, as far as
possible, the effect of vortex pinning. The Fourier transform of
the images shows six-fold Bragg peaks at 2π/d (upper right inset
of Fig. 1f; d is the lattice constant). The average between the

Fourier amplitude of the six peaks decreases continuously with
temperature (Fig. 2, at H = 2 T). When the amplitude of the Bragg
peaks becomes zero, we observe that the superconducting signal
is not lost in the tunnelling conductance curves. σ (x,y) is below
one and uniform over the whole surface, providing evidence for a
homogeneous open superconducting gap. So σ (x,y) averaged over
the whole image σaverage (Fig. 2) increases continuously through the
point where the Bragg peak amplitude goes to zero. At this point, the
isotropic vortex liquid forms, and the vortices move below the tip,
owing to thermal excitation, much faster than the imaging time, so
that the σ (x,y) obtained is the average between the results inside
and outside the vortices. Finally, at 3.2 K, the full disappearance
of superconducting features in the tunnelling conductance curves,
with σ (x,y) equal to one and no longer showing any temperature
dependence, marks the transition to the normal state.

Figure 3 shows six representative STS images of the melting
process at H = 2 T. At 1.2 K, the vortex lattice shows an ordered
hexagonal arrangement in most of the image (Fig. 3a). When
increasing the temperature, at around 1.9 K, we begin to observe
isolated dislocations in the previously ordered lattice (Fig. 3b). They
remain at the same position at a fixed temperature, but they move
when the temperature is changed (Fig. 3b–d). We consider the
appearance of free dislocations as the start of a hexatic phase. At
a slightly higher temperature, the vortices in the upper part of
the images start to be blurred, forming a partially striped image
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Figure 4 | Phase diagram of 2D vortex-lattice melting. The phase diagram
is constructed from similar sequences as in Figs 1 and 3. The upper critical
field Hc2(T) is determined from the full loss of superconducting features
(the whole temperature dependence is given in the Supplementary
Information). The different behaviours that appear before, during and after
the melting transition are represented by different colours: yellow, solid;
yellowish green, hexatic; green, smectic-like; blue, isotropic liquid; grey,
normal state. The corresponding points of the same colours give the
positions where the proliferation of free dislocations (yellowish green),
smectic-like behaviour (green) and liquid features (blue) are first observed
at the local level in the STS images. Note that we observe a coexistence
between behaviours, so that the crossover between solid, hexatic and
smectic-like vortex arrangements is not well defined at the macroscopic
level, and we represent this by the continuously varying colour scale. The
brown dashed line in the solid phase indicates the position where thermal
depinning is first observed.

(Fig. 3d). The vortices have a strong 1D temperature-induced
motion along these curved stripes, with the low-temperature lattice
constant d as the inter-stripe distance. A new smectic-like vortex
arrangement can be identified by the presence of these curved
stripes. In the present case (Fig. 3), a disclination may have been
formed with the centre close to the scanned area. So the formation
of a smectic phase can be associated with partial disclination
unbinding. At 2.9 K, the superconducting gap is observed over the
whole image, but there are no isolated vortices or stripes over
large parts of the image, providing evidence for a fully isotropic
liquid, as shown at 3 K in Fig. 3f. The images show homogeneous
superconducting tunnelling features, with vortices freely moving
owing to thermal excitation. At even higher temperatures, in the
normal phase, the images are homogeneous and without any
superconducting signal. We have followed similar images at very
different densities, with lattice constants ranging from d = 50 nm
at 1 T to d = 25 nm at 4 T, and in up to ten different places on the
surface, always finding similar behaviour. The appearance of free
dislocations occurs around 1.5 K, and the isotropic liquid is formed
around 0.3 K below the transition to the normal phase, as shown
in the phase diagram (Fig. 4) constructed from our data (the full
Hc2(T ) curve is given in the Supplementary Information).

Let us note that the temperature where we first observe thermal
depinning (dashed line in Fig. 4) is well differentiated from the
melting process at low fields, but not at higher fields. This is
in good agreement with refs 29 and 30, where it is shown that
melting depends on the inter-vortex distance through a Lindemann
criterion, whereas thermal depinning depends on ξ .

On the other hand, we often observe a coexistence of liquid
with hexatic, as well as with smectic-like regions. Clearly, the
transition happens for bundles of vortices, of lateral sizes below
200 nm. Remarkably, the proliferation of defects has been observed
in numerical simulations of the 2D vortex lattice aiming to
explain macroscopic critical current measurements17. As noted
there, the size of ordered regions in the low-temperature lattice
is a crucial element to vortex mobility. Although it seems very

difficult to make quantitative statements from our images showing
only a small number of vortices, the disorder produced by the
small surface roughness may indeed have a role in the size of
the bundles, and possibly have some influence in the observed
phenomena, which has yet to be worked out. On the other hand,
with the appearance of smectic-like and isotropic liquid phases, the
amplitude of thermal vortex motion is strong enough to produce
blurred structures. Remarkably, these two phases mark the step-like
loss of orientational order, which ismaintained in the hexatic phase,
where thermal vortex motion is not strong enough to blur isolated
vortices in our STS images.

The emerging picture from our data is that, in addition to
the appearance of free dislocations that signal the hexatic phase,
a smectic-like phase arises from enhanced vortex mobility along
characteristic curved lines formed by disclinations. The observed
three-stage process could be a general mechanism of melting in
2D, at least for solids formed by linear-like units, such as large
molecules in liquid crystals and vortices in Abrikosov lattices. It
would be interesting to know if this conclusion can be extended
to other superfluids where 2D vortex-lattice conditions can be
created, such as, for example, thin liquid-helium films or atoms in
optical lattices.
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