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Evidence for long-lived quasiparticles trapped in superconducting point contacts

M. Zgirski, L. Bretheau, Q. Le Masne, H. Pothier,ﬂ

D. Esteve, and C. Urbina

Quantronics Group, Service de Physique de I’Etat Condensé (CNRS,
URA 2464), IRAMIS, CEA-Saclay, 91191 Gif-sur-Ywvette, France
(Dated: May 25, 2011)

We have observed that the supercurrent across phase-biased, highly transmitting atomic size
contacts is strongly reduced within a broad phase interval around 7. We attribute this effect to
quasiparticle trapping in one of the discrete sub-gap Andreev bound states formed at the contact.
Trapping occurs essentially when the Andreev energy is smaller than half the superconducting gap
A, a situation in which the lifetime of trapped quasiparticles is found to exceed 100 ps. The origin
of this sharp energy threshold is presently not understood.

PACS numbers: 74.45.4+c,74.50.4+1,73.23.-b

Both theory and experiment indicate that the number
of quasiparticles in superconductors decreases exponen-
tially as the temperature is lowered, while their recombi-
nation time increases , E] This slow dynamics is an im-
portant ingredient in non-equilibrium superconductivity
and allows for the design of high-performance devices like
single photon detectors for astrophysical applications [ﬂ]
However, recent developments on microwave resonators
[l and Josephson qubits [{] show that at very low tem-
peratures residual non-equilibrium quasiparticles set a
limit to the proper functioning of these devices. More
drastically, a single quasiparticle can determine the re-
sponse of single-Cooper pair devices [ff] containing small
superconducting islands in which the parity of the total
number of electrons actually matters. The trapping of a
single quasiparticle in such a superconducting island has
been dubbed “poisoning” [[], as it inhibits the behavior
expected in the ground state of the system. Remark-
ably, it has been argued that quasiparticle trapping
could also occur in the discrete Andreev bound states
[E] formed at sub-gap energies in a constriction between
two superconductors, a system containing no island at
all. We demonstrate this phenomenon with an experi-
ment on atomic size constrictions, where the trapping of
a single quasiparticle is revealed by the full suppression
of the macroscopic supercurrent through its well trans-
mitted conduction channels. We also show that, as an-
ticipated [E], trapped quasiparticles are long-lived, with
time scales up to hundreds of us.

We use micro-fabricated mechanically controllable
break junctions [E] to obtain aluminum atomic point
contacts embedded in an on-chip circuit, sketched in
Fig.fl(c) []. The circuit allows measuring for each
atomic contact both the current-voltage characteristic,
from which one determines precisely the ensemble {7;} of
the transmissions of its conduction channels [@], and its
current-phase relation [E] In order to go reversibly from
voltage to phase biasing, the atomic contact is placed in
parallel with a Josephson tunnel junction (critical current
Iy ~ 554 nA much larger than the typical critical current
of a one-atom aluminum contact ~ 50nA) to form an
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Figure 1. (Color online) (a) Short one-channel constric-

tion between two superconducting electrodes (phase differ-
ence § = 0, — dr). (b) Excitation spectrum: besides the
usual continuum of states above the energy gap A, that ex-
tends all across the structure, there is at the constriction a
discrete Andreev spin-degenerate doublet with energy E ()
above the ground state, where quasiparticles can get trapped.
(c) Schematic setup: an atomic point contact (red triangles)
forms a SQUID with a Josephson junction (green checked
box). Phases § and v across contact and junction are linked
by the flux ¢ threading the loop. The SQUID is biased by
a voltage source V; in series with a resistance R, = 200 (2.
The current I is measured from the voltage drop across Rp.
An on-chip antenna is used to apply fast flux pulses to the
SQUID. It is represented on the right hand side as an induc-
tor current-biased with a source Ir. (d) Four possible config-
urations of a one-channel constriction: ground state (energy
—F4), Andreev doublet empty; two odd configurations, with
zero energy and definite spin +1/2, one quasiparticle added
to the contact; last configuration corresponds to spin-singlet
double excitation (energy +FEa4).

asymmetric dc SQUID. An on-chip antenna allows ap-
plying fast flux pulses through the SQUID loop and a
superconducting coil is used to apply a dc flux.

In the usual semi-conductor representation, there is
just one pair of Andreev bound states in a short
one-channel constriction, with energies +F4(4,7) =

+A4/1 — 75sin*(§/2) determined by the channel trans-

mission 7 and the phase difference § across it [E, @, ,
[[§). In the ground state, only the Andreev bound state at
negative energy is occupied, leading to a phase dependent



term —E4(0,7) in the total energy, and a supercurrent
—I4 = —py 'OE /05, with ¢y = Ii/2e. The two Andreev
bound states give rise to the excitation spectrum shown
in Fig. El(b), with a discrete spin-degenerate doublet, lo-
calized at the constriction, at an energy F4 < A above
the ground state. The four lowest-lying configurations of
the system are built from this doublet. Above the ground
state, there are two “odd” configurations (spin 1/2) with
a single excitation of the doublet at E4, i.e. with a
quasiparticle trapped in the constriction. In this case
the global energy is zero, i.e. phase independent, and
the total supercurrent is zero [@] Finally, there is an-
other spin-singlet configuration with a double excitation,
which carries a supercurrent +14 exactly opposite to the
one in the ground configuration. Hence, the supercurrent
through the constriction is a probe of the configuration
of the system.

In our experiment, the supercurrent through the
atomic contact is accessed through measurements of the
“switching current” of the SQUID, which is the bias cur-
rent at which the whole device switches from the super-
current branch (V' = 0) to a finite voltage state. Because
of the large asymmetry, the SQUID switching current is
only slightly modulated around that of the junction by
the applied flux ¢. The modulation corresponds essen-
tially to the current-phase relation of the atomic contact
[B] As the SQUID loop is small, the phase « across the
Josephson junction, the phase § across the atomic con-
tact, and the phase ¢ = ¢/ related to the external flux
¢, are linked [@] through ¢ = 6 — 7. To measure the
switching current of the SQUID, current pulses of vari-
able normalized height s = I /I are applied through the
bias line, while monitoring the voltage across the SQUID.
To ensure that the measurements are statistically inde-
pendent, additional short prepulses that force switching
are applied before each one of them ] (top left inset of
Fig.Pl). The switching probability Py, (s) is obtained as
the ratio of the number of measured voltage pulses to the
number of bias pulses (typically 10%). In Fig.ﬂ, we show
Py (s, ) measured at 30 mK on one particular SQUID
({r:} ={0.994,0.10,0.10}). For most flux values, we ob-
serve the generic behavior for Josephson junctions and
SQUIDs, i.e. a sharp variation of the probability from 0
to 1 as the pulse height is increased (lower left inset of
Fig.fl). However, in a broad flux range 0.77 < ¢ < 1.17
around 7, the behavior is completely unusual: Py, (s) in-
creases in two steps and displays an intermediate plateau
(top right inset of Fig. ).

Precise comparison between experiment and theory is
performed using an extension [@, of the well-known
model describing the switching of a Josephson junction
as the thermal escape of a particle over a potential bar-
rier [l§]. For our SQUIDs, the potential is dominated
by the Josephson energy of the junction but contains a
small contribution ), ¢;Ea(y + ¢,7;) from the atomic
contact, which depends on {7;} and on the configuration

Figure 2. (Color online) Color plot of measured switch-
ing probability Psw(s,¢) for SQUID with contact transmis-
sions {0.994,0.10,0.10}. Top left inset: Measurement proto-
col. Short prepulses ensure same initial conditions before each
measurement pulse of height I = slp and duration ¢, =1ps
(the subsequent lower plateau holds the voltage to facilitate
detection). Delay between prepulse and measurement pulse
is here At = 2 us. Main Panel: Black curves: theoretical pre-
dictions (solutions of Psuw (s, ) = 0.5) for pristine (solid line)
and for poisoned contact (dashed line). Insets: measured
Psw(s) (red dots) at fixed flux. Lower left: ¢ = 0 (green line
in main panel). Upper right: ¢ = 0.887 (cyan line in main
panel). In both insets P2, (s) (P, (s)), the solid (dashed) line
is the theory for the pristine (poisoned) contact. In the upper
right inset, the intermediate line (gray) is a fit of the data
with the linear combination of Eq. %ﬂ) with p = 0.36.

of its Andreev levels (¢; = —1 if channel ¢ is in its ground
state, ¢; = 1 in excited singlet, and ¢; = 0 in an odd con-
figuration). The predictions for Py, (s) are shown as lines
in the insets of Fig.ﬁ. Whereas the data taken at ¢ =0
are well fitted by theory with all channels in the ground
state, those taken at ¢ = 0.887 are not. However, they
can be very precisely accounted for by the weighted sum
of the theoretical curves P9, (s) and Pl (s) correspond-
ing, respectively, to the “pristine contact” (i.e. with all
channels in their ground configuration), and to the “poi-
soned” contact (i.e. with its most transmitted channel
in an odd configuration). This is the case in the whole
flux region where the measured switching curves have an
intermediate plateau, showing that

Pouw(s,0) = (1= p () Poy(s,0) + p () Pl (s,90) . (1)

The function 1 — p(p) describes the height of the in-
termediate plateau in Psy,(s). A similar analysis was
performed for other SQUIDs formed with atomic con-
tacts having one highly transmitted channel [@] and in
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Figure 3. (Color online) Relaxation time 71 (blue points)

and asymptotic poisoning probability pec(red points) as a
function of the phase § imposed for a time At between pre-
pulse and measurement pulse. Data taken on SQUID with
atomic contact {0.994,0.10,0.10} at 30 mK. Measurements at
|6 — | > 0.5 show very fast relaxation that could not be
resolved reliably in our setup. Left inset: 1 — p is the height
of the intermediate plateau in Ps,(s). Dashed line: Py (s)
found for At > 100ps. Right inset: Typical time evolution of
p, from where T and p., are extracted.

all cases, Ps,(s) shows a plateau delimited by the predic-
tions for the pristine and the poisoned contact in a broad
phase range around 7. The fact that the data are pre-
cisely accounted for by this linear combination induces
us to interpret the coefficient p as the poisoning proba-
bility, i.e. the probability for the atomic contact to have
a quasiparticle trapped in its most transmitting channel.

We have found that at fixed s and ¢, the poisoning
probability p depends exponentially on the delay At be-
tween the prepulse and the measurement pulse (Fig. 3
right inset): a fit of the form p(At) = poo + (po —
Poo) exp(—At/T1) gives the initial poisoning just after the
prepulse pg, the asymptotic value at long times po., and
the relaxation time T7. To obtain a meaningful measure-
ment of the phase dependence of the relaxation, we had
to implement a refined protocol [@] involving flux pulses
applied through the fast flux line within the time interval
At. It allows probing the relaxation from a fixed pg, with
measurement occuring always at the same flux, the only
adjustable parameter being the phase § during the wait-
ing time. Both pe (§) and T3 (§), measured at 30 mK, are
shown in Fig.ﬂ for the same SQUID as in Fig. E Their
phase dependence is symmetric and peaked at § = m,
where the relaxation is the slowest and p., the largest.
A rapid decay of Ty by almost two orders of magnitude
and a drop of ps, to 0 are observed at |§ — 7| ~ 0.37. The
overall shape of both ps (§) and T3 (§) remains very sim-
ilar when temperature is varied [@] The relaxation time
Ty falls rapidly with temperature, and becomes too short
to be measured above 250 mK. Similar data [[L1] taken on
a variety of atomic contacts show that the phase interval
in which poisoning occurs reduces when the transmis-
sion of the most transmitting channel diminishes. For

channels with all transmissions smaller than 0.7, the poi-
soning probability p was too small to be measured. An
important observation is that when two switching pre-
pulses are applied (instead of a single one) with more
than 1 ps delay between them, the first one has no effect,
which indicates that quasiparticles created by switching
matter only during 1 ps. This experimental observation,
plus the fact that diffusion is expected to efficiently drain
away from the constriction the quasiparticles created by
the prepulse [@], allow us to conclude that the resid-
ual quasiparticle density is constant during the poison-
ing probability relaxation, and that it does not originate
from the switching pulses (contrary to pg). The fact that
Poo # 0 proves that quasiparticles are present in the con-
tinuum in the steady state, as found in other experiments
[, 3, £9).

When quasiparticles jump between the Andreev states
and the states in the continuum, transitions arise among
the four configurations accessible to the Andreev dou-
blet, as shown in the inset of Fig. E All the microscopic
processes involved are in principle rather slow because
they either require energy absorption or the presence of
quasiparticles in the continuum [E] We define the rates
T'in and I'oyt corresponding to an increase or a decrease of
the number of quasiparticles in the contact. Because we
see no trace of the state with a double excitation neither
in these data, nor in preliminary spectroscopic measure-
ments, we assume that the relaxation rate I'sg to the
ground state is much larger than I';, and I'yy. From a
simple master equation [@] for the population 1—p of the
ground state, and p/2 of each of the odd configurations,
one gets
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T = o = m———————
! P Fout“i’gl—‘in

2
Fout + 3Fin ’ ( )

and the flux dependence of I';; and I'nyy can then be
extracted from the data. Then, instead of plotting the
results as a function of the applied flux § like in Fig. 3,
we choose for the x-axis the Andreev energy E4 (9) of
the most transmitting channel. The results for five con-
tacts are shown in Fig. @, together with the relaxation
time 77 and asymptotic poisoning probability p... Al-
though the Andreev energy is clearly not the only rele-
vant parameter, the rates for all contacts roughly coin-
cide. The most apparent differences are in the asymp-
totic poisoning probability po, which, for a given E4, di-
minishes when the transmission of the most transmitting
channel increases. Two distinct regimes are evidenced
in Fig. . when Ea/A > 0.5, the relaxation time is
very short and the asymptotic poisoning is negligible.
In terms of rates, I'j, is smaller than I'oy¢ by 2 to 3 or-
ders of magnitude. In contrast, when the Andreev en-
ergy lies deep in the gap (F4/A < 0.5), relaxation is
much slower and the asymptotic poisoning probability
becomes sizable. This regime corresponds to a smaller
ratio Doyt /Tin. The sharp threshold at E4/A ~ 0.5,
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Figure 4. (Color online) Relaxation data for five different

atomic contacts (transmissions are given in panel (b)): (a)
relaxation time 771, (b) asymptotic poisoning probability pec,
(c) rates T'in and T'out as a function of normalized Andreev
state energy Fa/A of most transmitting channel. There is
a sharp threshold at Fa/A = 0.5 for all contacts. Minimal
value of E4 /A is v/1 — 7 (0.08 for the black points, 0.5 for the
orange points) and is reached when § = 7, as shown in (d).
Inset of panel (c): Rates I'in (resp. I'out) are for processes
increasing (resp. decreasing) the number of quasiparticles in
contact. The relaxation rate from the excited singlet to the
ground state is assumed to be much faster than all other rates.
The occupation of all four configurations is given in italic
letters: 1 — p for the ground state, p/2 for each of the odd
configurations, and 0 for the excited state.

where 'y, drops by two orders of magnitude, is observed
for all the measured contacts with highest transmission
above 0.74. Furthermore, no poisoning was observed in
contacts in which all channels had transmissions below
0.74, the Andreev state energy then being always larger
than Av1—0.74 ~ 0.5A. In contrast, we have found
that in contacts with more than one highly transmitting
channel, poisoning can affect several channels at once
[@] Presently, we do not have an explanation for the en-
ergy dependence of the rates: the mechanisms commonly
used to describe quasiparticle dynamics in superconduc-
tors (recombination, phonon emission and absorption) do
not lead to such a sharp threshold at energy 0.5 A.

Let us mention that it is possible to untrap quasipar-
ticles. For example, we have implemented an efficient
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“antidote” protocol [Ell] based on dc flux pulses that
bring the Andreev states at the gap edge from where
the trapped quasiparticle can diffuse away into the elec-
trodes. Furthermore, it is possible to avoid altogether
poisoning: when the large scale on-chip wires connecting
to the SQUID are made out of either a normal metal ]
or a superconductor with a lower gap than the device
[@], they act as good quasiparticle traps and poisoning
is never observed.

To conclude, we have performed the first observation
and characterization of single quasiparticles trapped in
Andreev bound states. The long lifetimes that we have
measured open the way to individual spin manipulation
and to superconducting spin qubits [E] Moreover the
complete suppression of the macroscopic supercurrent
when a single quasiparticle is trapped shows that a super-
conducting quantum point contact can be seen as a very
efficient quasiparticle detector. Finally, let us mention
that quasiparticle trapping, which is likely to be a generic
phenomenon in superconducting weak links, could be
detrimental in some situations. It could be the case for
experiments proposed to detect “Majorana bound states”
in condensed matter systems [@] since their topological
protection relies on parity conservation.
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