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Quantum dynamics of a single vortex
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Vortices occur naturally in a wide range of gases and fluids, from
macroscopic to microscopic scales. In Bose-Einstein condensates
of dilute atomic gases', superfluid helium” and superconductors,
the existence of vortices is a consequence of the quantum nature
of the system. Quantized vortices of supercurrent’ are generated
by magnetic flux penetrating the material, and play a key role in
determining the material properties® and the performance of
superconductor-based devices™®. At high temperatures the
dynamics of such vortices are essentially classical, while at low
temperatures previous experiments have suggested collective
quantum dynamics”®. However, the question of whether vortex
tunnelling occurs at low temperatures has been addressed only
for large collections of vortices. Here we study the quantum
dynamics of an individual vortex in a superconducting Josephson
junction. By measuring the statistics of the vortex escape from a
controllable pinning potential, we demonstrate the existence of
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quantized levels of the vortex energy within the trapping poten-
tial well and quantum tunnelling of the vortex through the
pinning barrier.

The object that we have studied in our experiments is a vortex of
electric current with a spatial extent of several tens of micrometres
formed in a long superconducting tunnel junction. The electro-
dynamics of such a Josephson junction is governed by the phase
difference ¢ between the macroscopic wavefunctions describing the
superconducting condensate in the two electrodes’. It is a well
established fact that the variable ¢ does display macroscopic
quantum properties in point-like junctions at very low tempera-
tures'®'"". Such macroscopic quantum phenomena are currently
exploited for quantum information processing'> using supercon-
ducting devices'®"*""7. In extended one- or two-dimensional
Josephson junction systems, quantum tunnelling in real space is
to be expected for superconducting vortices, which are particle-like
collective excitations of the phase difference ¢. Collective nonlinear
excitations such as the vortex considered here are ubiquitous in
solid state systems (for example, domain walls), biological systems
(such as waves on membranes), and have even been considered as
model systems in particle physics. The small value of the expected
mass of the vortex studied here suggests that quantum effects are
likely to occur with vortices at low temperatures. Dissipative vortex
tunnelling has been put forward as a reason for the non-vanishing
relaxation rate of the magnetization in type-II superconductors as
the temperature T is lowered towards zero. However, the quantum
vortex creep model®, which was suggested as an explanation for this
behaviour, faced orders-of-magnitude discrepancies with experi-
mental data'®. Alternative classical explanations have been
suggested more recently to explain the low-temperature relaxa-
tion'’. Nonetheless, macroscopic quantum tunnelling was observed
for states with many vortices in discrete arrays of small Josephson
junctions®>*'. For typical arrays, the calculated vortex mass is about
500 times smaller than the electron mass’. All previous research in
this area has focused on the collective behaviour of a large number
of vortices. Until now there had been no direct experimental
observation of tunnelling events of individual vortices.

Among many different vortex structures in superconductors,
there is a rather special type of vortex in long Josephson junctions.
These vortices have the characteristics of solitons—nonlinear waves
that preserve their shape with time and propagate as ballistic
particles®. These vortices are distinct from Abrikosov vortices in
type-1I superconductors, as they have no normal core and thus
move with very low damping. In contrast to vortices in Josephson
arrays’, solitons in uniform long junctions do not generate any
radiation during their motion, and are well decoupled from other
electromagnetic excitations in these systems. The quantum tunnel-
ling of Josephson vortices in long junctions has been predicted
theoretically”>**. Here we present experimental observations of this
effect.

We probe the quantum properties of a single Josephson vortex in
a current-biased annular junction subject to an in-plane magnetic
field H (Fig. 1c inset). The junction (of diameter d = 100 pm and
width w = 0.5 pm) is etched from a sputtered Nb/AlO,/Nb thin-
film trilayer which is patterned using electron-beam lithography.
A photograph of the sample taken using an optical microscope is
shown in Fig. la. Initially the vortex is topologically trapped in the
junction by cooling the sample in a small perpendicular magnetic
field H,,, which is generated using a separate pair of coils, the axis of
which is perpendicular to the junction plane (Fig. 1b). A single
vortex in an annular junction subject to an in-plane field behaves as
a particle®® in a tilted washboard potential*”**. The component of
the potential periodic in the vortex coordinate O is due to the
interaction p-H oc cosO of the vortex magnetic moment p. with the
external magnetic field H (Fig. 1c). The tilt of the potential is
proportional to the Lorentz force acting on the vortex which is
induced by the bias current I applied to the junction. The vortex
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Figure 1 Sample, vortex potential and switching current measurement. a, Photograph of
the sample taken with an optical microscope. b, Sketch of bias lead configuration and
direction of trapping field Hy.. We use a bias lead geometry which minimizes self field
effects® and apply the magnetic field H generating the vortex potential in the plane of the
junction but perpendicular to the bias leads. In this case, the vortex is depinned in a
location along the junction where self fields are minimal. ¢, A vortex with magnetic
moment p. trapped in an annular Josephson junction subject to an in-plane external
magnetic field H. The junction width and diameter are indicated (see inset). The resulting
vortex potential at zero bias current /(dashed ling) and at finite bias /o (solid line) is plotted

may escape from a well in the tilted potential by a thermally
activated process or by quantum tunnelling. At low temperatures
thermal activation is exponentially suppressed, and the escape
occurs by quantum tunnelling. This process is identified by measur-
ing the temperature dependence of the distribution P of depinning
currents I, (refs 29, 30) of the vortex trapped in the junction. The
P(I,,) distributions are recorded by repeatedly ramping up the bias
current at a constant rate I and recording the statistics of the current
I, at which the vortex escapes from the well, which is associated
with a switching of the junction from its zero-voltage state to a
finite-voltage state (Fig. 1d). Our measurement technique and set-
up have been tested and calibrated®>*' in experiments on macro-
scopic quantum tunnelling of the phase in small Josephson
junctions''.

The bias current I, at which vortex tunnelling occurs with the
highest probability (for a given bias current ramp rate) is found—as
expected””**—to be proportional to the applied magnetic field (see
below). This indicates that the shape of the potential is controlled in
our experiment by both field and bias current. The effect of the bias-
current-induced self magnetic field on the vortex potential has been
minimized by using an appropriate bias lead configuration and field
direction (Fig. 1b).

To search for quantum tunnelling of the vortex, the temperature
dependence of the switching current distribution P(Iy,) has been
measured. In Fig. 2a such distributions are shown for a magnetic
field of H = 0.9 Oe applied in the plane of the junction. It is clearly
observed that the distribution width ¢ decreases with temperature
and then saturates at low T. In Fig. 2b, ¢ is plotted versus
temperature on a double logarithmic scale for two different values
of field. At high temperatures, the distribution width is temperature
dependent, indicating the thermally activated escape of the vortex
from the well. In the high temperature limit ¢ is, to a good
approximation, proportional to T%? as expected for a thermally
activated escape of a particle from a washboard potential close to
critical bias. The distribution width o saturates at a temperature of
about 100 mK. This behaviour indicates the cross-over of the vortex
escape process from thermal activation to quantum tunnelling. At

156

Vortex coordinate,

© 2003 Nature Publishing Group

20 0 50 100
Voltage, V (uV)

versus the vortex coordinate © in the annulus. Thermal and quantum escape of the vortex
at rates I'y, and I'q, respectively are indicated. d, Current-voltage characteristic
showing the vortex depinning from the field induced potential at a random value of bias
I sw When ramping up the bias current at a constant rate in a saw-tooth pattern (see upper
inset). The transition of a pinned vortex state to a running vortex state is associated with a
voltage appearing across the junction which is proportional to the vortex velocity (see
lower insets). In experiment, the bias current is switched off immediately after a voltage is
detected.

temperatures below 100 mK, o is constant and the escape is
dominated by quantum tunnelling. As expected, the cross-over
temperature T* is dependent on magnetic field, but only rather
weakly. We attribute this observation to the fact that the vortex may
change its shape when traversing the barrier during the escape
process. This aspect can not be captured in the single-particle
model**”, but rather is a consequence of the fact that the vortex
is a collective excitation.

To probe the energy levels of the vortex in the potential well, we
have measured the vortex escape in the presence of microwave
radiation, using spectroscopic techniques which we have extensively
tested on small Josephson junctions®. At low temperatures and in
the absence of microwave radiation, the vortex tunnels out of the
ground state of the potential well into the continuum. The occu-
pation of excited states is exponentially small, if the level separation
is larger than the temperature. By irradiating the sample with
microwaves, the vortex can be excited resonantly from the ground
state to the first excited state (Fig. 3b inset). In this case, we observe
a double peak structure in the switching current distribution
(Fig. 3a). The peak at higher bias current is due to the tunnelling
of the vortex from the ground state, whereas the peak at lower bias
current corresponds to the tunnelling out of the first excited state.

The energy level separation scales both with bias current and
applied magnetic field. To investigate this property, we have spectro-
scopically determined the separation between the ground and the
first excited state by varying the microwave frequency and the
magnetic field. For each value of the magnetic field, we have
determined the resonance current I, (see Fig. 3a) for a few different
microwave frequencies ». In Fig. 3b, the applied microwave fre-
quency v is plotted versus the resonance current I, normalized by
the depinning current I .(H) at that field in absence of microwaves
and fluctuations. It is observed that all data points show the
characteristic scaling of the energy level separation AE(/h with
the bias current as o, (H, I) = v, (H, I = 0)(1 — (I/I.(H))*)"4, as
expected for the tilted washboard potential. The data at each field
are fitted to this dependence using the characteristic frequency
vo1(H, I = 0) of vortex oscillations at zero current and the depin-
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Figure 2 Thermal activation and quantum tunnelling. a, Switching current distributions
P(/4y,) at magnetic field H = 0.9 Oe for bath temperatures Tbetween 4.0K and 25 mK.
b, Standard deviation o of P(/,) versus T for two values of field, indicating the cross-over
in the vortex escape process from thermal activation to quantum tunnelling. The
cross-over temperature range around 7* is indicated. We have carefully verified
experimentally that the saturation of the distribution width with temperature is not induced
by excess noise or heating of the sample. The resolution of our measurement set-up® is
factor of 3 to 4 larger than the most narrow distribution widths measured in these
experiments.

ning current I (H) as fitting parameters, see dashed lines in Fig. 3b.
The resonance frequency v(;(H, I = 0) and the depinning current
I.(H) in absence of fluctuations have been determined from the fit.
As expected, the energy level separation AE,, increases with field
and the depinning current I as determined from the spectroscopic
data is linear in the field, see Fig. 3¢, which is in excellent agreement
with the current I, measured directly in absence of microwaves.

From the resonance frequency at a given bias current we can
estimate the cross-over temperature, which in the limit of small
damping is given by T* =hvy,(H, I)/2mkg. Thus we can compare
the cross-over temperature extracted from the temperature depen-
dence of the switching current distributions to the predictions based
on the data extracted from spectroscopic measurements. For
voi1(H, I) between 10 and 13 GHz we find a value of T* between
approximately 75 and 100 mK, which is consistent with the
measured saturation temperature in Fig. 2.

The quantum dynamics of vortices are important for evaluating
the properties of superconducting materials and devices at low
temperatures. Similar effects to those observed here in a supercon-
ductor may well be observable in atomic Bose—Einstein condensates
or in superfluid helium. The results of our experiments may directly
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open a path towards quantum computation' using Josephson
vortices in long junctions as qubits*>*.
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Efficient bulk heterojunction
photovoltaic cells using small-
molecular-weight organic thin films
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The power conversion efficiency of small-molecular-weight and
polymer organic photovoltaic cells has increased steadily over the
past decade. This progress is chiefly attributable to the introduc-
tion of the donor—acceptor heterojunction™ that functions as a
dissociation site for the strongly bound photogenerated excitons.
Further progress was realized in polymer devices through use of
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blends of the donor and acceptor materials®>®: phase separation
during spin-coating leads to a bulk heterojunction that removes
the exciton diffusion bottleneck by creating an interpenetrating
network of the donor and acceptor materials. The realization of
bulk heterojunctions using mixtures of vacuum-deposited small-
molecular-weight materials has, on the other hand, posed elusive:
phase separation induced by elevating the substrate temperature
inevitably leads to a significant roughening of the film surface
and to short-circuited devices. Here, we demonstrate that the use
of a metal cap to confine the organic materials during annealing
prevents the formation of a rough surface morphology while
allowing for the formation of an interpenetrating donor-accep-
tor network. This method results in a power conversion efficiency
50 per cent higher than the best values reported for comparable
bilayer devices, suggesting that this strained annealing process
could allow for the formation of low-cost and high-efficiency
thin film organic solar cells based on vacuum-deposited small-
molecular-weight organic materials.

The external quantum efficiency of a photovoltaic cell
based on exciton dissociation at a donor—acceptor interface is°
NEQE = Na X Nep X Ncc. Here, 74 is the absorption efficiency.
The exciton diffusion efficiency, ngp, is the fraction of photogen-
erated excitons that reaches a donor—acceptor interface before
recombining. The carrier collection efficiency, ncc, is the prob-
ability that a free carrier, generated at a donor—acceptor interface by
dissociation of an exciton, reaches its corresponding electrode.
Typically, in bilayer donor—acceptor photovoltaic cells with a total
thickness, L, of the order of the optical absorption length, LA, we
have ny =1 — exp(—L/LA) > 50% if optical interference effects
are ignored, and n cc = 100%. However, since the exciton diffusion
length (Lp) is typically an order of magnitude smaller than L,, a
large fraction of the photogenerated excitons remains unused for
photocurrent generation® (Fig. 1a), limiting ngqr and hence the
power conversion efficiency, 7 p, of this type of planar junction cell.

In polymer photovoltaic cells, the exciton diffusion bottleneck
has been removed through the introduction of bulk heterojunc-
tions** (Fig. 1b). In a bulk heterojunction, the donor—acceptor
interface is highly folded such that photogenerated excitons find an
interface within a distance L, of their generation site. Currently,
state-of-the-art bulk heterojunction polymer photovoltaic cells
have power conversion efficiencies of up to 3.5% (refs 7-9). The
bulk heterojunction is fabricated by spin-coating a mixture of the
donor and acceptor materials. During spin coating and solvent
evaporation, the donor and acceptor materials phase separate,
creating an intricate interpenetrating network.

Attempts to achieve a bulk heterojunction through codeposition
of the donor and acceptor materials yielded devices with np values
falling short of those achievable in optimized bilayer cells using the
same materials'®'®. Strong quenching of the photoluminescence in
mixed materials indicates that ngp = 100%. Therefore, the low
efficiencies are attributed to poor charge transport, resulting in a
low 7 ¢ (Fig. 1c). If charge collection is assisted by the application
of an external voltage, a high 7gqg can be obtained".

Growth of mixed layers at elevated substrate temperatures leads
to phase separation and the appearance of crystalline domains.
However, this increase in crystallinity and possibly larger L, comes
at the cost of an increased film roughness'>'®. The high density of
pinholes leads to short circuits and makes device fabrication
impractical. The same problem occurs when mixed-layer films are
annealed post-deposition to induce phase separation.

Here, we present a method for the fabrication of bulk hetero-
junctions in small-molecule systems based on annealing mixed-
layer films in a confined geometry. In this case, the devices are
completed with a ~1,000-A-thick metal cathode, and then sub-
sequently annealed. The metal cathode stresses the organic film
during annealing, preventing morphological relaxation and the
concomitant formation of a high density of pinholes, while
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