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Several key experiments'™ have revealed a rich variety of vortex
structures in mesoscopic superconductors in which only a few
quanta of magnetic flux are trapped: these structures are polygon-
like vortex ‘molecules’ and multi-quanta giant vortices. Ginz-
burg—Landau calculations* confirmed second-order phase transi-
tions between the giant vortex states and stable molecule-like
configurations’. Here we study theoretically the electronic struc-
ture and the related phase-coherent transport properties of such
mesoscopic superconductor systems. The quasiparticle excita-
tions in the vortices form coherent quantum-mechanical states
that offer the possibility of controlling the phase-coherent trans-
port through the sample by changing the number of trapped flux
quanta and their configuration. The sample conductance meas-
ured in the direction of the applied magnetic field is determined
by the transparency of multi-vortex configurations, which form a
set of quantum channels. The transmission coefficient for each
channel is controlled by multiple Andreev reflections within the
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Figure 1 Phase-coherent transport through a few-flux-quanta superconductor.

a, Mesoscopic superconducting disk placed between the two normal metal contacts;
b, ballistic conductance of a mesoscopic disk versus magnetic field for large-area
contacts (step-like growth of conductance) and point contacts with area less than the core
radius (alternating behaviour of conductance). Gy is a single vortex ballistic conductance
for a large-area contact, Geen (Gogq) is @ ballistic conductance for giant vortices with an
even (odd) winding number measured by a small-area contacts positioned at the disk
centre. H* is the field of the first vortex entry.
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vortex cores and at the sample edge. These interference phenom-
ena result in a stepwise behaviour of the conductance as a function
of the applied magnetic field, and we propose to exploit this effect
to realize a vortex-based quantum switch where the magnetic field
plays the role of the gate voltage.

Giaever was the first to notice® that when magnetic flux gets
trapped in a superconductor, the small normal areas that appear in
parallel with superconducting areas influence transport character-
istics. We find that phase-coherent transport mediated by the
quasiparticle Andreev states associated with these normal domains
enables us to tune the probability of tunnelling through a super-
conductor by changing the external magnetic field. We show that
owing to a peculiar parity effect in the spatial distribution of the
quasiparticle density of states (DOS), the ballistic conductance of a
thin superconducting disk squeezed between very sharp contacts
placed at the very centre of the disk (see Fig. 1) can alternate between
finite and near-zero values as function of magnetic field. (The
quasiparticle DOS has the form of a set of coaxial cylinders of
finite radii, with an additional central spot if the number of trapped
flux quanta is odd; the centre is hollow when the number is even.) In
this regime, the mesoscopic superconductor realizes a quantum
vortex switch where the external magnetic field plays the role of gate
voltage.

We consider a thin disk of thickness d < A (where Ais the London
penetration depth) and radius R < A4 = A’/d. The structure of
electronic states is determined by the interplay between the quasi-
particle excitations bound within the cores of trapped vortices,
which can either merge into multi-quanta vortices or form vortex
molecules, and quasiparticle states bound near the disk edge. We
start with the quasiparticle states of a giant vortex with a certain
winding number m. In macroscopic samples, multi-quanta vortices
are energetically unfavourable owing to the strong repulsion
between the singly quantized vortices. But in mesoscopic samples,
multi-quanta formations can be stable even at H < H,, because
Meissner currents push vortices present in the sample close together.
Here H, is the upper critical field. The winding number m =1
corresponds to a conventional single vortex which carries a single
flux quantum @, = whc/|e|. Low-lying core quasiparticle states have
been found’, and can be viewed as the formation of standing
quasiparticle waves owing to Andreev reflection of quasiparticles
from the superconducting gap profile A(r) confining the vortex
core: the quantitative theory of the quasiparticle states is based on
the Bogolubov—de Gennes equations. In s-superconductors, the
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Figure 2 Spatial distribution of the thermodynamically averaged local DOS g(r)
normalized by its normal state value gy for multi-quanta vortices. a, m = 2; b, m = 3.
The x,y coordinates are measured in 1/k;, T =~ A/k:£&; for m = 2, ker, = 20\/5; for
m=3, ker, = 40/1/3.
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quasiparticle spectrum for small angular momentum quantum
numbers p is €, = pA/|k, |£ (ref. 7), where A is the superconduct-
ing gap far from the vortex axis, £ is the coherence length, |k, | is the
absolute value of the wavevector in the plane perpendicular to the
vortex, and u is half an odd integer. This is the so-called anomalous
branch of the quasiparticle energy, which, as function of u, varies
from —A to A, crossing zero as the impact parameter b = u/|k | of
the particle in the core varies from — to %. For m > 1, the number
of anomalous energy branches (per spin) crossing the Fermi level is
equal to m (refs 8—10). If a vortex carries an odd number of flux
quanta, one of these energy branches crosses the Fermi level at zero
angular momentum p = 0 corresponding to b = 0 and, thus, the
peak in the quasiparticle DOS at the vortex centre appears. A vortex
with an even number m does not have such an energy branch, and
the DOS peak at the vortex centre disappears. All anomalous
branches in this latter case cross the Fermi level at finite impact
parameter b = r_, where r. is the core radius. Making use of the
quasiclassical approach, we obtain the quasiparticle energy spec-
trum as a function of the angular momentum quantum number p
and find the corresponding spatial distribution of the DOS N(e, r).
Shown in Fig. 2 is a thermodynamically averaged local DOS g(r)
normalized by its normal state value gy, for m = 2 (Fig. 2a) and
m = 3 (Fig. 2b):

(1) = J’oc N(e, r)de
=1, 4T cosh?(e/2T)

g(r) is directly related to a zero-bias local tunnelling conductance
between two reservoirs, and can be probed by scanning tunnelling
spectroscopy''.

Now we discuss DOS in the vortex molecule state. Treating
splitting of a multi-quanta vortex into a small molecule with size
a = ¢ as a perturbation, we observe that as soon as single-quanta
vortices start to separate, each ring of the maximal DOS of a multi-
quanta vortex breaks into m peaks. With an increase in the size of
the molecule and, accordingly, in vortex spacing, some of the DOS
peaks merge, and finally only m peaks at the centres of individual
vortices survive. Typical spatial distributions of the corresponding
thermodynamically averaged local DOS derived for two particular
cases of 2@, and 3%, vortex molecules (m =2 and m = 3) are
shown in Fig. 3.

In the small samples with radius R comparable to the coherence
length, the electronic structure is strongly affected by the edge
electronic states. The finite magnetic field suppresses the order
parameter near the disk edge, and creates a potential well for
quasiparticles. Bound quasiparticle states form, owing to confine-
ment by normal quasiparticle reflection at the disk edge and by
Andreev reflection from the boundary of the classically impene-
trable region. We derive the spectrum as a function of the angular
momentum and magnetic field using the procedure analogous to
that of refs 12, 13. Shown in Fig. 4 are the energy branches for a
Meissner state (m = 0) as functions of dimensionless impact
parameter b = p/(k,|[R. At p=|k |R energy branches have
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Figure 3 Spatial distribution of the thermodynamically averaged local DOS g(r) for a
vortex molecule. a, m = 2; b, m = 3. The x,y coordinates are measured in 1/k,
T~ Alkeg. For m = 2, ker, = 20+/2; for m = 3, ker, = 40/1/3.
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minima, resulting in the sequence of discontinuities (step-like
structure) in the energy and magnetic-field dependences of DOS.
The appearance of a multi-quanta vortex at the disk centre gives rise
to switching between the energy branches with different m: each
subsequent flux quantum entering the disk reduces the depth of the
edge potential well for quasiparticle excitations, and hence shifts the
localized levels to higher energies. A further increase of the magnetic
field increases the well depth (until the next flux quantum hops in).
Therefore the DOS will show oscillations with the period
8H =~ &(/R*. The amplitude of oscillations increases with the
decrease in the disk size, and is observable only in mesoscopic
samples.

Now we turn to phase-coherent ballistic transport through the
quasiparticle vortex states. Consider a mesoscopic superconducting
disk squeezed between two contacts placed in the very centre of the
disk (see Fig. 1: such contacts can be realized, for example, by STM
tips pressed into disk surfaces). As the size of a few-fluxoid sample
becomes less than the dephasing length, new physical processes
come into play. Even in the case of a gapped quasiparticle spectrum
and at the zero-temperature limit, single-particle ballistic transport
through sufficiently thin disks can be mediated by quasiparticles
with wavefunctions decaying in the current direction. Every flux
quantum that enters the thin disk and joins either the vortex
molecule or the multi-quanta giant vortex opens an additional
channel for single-particle tunnelling. Thus the subsequent trap-
ping of flux quanta results in a step-like increase in the disk
conductance.

In a macroscopic superconducting system, the core states do not
contribute to the electro-conductivity along the vortex lines,
because the quasiparticle channels are shunted by the condensate:
the normal current injected at the surface into the centre of the core
converts to supercurrent over a certain length scale—which is less
than the sample size. In the mesoscopic sample, the current does not
have time to go outside the core, and one expects core states to
dominate conductance. Yet the quasiparticle states still decay into
the sample owing to multiple Andreev reflections from the bound-
aries of the vortex core. Our first step in the derivation of the
quasiparticle conductivity is then the estimation of the decay length
for each quasiparticle mode, and finding the corresponding fraction
of the conducting channels contributing effectively to conductance.
To this end, we look for the waveguide-like solution to the
Bogolubov—de Gennes equations, and find the inverse decay
length as:

__nlnA
o k&’

where 7 is an integer, A = k£, and kj is the wavevector component

)

Figure 4 Energy spectrum for electronic states at the sample edge. Parameters used in
these calculations are: H = H* = ¢/(wR£), R = 15¢, |k, |/k: = 1 (see text for
details). b= p/(|k , |R) is the dimensionless impact parameter.
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parallel to the vortex axis. kg is the Fermi momentum. At small #, the
decay length becomes much larger than the coherence length.

We now consider the ballistic conductance of the vortex of the
length L. Consider the superconducting disk with the vortex as
placed between the two normal metal reservoirs. Each quasiparticle
mode contribution into the conductance is proportional to
(e/h) exp(— 27,L). Then the total conductance due to single-
particle tunnelling processes becomes:

G % T2 > ep( = 27,0 (3)

B N=Ngin

where n,,, = u, 1, = kg&. We have assumed here the barrier

transmission probability Ty, to be the same for all channels (in a

more detailed model, this coefficient should depend on the quan-

tum numbers). In the case of interest we focus on, £ <L < k&%

Replacing sums over p and n by the integrals, we arrive at the final
imate:

estimate ¥

i 4

For small samples of the size of several coherence lengths, single-
particle conductance compares favourably with the two-particle
Andreev contribution (¢ T}). At large distances, L > k.£%, the /12
power-law decay of the conductance crosses over to the exponential
reduction o exp[— L/k;£)], and in the long samples the single-
particle current through the vortex channels is shunted by the
supercurrent through the borders of the vortex core.

For the schematic experimental design shown in Fig. 1, we see
that there is a notable dependence of the ballistic conductance
behaviour on the magnetic field that exists at the area of the contact.
For large-area contacts, all the additional channels—corresponding
to new maxima of the DOS—that appear as flux quanta subse-
quently enter the disk, contributing to the conductivity. Hence such
a ‘large-contact-area device’ will exhibit a step-like growth of
conductance with increasing magnetic field (see Fig. 1). On the
contrary, a point contact with an area much smaller than the area of
the vortex core feels the density of states just at its location, and thus
shows a strong dependence of the transmission probability T, on p
and on contact position. Placing the point contact strictly at the
centre of the disk, we observe either nearly zero (for even m, where
the central spot in the DOS is absent) or finite alternating con-
ductance for odd m, where single-particle tunnelling occurs via the
central peak (see Fig. 1). This alternating conductance realizes a
quantum switch, with magnetic field playing the role of gate voltage.
Generally, the magnetic-field dependence of conductance will
exhibit a mixture of the above step-like and alternating behaviours.

The ballistic contribution to the conductance dominates the
quasiparticle transport at rather low temperatures, T < A£/L; in
all other cases, the conductance will be determined by the thermo-
dynamically averaged DOS. Thus, experimental realization of
ballistic quantum switch regime requires low temperatures—and
pure, thin samples. U
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Controlled mechanical movement in molecular-scale devices has
been realized in a variety of systems—catenanes and rotaxanes' >,
chiroptical molecular switches*, molecular ratchets’ and DNA*—
by exploiting conformational changes triggered by changes in
redox potential or temperature, reversible binding of small
molecules or ions, or irradiation. The incorporation of such
devices into arrays”® could in principle lead to complex structural
states suitable for nanorobotic applications, provided that indi-
vidual devices can be addressed separately. But because the
triggers commonly used tend to act equally on all the devices
that are present, they will need to be localized very tightly. This
could be readily achieved with devices that are controlled individ-
ually by separate and device-specific reagents. A trigger mechan-
ism that allows such specific control is the reversible binding of
DNA strands, thereby ‘fuelling’ conformational changes in a DNA
machine’. Here we improve upon the initial prototype system that
uses this mechanism but generates by-products’, by demonstrat-
ing a robust sequence-dependent rotary DNA device operating in
a four-step cycle. We show that DNA strands control and fuel our
device cycle by inducing the interconversion between two robust
topological motifs, paranemic crossover (PX) DNA'®" and its
topoisomer JX, DNA, in which one strand end is rotated relative
to the other by 180°. We expect that a wide range of analogous yet
distinct rotary devices can be created by changing the control
strands and the device sequences to which they bind.

PX DNA (Fig. 1a, left) is a four-stranded molecule in which two
parallel double helices are joined by reciprocal exchange (crossing
over) of strands at every point where the strands come together'”".
JX, (Fig. 1a, right) is a topoisomer of PX DNA that contains two
adjacent sites where backbones juxtapose without crossing over. The
colour coding of the strands and labels in Fig. 1 indicates that the
top ends, A and B, are the same in both molecules, but the bottom
ends, C and D, are rotated 180°. This rotation is the basis for the
operation of the device. We have used strand replacement’ to
interconvert the PX and JX, motifs.
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