Interference of nonequilibrium quasiparticles in a superconductor
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Abstract

We have observed an interference of nonequilibrium quasiparticles, injected from a copper electrode into an
aluminium loop through a tunnel barrier. At temperatures below 1K the tunnel current at fixed voltage bias is
periodically modulated by external magnetic field. The amplitude of the modulation reaches maximum at a bias
slightly below the gap energy, and decreases with the further increase of the bias voltage. For a given voltage bias
the amplitude of the current oscillations decreases with increase of the temperature and the loop circumference.
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At low temperatures (T < 1K) electric transport
in solids is maintained by conducting electrons (nor-
mal metals) or paired electrons (superconductors). If
the current is not too high, the system is in a quasi-
equilibrium state with a certain amount of equilibrium
excitations at any finite temperature. However, it is
possible to create nonequilibrium quasiparticle excita-
tions. At room temperatures in normal metals the life-
time of corresponding excitations is extremely short
(~ 107 !s). One may naively expect that at low tem-
peratures in superconducting state the contribution of
nonequilibrium quasiparticles to electric current is neg-
ligible. We have experimentally shown that under cer-
tain conditions the contribution of nonequilibrium ex-
citations to coherent transport is essential. The phase
of the wave function of these nonequilibrium quasi-
particles is preserved on distances (times) significantly
larger than for ’conventional’ conducting electrons in
normal metals at same temperatures.

We fabricated a set of nanostructures, which can
serve as analogues of an optical interferometer. A su-
perconducting loop (Al) is overlapped at one point
by a normal metal bar (Cu) through a tunnel barrier
(Fig. 1, inset). Nominal area of the junction is about
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Fig. 1. Typical I — V characteristics at zero magnetic field.
Arrows indicate bias voltages at which magnetic field sweeps in
Fig. 2 are shown. Inset: SEM image of a typical nanostructure.

100nm x 100nm. Depending on the aluminum oxi-
dation procedure, the resulting tunnel resistance Rr
varies from 2k to 50k€2. The circumference of the in-
terferometer loop varies from 2um to 40um.

At temperatures 40mK < T < 1K the dependen-
cies of the tunnel current I measured as a function of
the bias voltage V' are typical for a normal-insulator-
superconductor structure (Fig. 1). Application of a
perpendicular magnetic field B at a fixed voltage bias
causes periodic modulation of the tunnel current (Fig.
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Fig. 2. I(B,V = const) dependencies taken at T = 166 £ 5mK
at various voltage biases, normalised by the gap voltage
V/Vgap. Arrows show the directions of the magnetic field
sweeps.

2). The magnitude of the oscillations depends on the
bias voltage, showing a nonmonotonous behavior (Fig.
3). If to define AT as the magnitude of the current os-
cillations and Imax as the maximum current at a given
voltage bias, then at the lowest temperatures the func-
tion AI/Imax (V') shows a pronounced maximum at en-
ergies slightly below the superconducting gap eVzap =
A. At higher temperatures the function AT/Inax(V)
is rather broad, monotonously decreasing at eV > A
(Fig. 3).

The dependencies in magnetic field I(B,V = const)
are hysteretic. The allowed current states form a set
of ’parabolas’ (Fig. 2). Defining ® as magnetic flux
through the area of the loop, one may notice that the
system switches from one quantum state (®/¢; = n)
to the other (®/¢g5 = n £ 1) ’jumping’ only to / from
particular branches of the ’parabolas’, depending on
the direction of the magnetic field sweep. Within the
same quantum state (®/¢5 = const) the dependencies
in magnetic field are not hysteretic.

The maximum on AI/Ina.x(V) dependencies close
to the gap voltages V' ~ V4ap is probably an evidence
that the quasiparticles are involved in the process, as
the density of states of a superconductor has a singu-
larity at the gap edge. The decrease of the magnitude of
this maximum with the increase of the loop circumfer-
ence can be accounted for the finite relaxation length
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Fig. 3. The normalised magnitudes of the current oscillations
AT /Imax vs. normalised bias voltage V/Vgzap at various tem-
peratures for three samples, which differ by the circumference
of the loop.

of the nonequilibrium quasiparticles. The most unex-
pected feature is the absolute value of the effective flux
quantum ¢g, which determines the period of the cur-
rent oscillations in magnetic field. It equals the normal
metal value ¢po9 = h/e only for the very small loops,
being noticeably larger (up to 10 times !) for bigger
circumferences.

For the moment the experimental data lacks the solid
theoretical explanation. Probably, the results can be
understood incorporating interference effects originat-
ing from the transport of the Cooper pairs [1] -[3] and
the injected nonequilibrium quasiparticles.
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