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Flux Pumping of Cooper Pairs Through a Josephson

Energy-Suppression Pump

Angelo Greco, Luca Fasolo, Vito Marino, E. Enrico

Abstract—In this paper, we propose a novel kind of Josephson
Energy Suppression Pump (JESP) controlled by a fully magnetic
flux drive. The device presented here is composed of two su-
perconducting loops interrupted at one side by superconducting
nanowires which are joined together by a superconducting island.
The phase difference developed at the edges of the nanowires
by means of the magnetic flux threading the loops can collapse
their Cooper condensates, leading to complete suppression of the
Josephson energies. This mechanism allows to greatly reduce the
leakage current when performing Cooper pair pumping by a pure
magnetic pumping cycle without involving any gate modulation.
The pumping capability of the JESP is studied through a master
equation approach in the non-adiabatic case.

Index Terms—Cooper pair pump, flux pumping, josephson
junction, superconductivity.

1. INTRODUCTION

OOPER-PAIR pumps have gained general recognition as
C an implementation of a driven quantum two-level sys-
tem [1] and represent good candidates to probe decoherence
effects in presence of a dissipative environment [2]-[4]. Their
operation is commonly based on the periodic modulation of
some of their parameters, leading to a parametric cycle that
guides Cooper-pair tunnelling through two or more quantized-
charge-sensitive tunnel junctions. The intrinsic macroscopic
coherence of this fully superconducting charge pumps, where
the Cooper-pair condensate order parameter plays a key role,
opens up the possibility to exploit the driven modulation of the
Josephson energy in the framework of the so-called “quantum
pumping” [5]-[7].

In this view, the Cooper-pair sluice first proposed driv-
ing cycle [8] intermixes magnetic and electric fields, ide-
ally resulting in a negligible dynamical supercurrent leakage.
Among the different pumping schemes investigated, the so-
called flux-pumping promises a purely coherent and arbitrar-
ily large pumped charge [9]. There the Cooper pair sluice is
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driven by a constant gate voltage and the opening times of the
two Superconducting Quantum Interference Devices (SQUIDs)
based electrodes acting as valves are largely overlapping. The
geometric properties of the parametric cycle reflect on the
pumped charge in the adiabatic limit with an explicit relation
that connects this latter to the geometric (Berry) phase. Exper-
imental measurements of the accumulated Berry phase during
each adiabatic pumping cycle have been performed, meanwhile,
the dynamic and geometric current contributions have been
separately identified [10]. Landau-Zener transitions between
energy levels limit the adiabatic regime and can be exploited
to realize Landau-Zener-Stiickelberg interferometers [11] when
coupled to geometric phases [12]. Such transitions introduce
decoherence in the system and can be induced by charge noise
or non-adiabatic drive.

The first experimental demonstration of a pumping scheme
that involves synchronized flux and voltages signals was based
on the Josephson energies modulation of two SQUIDs that
forms a mesoscopic island [13]. Observed nonidealities in the
pumped charge were attributed to incomplete suppression of
the Josephson energies and for this reason, a multiloop SQUID
geometry was suggested. With an optimized sluice design, a
pumping current of Cooper pairs in the nanoampere regime
has been demonstrated [14]. There, the SQUIDs inhomogeneity
still affected the experiment, indicating that more sophisticated
topologies were required to reduce the residual Josephson en-
ergy and consequently the leakage current. Recently, it has been
theoretically and experimentally demonstrated that in nanosized
superconductors the Cooper condensate can be collapsed by
means of a phase difference equal to 7 over a length scale
comparable to the superconducting coherence length [15]. The
complete suppression of the energy gap in the local density of
quasiparticle states has been probed by means of tunnel cur-
rent spectroscopy in a mesoscopic fully-superconducting tunnel
junction and open up several still unexplored possibilities in the
field of in-situ Josephson energy modulations.

In this framework, the paper will apply a coherent pumping
scheme in the non—adiabatic limit to a device proposal named
Josephson Energy Suppression Pump (JESP), consisting of a
superconducting sluice variant where SQUIDs are replaced
by Superconducting Quantum Interference Proximity Transis-
tors [16] (SQUIPTS). In this way the current-blocking effect is
provided by the collapse of the Cooper condensate taking place
in the SQUIPTS, leading to a sensible reduction of the leakage
currents.

II. MAGNETICALLY DRIVEN SUPERCONDUCTING GAP
SUPPRESSION IN A TWO LEVEL SYSTEM

The structure of the JESP is shown in Fig. 1. It is composed of
two SQUIPTS, namely superconducting loops interrupted at one
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Fig. 1. Sketch of the structure of a JESP: @, and &R are the magnetic fluxes
threading two superconducting loops (light grey). The (blue) island connects the
two nanowires (green) and is set at the working point by the gate voltage V.
Two Josephson junctions are formed by the nanowires plus the superconducting
island. A bias phase difference ¢ is kept constant at the two sides of the device.

side by a short gap (green rectangle) containing a thin supercon-
ducting nanowire that joins the two sides of the loop. A supercon-
ducting island (blue wire) connects the two SQUIPTSs and forms
at its edges two Josephson junctions with the superconducting
wires. The structure made of SQUIPTs plus superconducting
island recalls a Superconducting Quantum Interference Single
- Electron Transistor (SQUISET) introduced in [17], [18], but
with the main difference that the SQUISET has a negligible
Josephson energy [19] E25 compared to the charge energy of the
junctions E

E; _ % 07, (1)
27
2
e
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Here, ¢g = 2— is the flux quantum, A is the Plank constant,

e is the elementary charge, I. and C' are the critical current
and capacitance of the Josephson junctions. The two Josephson
junctions are supposed to be identical, hence having the same I
and C.

Without lack of generality, we can assume that between the
two leads connecting the device to the measurement setup there
is a constant and tunable bias phase difference ¢. Reminding the
gating structure of a sluice [14], a gate electrode capacitively
coupled to the island sets the amount of charge ) = C¢Vg on
it through the voltage Vi (C is the gate capacitance), hence a
number of Cooper pairs ny = (CaVa)/(2€).

Following the approach adopted in [3], [9] we switch to a
different variable to quantify the charge on the island defined
as dng = ng — 3, that represents the extra amount of charge on
the island with respect to a half elementary charge.

It has been demonstrated [2], [3], [9], [20] that the pumping
capabilities of such Josephson — based charge pumps can be
properly described in the framework of a dynamic two levels
system, where the amount of charge on the island is chosen as
a quantum number. The dimension of the Hilbert space is then
rescaled down to just two, corresponding to the quantum levels
where there is no net charge on the island |0) and one Cooper
pair on the island |1). The Hamiltonian of this system can be
written in matrix form as [9]

Eb(l + (5ng)2

- E, coss ¢ 4B sin 5
H= *
<E+ cos%g—iE, sin% >

Ec(f — (5ng)

where it has been defined F. = %(EJJ + Ej,) with Ej; and
L , the Josephson energies of the left and right junctions defined
in (1).

The modulation of the Josephson energy in a pumping cycle,
which we define as a cyclic modulation of the magnetic fluxes ®;
into the loops, enables the net charge transfer from a lead to the
other. This modulation can be achieved through a variation of
the magnetic flux threading a superconducting loop [15], [21]
because the phase difference across the nanowire acts like a
valve that breaks down the order parameter into the nanowire,
resulting in a decrease of the Josephson energy. To express
this Josephson energy modulation in terms of magnetic flux
threading the left and right loops we need to link the critical
currents of the Josephson junctions to the superconducting gaps
of the nanowires. That is possible by recalling the Ambegaokar
- Baratoff formula [22] which predicts the critical current of a
weak link formed by an oxide layer

Ay A,
I.=—LK([1-=L
Rue ( A2> )

where R,, is the normal state resistance of the junction, K (x)
is the complete elliptic integral of the first kind with argument
x and A; and A, are respectively the energy gaps of the su-
perconducting leads forming a Josephson junction (A; < Ajy),
namely the nanowires and the superconducting island.

A change in the magnetic flux threading a loop will change
accordingly the phase difference across the corresponding
nanowire. For a proximized nanowire, it has been shown [23]
that a proper phase difference tuning can lead to a suppression
of its superconducting density of states and so to a reduction
of its superconducting energy gap A;. This modulation can be

analytically expressed as
;4
cos | m— (@)
( bo ) ’

with Ay . and A, respectively the minimum and maximum
values of the gap reached during the modulation and ®; the
magnetic flux threading the i-th loop. (4) gives therefore the
link between the control parameter ®; and the Josephson energy
expressed by (1). It is possible seeing that by joining (1), (3) and
(4), one can obtain modulation of the Josephson energy due to
a change in the i-th magnetic flux.

Under the assumption that the control parameters ®; will
slowly change with time, we can lean on a quasi-adiabatic de-
scription of the system. To do that we introduce a local adiabatic
parameter a(t) = [(g(t)|e(t))/A(t), where |g(t)) and |e(t)) are
the instantaneous ground and first excited states and A(¢) is
the instantaneous energy gap between the two levels (the dot
sign indicates time derivation). The quasi-adiabatic assumption
implies that at each moment o < 1, ensuring that the system
will remain in its ground state for the entire duration of the
®; modulation. It is useful to express the ground state and first
excited state in terms of the charge number base

= (VT +e Vi) o
(Wm ) —e T VISan)  ©
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In the following the master equation approach followed by [2],
[9] [24] is adopted to calculate the amount of pumped charge
as a function of the experimental parameters, with particular
attention to the frequency dependence. This approach is useful
when dealing with decoherence caused by the interaction be-
tween the two-level system and the environment and allows to
explore its quasi-adiabatic dynamics. Non-adiabatic transitions
can occur due to the finite frequency at which the pumping cycle
is performed, hence where the adiabatic approximation loses va-
lidity. Quasi-adiabaticity and decoherence are taken into account
by this approach through the density matrix elements pg, and
Pge» Where the subscripts g and e correspond respectively to the
ground and excited states. The differential equations governing
Peg and pye are (3) and (4) of reference [23]. In this framework,
the effect of the interaction with the environment is given by
a fictitious resistor R capacitively coupled to the island [3].
Referring to the convention used in [3] we take R = 300 k()
and g = 0.02 as its coupling constant. The temperature of the
resistor represents the temperature of the environment, which
will be kept zero during all the calculations [9]. In this way, we
make use of the following expression for the observables [3]

2¢ [T peaEy1y/1 — 12
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where (Qq and @), are respectively the dynamic and pumped
charge moved between the two leads in one cycle of period
T,. @y is the charge moved from one side of the device to
the other solely due to the modulation of the magnetic fluxes,
hence the control parameters. On the contrary Q4 incorporates
the quantum phase coherence effects that follow from a phase
gradient into a superconductor.

A. Results and Discussion

Commonly used BCS superconductors for the production
of Single-Electron Transistors and Cooper pair pumps are Al
and Nb, the former for the superior quality of its oxides in
the fabrication of the weak links while the latter for its high
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Fig. 2. (a) Magnetic flux threading the left (blue) and right (orange) loops as
a function of time. The modulation of the fluxes has a cosinusoidal shape with a
phase lag of 1/3 of a period. (b) Modulation of the Josephson energies caused
by the flux modulation. Ey, is the maximum value of the Josephson energy
reached in one cycle.

superconducting gap. For this reason, we choose Al for the two
loops and the nanowires (critical temperature of 1.2 K) while we
choose Nb for the island (critical temperature 9.3 K). The normal
state resistance of the Josephson junctions is taken as 170 k(2
for both junctions while their charge energy is E. = 1 K - kg,
where kg is the Boltzman constant.

As mentioned above, the pumping capabilities of the device
can be estimated considering a particular pumping cycle for
the control parameters. The chosen modulation of the control
parameters are presented in Fig. 2(a). The magnetic flux has
a cosine like modulation that brings the total flux threading a
loop from a half flux quantum down to 15%A .« in a cycle
(hence Ain = 0.15 - Aax in (4)). A cosine like modulation
has been chosen to reduce the needed bandwidth in a hypothet-
ical practical realization so that a more realistic pumping cycle
could be modelled. @1, and P are modulated with a time shift
of Tp /3. This shift has been chosen through a first optimization
process of the pumped charge as a function of the phase shift
between the two flux waves, then the shift was kept constant for
all the following computations. The resultant Josephson energy
modulation is shown in Fig. 2(b).

The average pumped charge was calculated exploring the
parameter space in terms of the bias phase difference ¢ and the
gate offset 0n,. Fig. 3 shows some contour plots of the average
pumped charge in one cycle, evaluated for different pumping
frequencies. The black contour line corresponds to the zero
pumped charge points, hence the condition in the (¢, éng) plane
where no net charge is moved between the leads nonetheless a
pumping cycle is being performed. In order to be sure to sit in
the validity range of the master equation where non-adiabatic
transitions are not the dominant drive of the system, a threshold
condition on the amplitude of the matrix element p. needs to be
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The plots represent the number of Cooper pairs pumped in one cycle between the two leads as a function of the phase bias ¢ and the gate offset dng.

Plots (a), (b), and (c) are computed respectively for a pumping frequency of 10 MHz, 100 MHz, and 200 MHz. The black curve represents no net charge moved
between the leads. Plots (a), (b), and (c) are plotted on ranges of dng which differ from each other in the lower bound, respectively 0.004, 0.016, and 0.02. This is
necessary to sit in the validity range of the master equation approach dng > Jmin/Fe.

fulfilled. The validity of the adiabatic theorem requires the value
of the matrix element p,. to remains beyond unity, so setting
the arbitrary threshold pg. < 0.3 (see reference [9] for further
details) we are sure not to go beyond this limits of validity. This
threshold can be indirectly seen in plots (a), (b) and (c) of Fig. 3,
where the coordinate 7, extends differently for the three plots,
with values corresponding to

5ng > Jmin/Ec (16)

with Jp,i, the lowest value of the Josephson energy in a pumping
cycle. From Fig. 3 it is clear that the higher the pumping fre-
quency the lower is the pumped charge per cycle. However, this
is not surprising since it is known [9] that more charge is moved
when pumping slowly, indeed in the adiabatic limit, hence where
an infinitely slow pumping cycle is performed, electron and
Cooper pair pumps show the best performance. Nonetheless,
the measured quantity in experiments is the average pumped
current

(Ip) =(Qp) -V (I7)

with v = 1/T,, is the pumping frequency. Observing Fig. 3 we
notice that the maximum pumped charge per cycle can be always
obtained for a phase bias close to 7. This fact suggests that to
obtain the maximum possible pumped current we should keep
¢ = 7 as the phase difference across the device. In Fig. 4 we
report the average pumped current expressed in (17) for different
pumping frequencies as a function of 0. From this plot we can
infer that nonetheless the pumped charge decreases for higher
frequencies, increasing the number of cycles per second it is
possible to compensate for this effect by obtaining a global rise
of the pumped current. The curves are ended for different values
of dn, to take into account condition (16).

A figure of merit of any electron/Cooper pair pump is
represented by the pumped current on dynamic current ratio
(Ip)/{Ia), where (I4) = (Qq) - v. The dynamic current repre-
sents that component of the current that is independent of the
dynamics of the control parameters and that depends only on the
phase difference across the device. If we consider a pumping cy-
cle (Fig. 2) it can be shown that the dynamic current is non-zero
just when both the Josephson energies are non-zero at the same

(Ip) [PA]

0.04 0.06 0.08 0.10

on,

Fig.4.  Average pumped current calculated using (17) as a function of dng for
different frequencies of the pumping cycle. The curves are terminated for values
of dng that bring the model out of its validity range (6ng > Jimin/Ec). The
black dashed curve is used to guide the eye on this validity limit.

time. This fact is not surprising if we remember that the whole
device is superconducting and we bias it with a constant phase
difference, indeed when we suppress the Cooper condensate
into the nanowires bringing the Josephson energies to zero, the
device becomes locally non-superconducting, meaning that the
supercurrent cannot flow due to the sole phase difference ¢
between the two leads. For this reason, the dynamic current,
which can flow just in the centre of a pumping period where
both 1, and 5 g are non-zero, has the footprint of a leakage
current. It is thus interesting studying the (I,)/(Iq) ratio to
quantify the relative contribution of these two components with
respect to the total current flowing between the two leads. In
Fig. Sthe (I,,) /(1a) ratio as a function of the pumping frequency
for two values of the phase bias is shown. The pumped current
(Ip) (see Fig. 4) remains of the same order of magnitude in
all the explored pumping frequency range, on the contrary,
the dynamic current decreases linearly increasing the pumping
frequency. This is due to the fact that the time window during
which /3 can flow from one lead to the other gets shorter and
shorter with the growing frequency. The net result is that for
high enough frequencies I, becomes dominant on /4, making
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calculated as a function of the pumping frequency v for different bias phases
and dng = 0.03.

14 just a small offset on the total current. As already mentioned,
the pumped current follows the direction of the pumping cycle,
on the contrary, the dynamic current goes in the direction of
the gradient of the bias phase difference. This fact is of key
importance in all the experimental realizations since it allows
to discern between the two components just by inverting the
pumping direction and then subtracting the offset out, giving
the net pumped current [10].

III. CONCLUSION

A novel concept of a fully superconducting Cooper pair pump
has been presented. The ability to pump charge coherently
emerges thanks to the cyclic modulation of the magnetic flux
threading the two superconducting loops composing the leads of
the device, without the need of a modulation of the gate voltage,
which on the contrary determines, together with the overall phase
bias, the working point. The study of the pumped charge as a
function of the phase bias and the gate offset underline how
the device performs better set in a working point with the bias
phase difference ¢ = m, reaching a maximum amount of ~ 3
Cooper pairs moved per cycle at low frequencies. The study
of the average pumped current as a function of the pumping
frequency highlights the effect of decoherence and non-adiabatic
transitions through the lowering of the pumped charge per cycle
at high frequencies, that for the higher frequencies becomes a
fraction of a Cooper pair. An important figure of merit in practi-
cal realizations is represented by the amount of pumped current
compared to the dynamic current. Studying the (I,)/(I4) ratio
we find out that the higher the pumping frequency is and the less
predominant becomes the dynamic component on the total cur-
rent. The choice of a different pumping cycle, eg. that includes
a dynamical modulation of the gate voltage, would involve
the creation of quantized currents flowing between the source
and drain leads, representing a possible resource for electrical
metrology as a current standard. The latter would also benefit
from the reduced leakage currents given by the introduction of
the SQUIPTS, leading to a closer to ideal frequency-to-current
transducer at the cost of coherence loss of the pumped current.
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