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Abstract
Metal nanoclusters, composed of tens to thousands of atoms, display the phenomenon of electronic shell structure. This 
quantum size effect, with its associated level degeneracy, turns out to be highly propitious for superconductivity. Spectros-
copy of free aluminum nanoclusters has revealed a pairing phase transition in their electron density of states at a temperature 
two orders of magnitude higher than the bulk. In addition to gas-phase research on this new family of high-Tc systems, it is 
important to pursue their use as building blocks for superconducting networks and assemblies. The development of devices 
suitable for the detection of superconductivity in surface-deposited nanoclusters is outlined.

Keywords  Superconducting nanoparticles · Shell structure · Quantum size effect · Nanoclusters · Size-selective deposition · 
Carbon-based devices

1  Introduction

The influence of confinement (reduced dimensionality, 
size effects, quantum discreteness of elementary excitation 
spectra) on the superconducting state has been recognized 
and investigated since the 1960s. It became evident already 
then that thin-film and granular materials could exhibit 
higher critical temperatures than their bulk counterparts; 
subsequently, these families of low-dimensional systems 
were joined by nanowires and individual quantum dots. It 
is impractical to list even a fraction not only of the relevant 
papers but of the reviews that have appeared over the years. 
A few recent publications where additional references can 
be found include [1–5].

Superconductivity is also found in materials incorporat-
ing nanoparticle-sized units, for example, gallium clusters 
[6] and other endohedral-cluster compounds [7], arrays of 

colloidal nanocrystals [8, 9], and of course the doped super-
conducting fullerides [10].

Further development of nanoscale-based materials will 
benefit from the use of building blocks whose size, compo-
sition, and physical properties can be customized and accu-
rately tuned. This is the promise of the technique known as 
cluster-beam deposition, see, e.g., the recent reviews [11, 
12]. Specialized sources [13] are used to produce beams of 
metallic nanocluster particles of desired composition, which 
are then size-filtered by a mass spectrometer and deposited 
on the chosen substrate or device.1 By varying the source 
parameters and nucleation conditions, it is possible to pro-
duce homogeneous, alloyed, or core–shell type nanoparticles 
and, in some cases, even control the particle shape [14]. 
The center of the size distribution can be adjusted from just 
several atoms per particle to hundreds or thousands, and up 
into the ~ 10 nm range. After undergoing size selection, the 
nanoparticles may be decelerated for soft-landing, so that 
the surface impact energy per atom is below the fragmenta-
tion limit, or, alternatively, accelerated for implantation. As 
distinct from colloidal nanoclusters [15], the particles are 
ligand-free which eliminates a need for post-processing and 
chemical characterization.
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Clearly, these techniques hold promise for research on 
size effects in superconductivity as well. For example, 
they can make it possible to optimize material composi-
tion and stoichiometry, to eliminate significant size inho-
mogeneities in granular compounds, to produce uniform 
thin films, or to fabricate current-carrying networks. The 
pursuit of “intelligent design” along this route requires 
progress in two key areas. The first is to understand 
superconductivity-related behavior of individual nano-
cluster particles, and the second is to develop schemes 
and devices enabling the particles to assemble without 
losing their distinctive useful attributes.

In Sect. 2 of this paper, we review an experiment which 
furnished evidence for a novel high-temperature pair-
ing transition in free nanoclusters with size-quantized 
electronic states. In Sect. 3, we outline steps toward the 
development of prototype devices suitable for detecting 
superconducting transport in assemblies of size-selected 
nanoparticles.

2 � High‑Tc Pairing in “Superatom” 
Nanocluster Particles

A remarkable quantum size effect in nanoscience is the elec-
tronic shell structure displayed by free clusters composed of 
tens to thousands of atoms [16–18]. It is found in nanoclusters 
of many simple-metal materials. When confined to a finite 
particle volume, their nascent but already delocalized con-
duction electrons organize into discrete energy levels with 
clear shell ordering, akin to that in atoms or nuclei. As in the 
latter, the electronic states in nanoclusters are characterized by 
their angular momentum quantum number l; see Fig. 1.2 Such 
nanoclusters are sometimes referred to as “superatoms” [22].

Fig. 1   Shell structure in nanoclusters of simple metals. a An abun-
dance mass spectrum for Na clusters. The prominent steps are asso-
ciated with electronic shells [16]. b The self-consistent potential 
which confines the delocalized electrons to the cluster is smooth, with 
the ionic cores screened (ionic structure of Na

19
 taken from [19]). c 

Closed-shell clusters are close to spherical and their electronic wave 
functions have an atomic-like shape. In this example [18], the filled 
shells, indicated by solid horizontal lines, accommodate 20 valence 

electrons. The shell label nl includes a radial and an angular momen-
tum quantum number (note that there is no l < n restriction for this 
potential well shape). d Photoelectron spectrum of a closed-shell 
potassium cluster anion with 20 valence electrons, directly showing 
the existence of electronic shell levels [20]. The labels and electron 
occupations for individual shell orbitals are shown at the top and can 
be compared with diagram c 

2  More precisely, clusters with fully filled electronic shells (so-called 
magic numbers, named by analogy with nuclear physics) are spheri-
cal and l is a good quantum number. Clusters with partially filled 
shells find it energetically favorable to undergo a Jahn–Teller distor-
tion into a spheroidal shape [21], in which case the electronic states 
can still be characterized by the angular momentum projection m.
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The high orbital degeneracy 2(2 l + 1), which is a conse-
quence of the quantum shell structure, leads to remarkable 
implications for pairing. As is known, the coupling constant 
λ is proportional to the electronic density of states (DOS). 
In a nanocluster, the DOS of the delocalized electrons is 
split into narrow shell levels. The resulting high degeneracy 
of the highest-occupied shell can qualitatively be viewed 
as a sharp peak in the DOS near the Fermi level, akin to a 
Van Hove singularity. The resulting strengthening of λ can 
produce a major enhancement of the gap parameter and the 
critical temperature. Note that in distinction to actual atoms, 
“superatoms” possess both a set of degenerate shell orbitals 
and a bath of phonons (i.e., cluster vibrations) which can 
provide the coupling mechanism.

It is of course meaningless to relate superconductivity 
in a finite Fermi system to the flow of macroscopic current. 
The formation of Cooper pairs of fermions (with opposite 
projections of orbital and spin angular momenta) is here 
manifested via its effect on the energy spectrum of the sys-
tem. This is well known in nuclear physics and in the studies 
of ultracold trapped atomic gases [23, 24].

This picture led to a prediction [5, 25, 26] that in some 
(not all) cluster sizes, a propitious combination of a large λ 
and an appropriate intershell spacing can create a situation 
favorable for very high Tc. The work [25] was followed by 
publications from other theoretical groups [27–30] which 
supported its conclusion.

An experiment in our group confirmed this prediction 
[31, 32]. It was performed on a beam of nanoclusters of alu-
minum, which was chosen because it is a bulk superconduc-
tor and because it exhibits shell structure in cluster form. For 
example, the Al66 cluster with 198 valence electrons, which 
is one of those discovered to exhibit pairing, fits 30 electrons 
into its narrow 1j highest occupied shell.

As described in [31–33], the nanoclusters were produced 
by a sputtering/condensation source [13] (see also Fig. 4) 
equipped with a newly developed thermalization tube which 
made it possible to adjust the cluster temperature from 65 K 
up to several hundred K with high accuracy.

Since the clusters were studied in-flight within a molecu-
lar beam, the anticipated pairing transition was monitored 
by means of laser spectroscopy, namely photoelectron yield 
spectroscopy. The principle of the measurement is outlined 
in Fig. 2a, while Fig. 2b illustrates the conceptual similarity 
between this spectroscopic determination of the electronic 
DOS of the highest occupied shell and the use of tunneling 
spectroscopy to determine the DOS of a bulk sample.

Figure 3a shows the data obtained for the aforemen-
tioned Al66 nanocluster. As the temperature is lowered, a 
significant feature develops close to the ionization thresh-
old. The corresponding derivative of the yield curves 
reveals a growing peak in the electronic DOS, as shown 
in Fig. 3b. Figure 3c, which plots the amplitude of the 

derivative maximum, reveals an electronic transition with 
Tc≳100 K. This value exceeds the critical temperature 
of bulk Al by a remarkable two orders of magnitude and 
confirms the theoretical predictions for pairing in size-
quantized clusters.

Indeed, a change in DOS is a well-known signature of the 
pairing transition. In the superconducting state, the energy 

Fig. 2   a Mapping of the density of states of size-selected free nanoclus-
ters. A beam of neutral clusters thermalized to a chosen temperature is 
ionized by a pulsed tunable laser. Cluster ions are extracted into a time-
of-flight mass spectrometer, and the ion yield Y (equivalent to the pho-
toelectron yield) is measured as a function of the photon energy E. As 
illustrated in the schematic diagram, Y(E) ∝

∞

∫
−E

M(�)�t(E + �)f (�)D(�)d� 

where ε is the electron energy, M the matrix element for dipole transi-
tions from a shell level into the continuum, ρt the ejected electron’s 
translational DOS, f the Fermi–Dirac function, and D the electronic 
DOS within the nanocluster. Since all factors but the last one are 
smooth functions of energy, dY/dE ∝ D(ε). b Photoemission can be 
considered an analog to tunneling spectroscopy, where the tunneling 
current I is given by the convolution of the sample and tip densities of 
states and the transmission matrix element. Therefore, the differential 
conductance is approximately given by dI/dV ∝ DS(EF-eV) where DS is 
the sample DOS and EF is the Fermi energy.



	 Journal of Superconductivity and Novel Magnetism

1 3

spectrum becomes ξʹ = (ξ2 + Δ2)1/2, where ξ is the electron 
energy in the normal state referred to the chemical poten-
tial. In the bulk limit, this translates into a DOS of the form 
DS = D0·ξʹ/(ξʹ2 − Δ2)1/2, where D0 is the DOS at the Fermi 
level in the normal state. In the finite cluster case, where 
the topmost electrons occupy a discrete shell lying below 
the vacuum level, the effect of pairing is to compress the 
highest-occupied electron shell and push it downward toward 
the nearby lower shells. The consequence is a peak whose 
intensity grows with decreasing temperature, as observed.

As discussed in [32], the characteristics of the observed 
transition are consistent with the theoretical predictions 
based on nanocluster parameters. They also do not conflict 

with the so-called “Anderson criterion” [34] for the observ-
ability of pairing correlations in finite systems.

A transition in the same temperature range has been 
detected for several other nanoclusters: Al37, Al44, and 
Al68. As mentioned above, pairing in finite clusters does 
not occur for all sizes but only for select ones which possess 
an appropriate combination of shell degeneracy and inter-
shell spacing. On the other hand, it is expected that such an 
effect also will occur in nanoclusters of other metals and in 
mixed (alloyed) clusters, and it is perfectly realistic for it 
to achieve a transition temperature reaching and exceeding 
room temperature.3

3 � Prototype Geometries for Networks 
of Size‑Selected Superconducting 
Nanoclusters

As described in the preceding section, quantum-sized metal 
nanocluster particles represent a new family of high-temperature 
superconductors. Given the evidence of pairing in individual 
nanoclusters, there exists a clear motivation to take advantage 
of this effect by pursuing high-temperature superconducting net-
works fabricated by means of carefully depositing size-resolved 
particles on a surface. Furthermore, it has been predicted that 
such systems can support a flow of lossless Josephson current 
orders of magnitude stronger than in conventional systems [36].

A number of reports of superconducting films assembled 
by size-selective cluster beam deposition have appeared in 
the literature; see, e.g., [37–40]. An interesting next step is 
to apply this technique to producing samples where super-
conducting nanoclusters are arranged in chains or networks, 
in sufficient quantity to affect the transport properties but 
sufficiently separated to preserve their individuality. This 
remains a work in progress; in this section, we illustrate 
some prototype deposition geometries under development 
in our laboratory.

The cluster deposition setup is outlined in Fig. 4. It pro-
duces pure (ligand-free) size-selected metal or alloy nano-
particles by sputtering atomic vapor from a metallic target, 

Fig. 3   a Photoionization yield Y(E) plot for Al66 showing a build-up 
in the near-threshold electronic DOS appearing with a decrease in 
temperature. Only certain specific cluster sizes show such a feature. 
The build-up is also seen in the plots of dY/dE in panel b. c A plot 
of the intensity of this peak shows a transition occurring near 100 K. 
(The gradual decrease above the transition is assigned to pairing fluc-
tuations expected in a finite system.) Data from [31, 32].

3  A natural question arises whether an experiment of this type can 
detect the effect of a magnetic field, such as the Meissner effect or the 
disruption of pairing. Unfortunately, this appears very difficult at pre-
sent. The penetration depth exceeds the nanocluster diameter, mak-
ing flux expulsion unobservable. As for the critical field, its estimated 
magnitude for high-Tc nanoparticles is so high, ~ 10 T, that coupling 
such a magnet to a molecular beam apparatus (and not disrupting the 
operation of its mass spectrometer) is technically extremely challeng-
ing. Possibly, spectroscopy of cold cluster anions in a Penning cluster 
trap [35] could provide such a means, but such traps normally oper-
ate at a fixed value of the magnetic field. Therefore, magnetic field 
measurements may require samples of deposited size-selected nano-
clusters; see the next section.
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condensing it within a flow of cold gas, and generating a 
nanoparticle beam as the flow leaves the condensation zone 
via a small aperture [13]. The operation is analogous to that 
of the source used for experiments described in Sect. 2. 
This type of nanoparticle source, invented at the University 
of Freiburg [41], is commonly referred to as a “magnetron 
sputtering/aggregation” or a “terminated cluster growth” 
source. For prototype development, we employed silver and 
aluminum nanoparticles of several nm diameter.

Since nanoclusters land on the surface randomly, pro-
ducing an organized arrangement requires either manipu-
lating them post-deposition or providing a template for 
them to arrange themselves on. Carbon-based surfaces 
such as graphene and carbon nanotubes (CNTs) are con-
venient choices for this purpose. For example, it was found 
that Ag561 clusters soft-landed on a C60 monolayer are not 
significantly deformed by the surface [42]. The bonding to 
the surface is sufficiently weak to allow nanomanipulation, 
and extensive research on graphene and CNT devices has 
established useful design, fabrication, and characterization 
techniques.

Furthermore, both metallic CNT and single-layered 
graphene devices can display proximity-induced super-
conductivity, as has been demonstrated by using metallic 
contacts in the case of CNT’s and by using small islands 
for graphene [43–45]. Hence, such supports can respond 
and signal when nanoclusters in contact with them transi-
tion into the superconducting state.

A 4-point graphene channel device is shown in Fig. 5a. 
Twenty-five field-effect transistors were fabricated in par-
allel by electron-beam lithography on a 1 cm2 die of CVD-
grown graphene on a Si/SiO2 substrate (Grolltex, Inc.). 
The procedure, as well as the protocols for removing the 
PMMA resin residue and for the bakeout of the graphene 
and the substrate, is described in detail in [46]. Figure 5b 
shows the channel after size-selective nanoparticle deposi-
tion. Conveniently, we found that due to the difference in 
surface attractive forces, the particles almost exclusively 
coat the graphene and not the surrounding SiO2. The sam-
ples can be mounted into chip carrier sockets and subse-
quently probed either in situ or in an external transport 
measurement system.

With such an arrangement, one can already in principle 
search for the appearance of the proximity effect in the gra-
phene channel due to nanocluster superconductivity. In addi-
tion, by gating the device, one can adjust the carrier level 
within its graphene layer, modifying its mobility as well as 
inducing charge transfer into the deposited nanoparticles.

For the purposes of constructing a tunneling network or 
chain of nanoparticles, they need to be arranged into a regu-
lar array post-deposition. With the help of an atomic force 
microscope (AFM) tip, the nanoparticles can be manipulated 
into chains or other formations on the graphene substrate, as 
illustrated in Fig. 5c.

Another approach to generating an ordered chain of 
nanoclusters is to deposit them onto a suspended metallic 

Fig. 4   The nanoparticle deposition system uses a magnetron gas 
aggregation source and a quadrupole mass filter manufactured by 
Mantis Deposition Ltd. (succeeded by Nikalyte Ltd.). Sputtered 
metal atoms and ions enter the liquid nitrogen-cooled condensa-
tion zone where they undergo collisions with cold argon and helium 
gases. Nanocluster ions form and grow as the mixture moves through 

the source toward the exit aperture. The ions are mass-filtered by a 
quadrupole equipped with an ion flux measurement grid and enter the 
deposition chamber. Here, they can be slowed down by a retarding 
potential for soft-landing on the selected substrate or device. It typi-
cally takes on the order of a few minutes to achieve near-monolayer 
coverage of the surface by nanoparticles
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CNT. With sufficient deposition density, this “beads-on-a-
string” arrangement will produce a one-dimensional tun-
neling nanoparticle array. At lower coverage, the transition 
of individual nanoclusters into the superconducting state 

will manifest itself as a change in nanotube conductance, 
either via the proximity effect, as mentioned above, or via 
nanoclusters acting as shunts.

Decoration of suspended CNTs by ligand-free metal 
particles was originally performed by atomic vapor depo-
sition [47]. The metal atoms subsequently coalesced into 
nanoparticle islands. Recently, we demonstrated [48] that 

Fig. 5   a An optical microscopy image of a four-terminal device for 
the measurement of conductivity across a graphene channel. Its back 
gate allows for the graphene carrier concentration to be varied. b A 
scanning electron microscope image of 10 nm Ag nanoparticles soft-
landed on the graphene channel in this device. The coverage den-
sity can be adjusted over a wide range. c AFM nanomanipulation of 
deposited Ag nanoparticles into arrays and other formations on the 
graphene surface.

Fig. 6   TEM images of Al nanoparticles landed on single-walled 
CNTs on a nanoporous SiN TEM grid [48]. a A deposited aluminum 
nanocluster (arrow) on a suspended CNT. b A lower-magnification 
annular dark field scanning TEM image shows nanoparticles (gray) 
suspended over the grid’s nanopores (dark). (The bright spot is an 
artifact due to the electron beam.)
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it is possible to deposit size-selected nanoparticles from 
a beam onto neat unbundled single-walled CNTs dropcast 
onto nanoporous grids and image them by transmission 
electron microscopy (TEM) (Fig. 6).

A further development is a nanotube field-effect tran-
sistor based on CNTs grown over trenches etched in a Si/
SiO2/Si3N4 substrate by catalyst-enabled chemical vapor 
deposition. The design and fabrication of such devices 
are described in [46, 49]. As with the graphene devices 
described above, a die containing multiple functioning 
transistors is fabricated and placed into ceramic chip pack-
ages or AFM sample pucks. A representative device and 
an image of a CNT decorated with deposited metal nano-
particles are shown in Fig. 7. This design is well-suited 
for the studies of temperature-dependent transport and the 
detection of a superconducting transition.

4 � Summary

Size-selected metal nanoclusters with electronic shell struc-
ture establish a new class of high-temperature superconduc-
tors, which may be extended to still much higher critical 
temperatures by the optimization of material, size, and com-
position. They offer a platform for interesting novel physical 
studies and represent promising building blocks for high-Tc 
materials, devices, and networks. The latter direction can 
be achieved with the help of size-selective soft-landing of 
nanoclusters, in combination with the development of sur-
face templates and nanomanipulation methods.
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