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Abstract We report microwave spectroscopy of energy levels of a bound Josephson vortex-
antivortex (VAV) state in an annular Josephson junction. The bound VAV pair is
formed in the narrow long junction by applying an in-plane magnetic field. The
dissociation of the bound state, which is associated with a switching of the junc-
tion from the superconducting to the resistive state, is induced by ramping up a
bias current applied to the junction. This process can be mapped to the escape
of a particle from a potential well. Above the crossover temperature, the pair
dissociation is thermally activated, below it is induced by quantum tunnelling,
which is inferred from switching current measurements. In the quantum regime,
the dependence of the energy level spectrum on field and bias current is probed
using microwave spectroscopy.
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Macroscopic quantum phenomena in Josephson coupled systems have at-
tracted considerable attention both theoretically and experimentally [1-9]. Most
of the studied systems, such as dc-biased Josephson junctions (JJ), supercon-
ducting quantum interference devices (SQUIDs) and small Josephson-junction
arrays, are based on a small number of point-like Josephson junctions. A few
degrees of freedom, namely the Josephson phases, suffice to describe the dy-
namics of these systems. At low temperatures, quantum-mechanical effects
such as macroscopic quantum tunnelling, energy level quantization [2-5], and
coherent oscillations [6-9] of the Josephson phase have been observed.

In the case of spatially extended Josephson systems, such as large parallel
arrays or Josephson-junction ladders, the analysis and observation of quantum
dynamics is more complex. A particularly interesting system in that respect is
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the quasi-one-dimensional long Josephson junction in which the phase contin-
uously varies in space. In the classical limit the phase dynamics in the long JJ
is described by the sine-Gordon equation. This system supports well-known
nonlinear excitations [10], for example Josephson vortices (magnetic fluxons)
and vortex-antivortex pairs, that can interact with inhomogeneities or linear
(Josephson-plasma) modes. The classical dynamics of such excitations are
well established [10]. In particular, the escape induced by thermal fluctuations
of the Josephson phase from a metastable state has been investigated both ex-
perimentally and theoretically [11, 12]. Recently, the ac-induced escape of
a vortex in the presence of thermal fluctuations has been studied in detail by
numerical simulations [13]. A number of macroscopic quantum-mechanical
effects have been predicted for Josephson vortices [14—19], however, only few
have been observed experimentally until now. In particular, macroscopic quan-
tum tunnelling of many vortices [20, 21] and, more recently, also tunnelling
and level quantization of an individual vortex [22] have been observed.

A next natural step in the study of macroscopic quantum effects in long JJs is
to investigate the dissociation of a single vortex-antivortex pair. The crossover
of the dissociation process from the thermal to the quantum regime has already
been theoretically analyzed and experimentally observed [23]. A characteristic
of the dynamics of the bound VAV pair is its small oscillation frequency in the
effective binding potential, a property which has been theoretically analyzed
in Ref. [23]. In the quantum limit, the small oscillation frequency determines
the energy level separation. As shown for the single-vortex case [22], resonant
microwave absorption can be used to map the level structure of the system
by observing the enhancement of the escape rate. In this paper we report mi-
crowave spectroscopic measurements of the energy levels of a VAV pair.

A single VAV pair appears naturally in a long annular 1J subject to an
external magnetic field H [24, 25] applied in the plane of the junction, see
Fig. la-c. For experiments, we have fabricated annular junctions of diame-
ter d = 100 gm and widths w = 0.5 um and w = 1 um by etching a sput-
tered Nb/AlO,/Nb trilayer patterned using electron-beam lithography [26].
The critical current density of the junctions is 220 A /cm? at 20mK. The
Josephson length is Ay ~ 30 pm, resulting in a normalized junction length of
L = nd/A\; =~ 10.5. The 0.5 pum-wide junction was used to observe the ther-
mal to quantum crossover [23], and the 1 ym-wide junction was used for spec-
troscopic measurements. A measurement of the magnetic field dependence of
the switching current for the 0.5 ym-wide annular junction is shown in Fig. 1d.
In the field range |H| < 1.5Oe (main central lobe), the switching of the JJ
from the superconducting to the resistive state occurs through the dissociation
of a single field-induced VAV pair confined in the potential well formed by
external magnetic field and dc bias current. This process is confirmed by direct
numerical simulations of the perturbed sine-Gordon model for an annular long
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JJ [24, 25] subject to an in-plane dc magnetic field /. The numerically found
magnetic-field dependence of the switching current is in excellent agreement
with measurements, see the solid line in Fig. 1d. Simulations of the magnetic
field distribution in the junction clearly show the nucleation and subsequent
dissociation of the VAV pair, see Fig. 1c. Fluctuations, thermal and quantum,
induce oscillations of the confined pair. At high temperatures, the dissociation
takes place by thermal activation over the confinement barrier. At low temper-
atures, macroscopic quantum tunnelling through the barrier occurs. At fields
|H| > 1.50e the system becomes bistable as a well-separated VAV pair is
spontaneously created in the junction. This state is perfectly reproduced by
our numerical calculations, see the first side lobes in Fig. 1c.

According to the theoretical derivation in Ref. [23], the phase distribution
in the junction can be written as ¢(z,t) = 7/2 + &(x,t), where {(z,t) is a
perturbation describing a small-amplitude VAV pair,

3
cosh? (W (25)1/4)

(lz — 1], A) = V26 (1)

Here, 0 = (1 — I/I.,9) < 1 and z1(¢) is the center-of-mass coordinate of the
bound pair. The distance between the vortex and the antivortex A(t) is allowed
to vary in time. The magnetic field and dc bias create the pinning potential
for such a state. Since we consider dc magnetic fields only, we neglect the
dynamics of the center-of-mass coordinate z1(¢). Hence the effective energy
of the 1J,

E(A) = A% 4+ Upr(A) )

Meg(A)
2

is a function of A and A = dA/dt. Expressions for Upet(A) and meg(A) are

derived in [23].

In the absence of fluctuations, the critical current, §.(h) = 2h/3, is found by
minimization of the energy F/(A) in A. The corresponding critical amplitude
Ay is determined by the condition sinh ((25)1/ A/ 2) = 1. Note that the
critical current decreases linearly with magnetic field, in contrast to the case of
linear long JJs, where similar considerations yield 61 (h) oc h*/3. Both results
are valid in the case of uniform bias-current distribution and for L/27 > 1.

In the presence of thermal or quantum fluctuations, the dissociation of the
pinned VAV pair occurs at a random value of bias ¢ exceeding §.(h). Assuming
weak fluctuations, 0 — 0.(h) < d.(h), we expand the energy about A = A
(A=A — Ap) as

_ X 42(5A)2 + 33/22\/5 (6= d.(h)) (54) - %2

E(A) (64?7, 3
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Figure 1 (a) Schematic view
of a long annular Josephson
junction of diameter 100 pm
without trapped vortices in
an in-plane external magnetic
field H with uniform bias cur-
rent I. (b) Generation of
a confined vortex-antivortex
pair with center coordinate at
x = L/2. (c) Numeri-
cally simulated evolution of
the magnetic field distribu-
tion, as the Josephson junc-
tion switches to the resistive
state. The emerging vortex
and antivortex move in oppo-
site directions. (d) Magnetic
field dependence of switching
currents: experimental data at
T = 100 mK (circles), nu-
merical calculation for L =
10.5 (solid line), and theoret-
ical prediction [23] for L >
27 (dashed line).
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where y is a numerical coefficient of order unity. Thus, the problem of the
fluctuation-induced dissociation of a bound VAV pair is mapped to the well-
known problem of particle escape from a cubic potential. The dissociation rate
depends on the height of the effective potential barrier,

Uet (8) = 2 - 34h=Y4(8 — 5.(h))%/2 . 4)

At high temperatures, the dissociation is driven by thermal activation over this
barrier. Using well known theory describing the particle escape from such a
potential well [1-4], we find the switching rate of a long Josephson junction
from the superconducting to the resistive state to be

(1) o< exp [~Uest /kpT]. (5)

Thus, at high temperatures the standard deviation o of the critical current dis-
tribution should increase with temperature and weakly depend on magnetic
field as o o< T?/3h1/6_ Notice that o7 increases with H, in contrast to small
Josephson junctions [1, 2] where op o< (I.(H ))1/ 3 decreases with H.

We experimentally investigated the fluctuation-induced dissociation of the
VAV pair by measuring the temperature and magnetic field dependence of
the statistical distribution P of the switching currents I < I.g, using tech-
niques described in [11, 16, 27]. In Fig. 2a, the temperature dependence of
the switching current distribution measured at H = 0 is shown. At high
temperatures the P([) distribution is temperature-dependent. At low tem-
peratures a saturation of the distribution width is observed. In Fig. 2b, the
standard deviation o of P([) is plotted versus bath temperature 7" for two val-
ues of magnetic field. The standard deviation o is to a good approximation
proportional to 7%/3, and is larger for the higher field, as predicted above.
As clearly seen in Fig. 2b, o decreases with temperature and saturates be-
low a crossover temperature of 7 ~ 100mK. At T < T* the dissocia-
tion of the VAV pair occurs through macroscopic quantum tunnelling. The
crossover temperature 7* ~ hw(d)/(2nkp) is determined by the small os-
cillation frequency w(d) of the VAV pair. In the quantum regime, this fre-
quency w(d) = 338/, /x (6 — 5.(h))Y* determines the oscillatory energy lev-
els E, ~ hw(d)(n + 1/2) of the pinned VAV state. A further discussion of
the thermal and quantum dissociation rates and their specific scaling with H is
given in [23]. Using the techniques demonstrated in Ref. [22] for single vor-
tices, we have performed microwave spectroscopic measurements of the VAV
pair energy levels. The measurements were performed at temperatures between
15mK and 20mK by exciting the VAV pair into the first excited state by means
of microwave radiation. A Lorentzian peak in the decay rate I" centered around
the resonant current for a given spectroscopy frequency is observed. Rewriting
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Figure 2 (a) Switching-
current  distributions P(I)
at H = 0 for the indicated
bath temperatures 7. (b)
Distribution of the standard
deviation o of P(I) versus
the bath temperature for
the two indicated values of
magnetic field.
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&Y P py of Figure 3 Resonance current

versus resonance frequency.
Experimental data for zero
magnetic field (filled circles)
and 0.2 Oe (open circles) are
compared to the model (solid
line and dashed line, respec-
tively). The respective criti-
cal currents are indicated by
the dotted vertical lines. In the
inset, the original switching-
current probability distribu-
tion P(Isyw) is indicated with
the same current scale as the
main figure for a single data
point. The peak (1) corre-
sponds to the escape from the
10 L. resonant level, the peak (0)

520 530 540 55 560 to the escape from the ground
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the small oscillation-frequency dependence as

I 1/4
(1.1 = () (1= 155 ) ©
highlights the small-junction-like scaling of v (I, H) with I/I.(H) at H =
const and I/I.(H) close to unity. The factor vo(H) is the magnetic-field-
dependent frequency of internal oscillations of the VAV pair at zero bias cur-
rent. For a number of different values of magnetic field, we have measured the
dependence of the resonance current on microwave frequency. Experimental
data for zero magnetic field and H = 0.2 Oe, which compare well to Eq. (6),
are displayed in Fig. 3. Least-squares fits to the data for different magnetic
fields yield both I.(H) and vy(H ).

The theoretical dependence of vo(H) on I.(H) for VAV dissociation is
given by

(7

33/8 (I.(H)\"/*
ol _ﬂ_( ( )) 7

27 \/% 1, c0
where wq /2 is the plasma frequency of the junction at H = 0. This expres-
sion differs from the one expected for the phase escape in a small Josephson
junction vo(H) o< \/I.(H)/I.o. In Fig. 4 we fit the experimentally determined
magnetic field dependence of the zero bias oscillation frequency vo(H) to
Eq. (7). We determine a characteristic frequency 33/8wq /(2 /X) of 74.7 GHz,
from the least-squares fits. We note that the field dependence of the zero bias
oscillation frequency extracted from experimental data is in good agreement
with the predictions based on our model for VAV dissociation. For compari-
son, the expected oscillation frequency for homogeneous escape of the phase
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is shown by the dotted line in the same plot, see Fig. 4. The prediction for ho-
mogeneous escape of the phase clearly disagrees with the experimental data.

Summary

We have shown that the switching of an annular Josephson junction from
the superconducting to the resistive state in the presence of magnetic field oc-
curs through the nucleation and subsequent dissociation of a single vortex-
antivortex pair. At low temperatures we observe the pair dissociation by quan-
tum tunnelling. Using microwave spectroscopy, we have shown in this work
that the resonantly stimulated dissociation process agrees with the model de-
rived in [23]. The resonant enhancement of the dissociation rate is a manifes-
tation of the energy-level quantization.
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