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Abstract. We present very low temperature scanning tunneling microscopy
and spectroscopy (STM/S) measurements in W-based amorphous superconduct-
ing nanodeposits grown using a metal–organic precursor and a focused-ion-
beam. The superconducting gap closely follows s-wave Bardeen–Cooper–
Schrieffer theory, and STS images under magnetic fields show a hexagonal
vortex lattice whose orientation is related to features observed in the topography
through STM. Our results demonstrate that the superconducting properties at the
surface of these deposits are very homogeneous, down to atomic scale.
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1. Introduction

Since the seminal work of Buckel [1], which found superconductivity at 7 K in fully amorphous
films of Bi (Bi is not superconducting as a crystalline solid at ambient pressure), many
materials have been found to deeply change their electrical properties when prepared in an
amorphous form [2]. The actual origin of superconductivity, and the relationship to the metal–
insulator transition induced by strong disorder, has been the subject of intense debate [3].
However, some of these systems have metallic transport and thermodynamic properties that
better approach the free electron model than their crystalline analogs [2]. Moreover, those which
are superconducting very often behave as model s-wave Bardeen–Cooper–Schrieffer (BCS)
superconductors [2]. This makes them particularly interesting candidates as a reference system
where s-wave BCS phenomenology can be probed in newly developed techniques, in particular,
in nanoscale tunneling probes of the superconducting state like scanning tunneling microscopy
and spectroscopy (STM/S). Many crystalline superconductors, such as high Tc cuprates,
MgB2, heavy fermions, transition metal di-chalcogenides, boron-doped diamond, or nickel
borocarbides, have been studied using high resolution STM/S down to the atomic level and
in a wide range of temperatures and magnetic fields [4]–[12]. However, an atomic level STM/S
experiment over large surfaces in a reference s-wave BCS superconductor is still lacking. In this
paper, we report a thorough STM/S study at the atomic scale of amorphous W nanodeposits.
We find that the nanodeposits remain fully stable under ambient conditions, showing excellent
local tunneling properties. The nanodeposited amorphous system is chemically highly inert,
like e.g. 2H–NbSe2 or graphite, making this system the long sought paradigm for STM/S
studies, with the additional important feature of being easily used for creating nanofabricated
superconducting structures.

The W nanodeposits have been grown with a dual-beam system that integrates an electron
and an ion column. A major application of this system is the controllable nanodeposition of
materials, with widely extended use in nanotechnology and the semiconductor industry for the
reparation of lithography masks and integrated circuits [13], the fabrication of three-dimensional
nanostructures [14], the creation of electronic nanodevices [15], the protection of sample
surfaces for subsequent micromachining for cross-section analysis [16], etc. In the case of ion-
beam-induced-deposition (IBID), an ion beam focused to nanometric size (generally based on
Ga+) is swept through the region of interest in a sample, breaking precursor gas molecules
previously introduced to the chamber and giving rise to a nanodeposit. The combined use of
imaging techniques (secondary-electron or backscattered-electron images) and local growth
techniques (IBID) allow precise and flexible deposition in the targeted place, with the lateral
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size and deposit thickness being controlled to a large extent. The IBID growth process can
be considered a chemical vapor deposition process assisted by an ion beam. The precursor
gas molecules containing the material to be deposited flow from a nearby injector towards
the substrate and become adsorbed to it. The mechanism proposed to explain the deposition
is the collision cascade model where the ions impact on the substrate and transfer energy
to surface atoms, which decompose the precursor gas molecules [17]. The role played by
the secondary electrons reaching the sample surface has also been highlighted [18]. When
the precursor molecules are organic, a carbonaceous matrix is also present, which is relevant
for the physical and chemical properties exhibited by the deposit. With the IBID technique,
nanodeposits based on metallic materials, such as Au, Pt, W and Cu have been carried out and
used in nanotechnological applications [16]–[21]. Amongst the IBID materials, W nanodeposits
have been recently found to show superconducting properties [22]–[25].

2. Experimental details

The STM/S measurements were performed on a 200 nm thick film of a W deposit with a
lateral size 30 µm × 30 µm grown at the center of a conducting Au layer previously deposited
on a Si substrate. The deposit has been made in a similar way to earlier reports [22]–[24],
and characterized by means of energy dispersive x-ray microanalysis (EDX), high-resolution
transmission electron microscopy (HRTEM), transport measurements and x-ray photoelectron
spectroscopy (XPS). The deposit is metallic due to the high content of W (around 40% from
EDX), as found previously in nanodeposits of similar composition [22]–[24]. An in-depth study
of the chemical composition using XPS and an argon etching process shows that the deposit
is very homogeneous, with average concentration W = 40 ± 7%, C = 43 ± 4%, Ga = 10 ± 3%
and O = 7 ± 2%. In figure 1, we can see the W 4f spectrum as a function of the sputtering depth.
In the inset, a typical fit is shown. The main peak for the W 4f 7/2 appears at 31.4 eV, associated
with metallic W [26, 27]. A minor peak at 32.1 eV, corresponding to tungsten carbide (WC)
[26, 27] is also present. A separation of 2.1 eV between the 4f 7/2 and the 4f 5/2 components
is found in all cases. The ratio between both species across the whole thickness is found to
be W/WC = 5.2 ± 0.5. The C 1s spectrum (not shown here) is significantly broad, and can be
de-convoluted in three peaks. One at 283.1 eV, due to WC [28, 29], and the others at 284.3 and
285.2 eV, which correspond to amorphous carbon, sp2 and sp3 atoms, respectively [28, 29]. The
proportion between the two types of carbon (sp2/sp3) corresponds to 3.45 ± 0.15 through the
profile.

The sample used here was stored for two days under ambient conditions, without any
additional surface treatment and then mounted in a low temperature STM thermally anchored
to the mixing chamber of a dilution refrigerator. The magnetic field was applied perpendicular
to the sample surface. Our setup, described in earlier work, has a very high mechanical stability
and we can change in situ the scanning window by moving the sample with respect to the
tip [11], [30]–[32]. The gold tip was mechanically shaped and then carefully positioned at
ambient temperature on top of the nanodeposit. At low temperatures, when approaching the tip
to tunneling distance, we immediately found that the tunneling conditions of the nanodeposit
were outstanding. The work function always had a high value (several electron volts), and
the images and spectra were fully reproducible and independent of the tunneling current
(or distance between tip and sample).
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Figure 1. Depth profile spectra of the W 4f core level. Successive spectra are
obtained after a 20 nm argon etching process. A typical fit is shown in the
inset. The solid lines are the components in which the spectrum is decomposed.
The resulting fit is superimposed to the experimental data (open circles). The
energies found for the peaks are associated with metallic W and WC (see text).
The proportion between the two species (in average W/WC = 5.2(5)) remains
approximately constant through all the deposit thickness. For the quantitative
analysis of the XPS spectra, we have used pseudo-Voigt peak profiles with a
10–20% Lorentzian contribution, subtracting a Shirley-type background.

3. Results and discussion

Topographic images show that it is possible to scan large areas (figure 2(a)), up to several
µm2, obtaining very uniform scanning profiles. Large regions with surface roughness on the
nanometre (nm) range or below and a small inclination (below 5◦) appear surrounded by
long linear depressions of at most 5–10 nm depth, i.e. between 2 and 5% of the total film
thickness (red lines in figure 2(a)). The STM images in the nm range (inset of figure 2(a))
show small groups of randomly distributed atomic size features. The tunneling conductance
curve shown in figure 2(b) (taken at 0.1 K) is obtained over whole surface area, without any
remarkable changes. The fit to BCS theory is excellent, and gives a value of 1 = 0.66 meV
for the superconducting gap, which is slightly higher than the weak coupling BCS value
10 = 1.76kBTc = 0.63 meV(Tc = 4.15 K). The voltage dependence of the conductance as a
function of temperature gives the temperature dependence of the superconducting gap, shown
in figure 3, which follows well expectations from BCS theory (solid line in figure 3).

The inset of figure 2(b) shows an STS image constructed from the conductance at the
quasiparticle peak in the same region in which the topographic STM image shown in the
inset of figure 2(a) was taken. The contrast between black and white corresponds to changes
of about 10% of the value of the conductance at the quasiparticle peaks. Corresponding fits
to BCS theory show associated changes in 1 below 2%. Clearly, the atomic size features
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Figure 2. A typical topographic STM image is shown in (a) (size 1 µm × 1 µm).
Red dashed lines mark the small linear depressions found over the whole surface.
Maximum contrast corresponds to height differences of the order of 10 nm, i.e.
5% of the film width. The linear depressions separate atomically flat surfaces. In
the inset, we show an atomic size topographic STM image (size 10 nm x 10 nm).
In (b), we show the tunneling conductance versus bias voltage typically found
over the whole image shown in (a). Red line is a fit to the BCS theory using
1 = 0.66 meV. The inset shows a STS image made in the same area as the inset
of (a). The contrast corresponds to changes of about 10% in the tunneling spectra
at the voltage position of the quasiparticle peaks.

observed in the topography (STM, inset of figure 2(a)) are not seen in the spectroscopic
imaging (STS, inset of figure 2(b)). Similar results are observed when comparing STM and
STS images at µm length scale. Therefore, the superconducting density of states N (E, r)
can be considered to be homogeneous, in particular if we compare our results to those
found in atomic size STS experiments in other kinds of superconducting materials, e.g.
the high-Tc cuprate superconductors or 2H–NbSe2. In the cuprate superconductors, periodic
modulations of N (E, r) due to surface scattering have provided a great deal of new insight into
important properties of the superconducting state, e.g. the anisotropy of the superconducting gap
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Figure 3. Temperature dependence of the superconducting gap obtained from
fits to the tunneling spectra shown in the inset. Red line is the BCS expression,
taking 1 = 1.76kBTc and Tc = 4.15 K.

[4]–[6]. In 2H–NbSe2, we could recently demonstrate that the two-band superconducting
properties of this compound result in small modulations of N (E, r) that follow lattice
periodicity [32]. The absence of any of these effects here demonstrates that the nanodeposit
is the first fully isotropic s-wave superconductor that can be studied in detail down to atomic
level.

On the other hand, note that the compositional analysis performed with XPS along the
full sample thickness (see figure 1) demonstrates that the composition is homogeneous as a
function of the depth, up to the surface. This is in clear correspondence with the uniformity of
the tunneling characteristics over the whole surface, and demonstrates that the superconducting
properties of these deposits have a remarkable overall homogeneity, as may be expected for an
amorphous system5.

When we apply a magnetic field, we observe that, below about 0.2 T, no clear hexagonal
vortex lattice is formed in the sample. Vortices appear bunched close to the linear surface
depressions observed in the topography (figure 2(a)). Those lying far from the linear
depressions, at the smooth and very flat regions surrounded by them, are observed to easily
change their position, especially some minutes after changing the field. Above about 0.3 T,
however, a clear and very stable vortex lattice is formed. In figure 4, we show some
representative examples of STS vortex images obtained from the zero bias conductance changes
as a function of the position. The vortex lattice is observed over the full scanning window,
and has no long-range order, although, in between the linear depressions in the associated
topographic images (marked by red lines in the figure 4), a clear hexagonal Abrikosov lattice
is often observed. The right panels of figure 4 are single hexagons obtained far from the linear
surface depressions. The intervortex distance d within these hexagons follows conventional

5 It should be mentioned that previous STM/S experiments in sputtered amorphous TiN films show very
inhomogeneous superconducting properties [33].
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(a)

(b)

(c)

Figure 4. Vortices found at different magnetic fields ((a) at 1 T, (b) at 2 T and
(c) at 3 T) obtained from STS images constructed from the Fermi level
conductance (shown as raw images, without any filtering or smoothing effects).
Left panels show large STS images, and right panels show a single hexagon. The
topographic STM images corresponding to the left panels have the small linear
surface depressions characteristic of these samples (as discussed in the text and
shown in figure 2(a)), along the red lines. The STS images of the right panels
are made far from surface depressions, and the corresponding topographic STM
images are absolutely flat and featureless, with surface roughness below about
0.5 nm.

expectations for a superconductor with a hexagonal vortex lattice (d = (1.25)1/4(80
H )1/2, where

80 is the flux quantum [34]).
Vortices have a strong tendency to form rows parallel to the linear surface depressions.

Correspondingly, the orientation of the hexagons far from the linear depressions slightly changes
in different areas. In spite of being very small and smooth changes in the topography of the
sample, the surface depressions are clearly the only source of distortion of the Abrikosov
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lattice in these samples. Indeed, the pinning properties of transition-metal amorphous systems
have been studied thoroughly, and the weak bulk pinning ensures that surface features play a
dominant role in the potential landscape that determines the vortex positions [35].

Note that vortices appear sometimes as elongated figures in the images, especially close
to the linear depressions. The vortex density in our experiments is high and d is much smaller
than the film thickness. So vortex lines can curve in order to hit the surface at a right angle,
as the curved length, of the order of d, is small [36]. This effect can easily cause elongated
vortex forms in an STS experiment, as e.g. in figure 4(b). Note that this is in sharp contrast to
previous vortex imaging experiments in thin films, performed at much smaller magnetic fields
using techniques sensitive to the local magnetic field [37, 38]. There, the vortex tilting effects at
the surface significantly increase the vortex length and are no longer favorable.

4. Conclusions

In conclusion, we have shown that W IBID grown deposits remain clean after exposure to
ambient conditions, have excellent and homogeneous s-wave BCS superconducting properties
going up to the surface, and that the vortex configuration is given by the potential landscape
formed by small height changes at the surface. Let us put forward that the W IBID technique
has great potential for the design of new experiments and devices, with superconducting surface
properties which could remain stable to ambient conditions.
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