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Evidence of Cooper-pair pumping with combined flux and voltage control
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We have experimentally demonstrated pumping of Cooper pairs in a single-island mesoscopic structure. The
island was connected to leads through SQWDperconducting quantum interference devloeps. Synchro-
nized flux and voltage signals were applied whereby the Josephson energies of the SQUIDs and the gate charge
were tuned adiabatically. From the current-voltage characteristics one can see that the pumped current in-
creases in & steps which is due to quasiparticle poisoning on the measurement time scale, but we argue that
the transport of charge is due to Cooper pairs.
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A device that yields a dc current in response to an a®f pumping Cooper pairs in a structure nicknamed the Coo-
signal at frequency according to the relatioh=Qf is called  per pair “sluice” introduced and theoretically analyzed re-
a charge pump. In the case of electron pu@ssmewhile  cently by us(see Ref. & The device is particularly simple; it
for Cooper pair pump€=2me wherem is an integer de- has just one superconducting island, like the single Cooper
noting the number of charges being pumped per cycle. Typipair transistor, but the bare Josephson junctions are replaced
cally pumping electrons in mesoscopic structures requires ay superconducting quantum interference dewigQUID)
array of at least three tunnel junctions with voltage gated00ps. The device may be alternatively viewed as a tunable
coupled to the islands in between the junctions. A Coopefc00per pair box, a Josephson charge glbiere the control
pair pump is obtained when the tunnel junctions are replacel§ achieved via adiabatically manipulating both the fluxes

by Josephson junctions. These devices appear at first sight {grough the two loops and the gate voltage. Ideally the
be very similar and actually the very same samples ma QUIDs act as tunable Josephson junctions whose coupling

serve as both Cooper pair and electron pumps depending &E;rggf ﬁﬁg lc):gu\;)allirrlwz(; %?tme(ae?ngi\xgtﬁ ?lﬂ?\sc?i(;ﬁszelgi)rsa;nv%ethe
whether the d.eV|ce. is in the superconduptmg state or NOkaseribe the experimental setup and discuss the theoretical
However, major differences exist. Besides the double

h i th duct tate. th N fthe t ea briefly. Then we present measured data of the pumping
charge in the superconducting state, the nature ot the tunne xperiment. We demonstrate that the pumped current obeys
ing processes is very different, too. Electrons can tunne

o . SRR icely the theoretical predictions. We also comment on pos-
downhill in energy due to the inherent dissipation mechaxipie’ways of improving the results should the device be used
nisms in normal metals with the relevant time scale given by, applications and discuss the significance of the results.
the RCtime constant, wherR is the tunnel resistance a Figure 1 shows a scanning electron micrograSiEM)

is the tunnel capacitance. Cooper pairs, on the other hand, tishage of the sample used in the experiments along with a
to conserve their energy, and in the absence of an electrgchematic of the measurement setup in Fig).1IThe device
magnetic environmentii.e., zero impedanggonly elastic was fabricated out of aluminum using standard e-beam li-
processes are possible. Their maximum pumping frequenayography and two-angle shadow evaporation. It consists of a
is proportional toE5/ (Ech), whereE; andE. are the Joseph-  superconducting island that connects to the leads via SQUID
son and charging energies, respectively. What is more, supdeops. These are relatively larg&0 wm by 100um) in or-
conducting circuits may behave coherently in the quantumder to have good inductive coupling but the island and the
mechanical sense. The first attempt to pump Cooper paidsinctions are still small such that the charging energy is large
dates back to over a decade dgblowever, Cooper pair €hough(=1 K) to suppress thermal effects. The sample was
pumps have not been even nearly as accurate as singlattached to a dilution cryostat with a base temperature of
electron pumps. The best example of the latter ones is th€0 MK with the rf lines connected.

NIST seven-junction pump.The motivation behind pump- Ide_ally, the pumping of_m Cooper pairs is achieved by
ing Cooper pairs is twofold. First of all, Cooper pair pumps PP!Ving the three pulses in Fig( through the attenuated

are hoped to be able to pump larger currents than their no{{v I|n|e?/;/ Trhenuprr:ostr S'ggfllﬂ']S apelrler?t toﬂtr\‘ﬁngatiﬁ ‘;‘;}h'l?nthet
mal state counterparts while still being accurate. This is O lower ones represe € currents flowing € Inpu

. . . . . coils. Two different versions of the gate pulse are shown, one
roughly because mcreaswﬁ/(ECh) is easier than increas- for pumping “forward” and one for pumping “backward.” To

ing 1/(RC). Secondly, the operation of Cooper pair pumps is,nqerstand how the device works, it is instructive to look at
interesting from the point of view of secondary “macro- the Hamiltonian of the device, which reads
scopic” quantum phenomena and the structures are quite ~
similar to the superconducting qubitsee, e.g., Refs. 3 and H=Es(h- ng)z— E(®,)cod ¢+ ¢/2)
4). Pumping of electrons using surface acoustic waves is 2 _
another active field of studgsee, e.g., Ref.)5 Es(P2)cod¢l2 = ¢). @
In this work we report on the experimental demonstrationHere Ec=2€?/Cy is the charging energy for Cooper pairs
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FIG. 1. (a) Scanning electron micrograph of the sampie. The FIG. 2. (a) Contour p|0t of the measured dc current at constant
two input coils can be seen on the top and bottom, respectively. Theoltage against dc currents in the two input coils. The total variation
gate extends to the far right and the gate capacitanc€yis In the current is around 40 pA at this bias poid50 1V). The
=0.24 fF based on dc measurements. The current flows between tig&row line indicates the path along which the flux pulsing is per-
two leads on the left sidéb) Closeup of the island. The measured formed in the pumping experiment. The lines of minimum current
total capacitance of the island is 3.7 fF which corresponds to a@long which the arrows are aligned are the lines along which half a
Charging energy of about 1 K for Cooper pairs_ The rnax|rrEirn flux quantum threads one of the two SQU'DS The Sllght tlltlng of
per SQUID is estimated to be around 0.5 K based on the normdhe lines is a signature of the inductive cross-couplifyy.Wave-
state resistance(c) Schematic illustration of the measurement forms that were used in the experiment. The thin almost sinusoidal
setup. We used commercial room temperature electronics for thBulse is the gate signal for pumping in, say, the “forward” direction,
current measurement and three synchronized arbitrary wavefor@nd the dashed-shifted signal is for pumping in the “backward”
generators for the control pulse. The external coil for tuning thedirection. The low level of the gate pulse is zero. The thick lines are
background of the SQUIDs is at 20 mK. The voltage biasing hap_the current signals corresponding to the arrowed path in the previ-
pens via voltage division through resistive lines. A surface mount©us contour plot. The used gate signals were not perfectly sinu-
Capacitor of 680 pF and an on_chip Capacitor on the order of 10 piSOlda.l but rather there was a dead time in the three Signals such that
(indicated byCy) were also used. the minima of theEy's and the extrema of the gate charge would

coincide with better certainty. The shallow dips in the current sig-

whereCs is the total capacitance seen from the island. I:ur_nals compensate for the inductive cross coupliiay.Contour plot

D - . f th I f i h
thermore,EJJ with j=1, 2 are thesigned Josephson energies of the measured current at a constant voltage of 28tagainst the

. . relative phase differences between the signals with the pumping
of the two SQUIDs which can be tuned with the extemalsignal being applied at 2 MHz. The blue circle is the optimal choice

fluxes CI)J" For identical _JunCt'OnSEJJ:ETaX COS(”(DJ'/CDO_)’ for pumping “forward” while the red circle is the optimal point for
where ®=~2x 107" Wb is the flux quantum and&;™ is pumping “backward.” The amplitude was set lafgeer 40@) and
proportional to the critical currert of the individual junc-  the variation in current was 150 pA. This operation point is far from
tions via EJ*=(%/e)lc. Furthermore,n;=CyV,/2e is the  optimal, but we still obtain a clear modulation for calibration pur-
gate charge in €units, i is the number operator for Cooper poses. The color scales (@ and(c) are relative and in units of pA.
pairs, ¢ is the phase on the island, and their commutator is
[N, ¢]=i. The environment couples to the pump through not only the mutual inductancesl;; between coili and
which is the phase difference over the pump. If the SQUIDSSQUID j, which wereM;=30 pH,M;,=2 pH, M,;=3 pH,
were to have perfectly identical junctions as well as vanishand M,,=50 pH, but also the proper offsets at any given
ing self-inductance and if the flux control were perfect, thentime, i.e., the background fluxes threading the loops. This
the effective Josephson couplings could be set to zero.  measurement does not fully demonstrate to which extent it is
Figure 2a) shows a contour plot based on the measurepossible to suppress the Josephson energy.
ment of the current through the device at a constant voltage In the beginning of an ideal pumping cycle tkg's of
against the dc currents in the two input coils. Along the linesboth loops are set as close to zero as possible and the posi-
of minimum current the flux through either of the loops istion of the gate determines the ground state. We see that
(k+1/2)®,, wherek is an integer. The measurement revealsinitially the ground state of the island is an eigenstate of
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FIG. 3. (a) Examples of measurddV curves with the pumping f 40 T ) 22
signal applied at 3 MHz. The gate char@e 2e units) varies be- o T a2 g
tween 4 and 34. The solid curves correspond to pumping forward 5 1
and the dashed curves correspond to pumping backward \Hgke = s & w5 % A 5
is the measured value of voltage over the pufiyp.Difference of Cyile £ (MHz)
current,Al, in thel-V curves of(a) for pumping in opposite direc-
tions. The dotted lines indicate the expected values. FIG. 4. (a) Difference Al in current of forward and backward

. ) } ., pumping at 2.5 MHz against the high level of the gate siglGéI
charge. We then adiabatically “open” one of the SQUIDS, it the low level at zero. The dashed lines are drawnedtidter-

i.e., move to the tip of the, say, horizontal arrow in Fig®)2 55 (b) Large gate amplitude behavior A1 at a few frequencies.
which means that thg; of SQUID 1 is maximized while for  The dashed lines show the expected gate dependence, i.e., their
the other it is still zero. We stay at the tip of the arrow for sjope is 2f. The curves are offset for claritc) Fitted slopes to the
some time and start to either decrease or increase the gaigta of the previous plots up 1,C,/e=10 are shown by circles.
chargeny depending on the direction we have chosen. Wherrhe solid line indicates the expected behavior. The voltage bias
the gate reaches its extremum we “close” the SQUID againpoint was around 1@V in all the above plots.
Now, if everything has been adiabatic, the system is still in
its ground state. The charge is again a good quantum numbgate amplitude. We see immediately that a leakage current
at this point but since the position of the gate is different, theexists on top of the pumped current that is on the same order
number of charges is different, too. The only possibility isor less than the pumped current. Th¥ curves, however,
that the excess charges have tunneled through the SQUIGearly shift and the curves for pumping in opposite direc-
whoseE; has been nonvanishing during the cycle. Bqeof  tions are far apart. The total current flowing through the de-
the second SQUID is then opened and the gate put back to itéce is a sum of two contributions, one being the leakage
initial position. Finally, the second SQUID is also closed. supercurrent that can be associated with the dynamical phase
The number of Cooper pairs pumped is given by the differof the wave function and the other being the less trivial
ence between the integers closest to the high and low levepumping contribution attributable to the geometric phase. If
of the gate charge. Fixing the low level and sweeping thedone assumes that the leakage is the same for the pumping in
high level should result in ae&periodic staircase in the both directions at a definite voltage bias point, then the dif-
pumped current. ference between theV curves should be twice the magni-
The phase of the gate determines naturally the directiorfude of current pumped in this case. Figufe)3eveals that
i.e., a 180° phase shift reverses the pumped current. Figu low voltagestens of uV) and at smaller amplitudes this
2(c) illustrates the measured behavior of the current when theumping contribution is indeed close to the expected level
relative phases between the pulses are varied. The phase sffown with dotted lines. The leakage current, which is due to
coil 1 is fixed at 180° and the phases of the other two aréhe nonideal environment and flux control, is undesirable
swept. The two circles shown are the optimal choices fofrom an application point of view, but the physical phenom-
pumping. Note that the extrema of current are indeed 180enon is clearly visible. The voltage bias is not sufficiently
apart in the gate as expected and the optimal choices are tigeod to eliminate the leakage, i.e., tREE) curvé for tun-
ones illustrated in Fig. 2. For practical reasons we wergeling events is not sufficiently peaked at the origin.
forced to use frequencies in the MHz range, but in the Figure 4a) shows the measured behavior &f at 2.5
present pumping scheme it is possible to increase the valudHz versus the high level of gate voltage with the low level
of current conveniently by increasing the gate amplitude. Weset to zero. The current may be seen to increase in clear
tried out different shapes of pulses such as a mere sinusoidsieps. The expected height of a step is twice the pumped
gate signal, but it was found that it is better to keep the gateurrent, i.e., 4f which in this case is some 1.6 pA. Since we
constant while theE; is not maximized, which is in accor- sweep the high level of the gate signal and not just the am-
dance with the adiabaticity requirement. In practice we havelitude with constant offset, the steps should occur et 2
arranged for a 15% dead time between the flux pulses, alntervals in the gate charge. However, due to random parity
though no systematic optimization of the pulses was perechanges(quasiparticle “poisoning”at time scales that are
formed. much shorter than our measurement time sc¢alé 9 but
Figure 3a) shows an example of characterigti¥/ curves  longer than the pumping cycl@0® s) , we observe the time
(i.e., current-voltage curvesvith the pumping signal being average of two &periodic staircases that are shifted éoin
applied atf =3 MHz. The effect of the change of direction is the gate charge. For instance, in Ref. 9 the tunneling time for
shown. The curves correspond to eight different values ofuasiparticles was estimated to be /A9 in a similar struc-
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ture while in Ref. 10 it was some 19s for a coupled system pumping of Cooper pairs is experimentally possible in a

of two superconducting transistors with one grounded. Wasingle-island device. However, in order to serve as a practical
were unable to measure the corresponding time in our setugevice the leakage current needs to be taken care of as well
but, based on this supporting evidence, we argue that thgs the quasiparticle poisoning. The quasiparticles may possi-

transport of current is due to Cooper pairs since the order iy, pe handied by either quasiparticle “traps” or by BCS gap
which theE,s are manipulated changes the direction of Cur'profile engineering.As to the reduction of the leakage, sev-

rent. The quasiparticles effectively shift the gate charge by . . o . )
but rarely enough such that the pumping is undisturbed oﬁral 0pt|0h§ eX'SF' One option is the engineering of f[he. eIe(;-
the level of precision of the present measurement. If thidl@magnetic environment such that the voltage biasing is

interpretation is made, then one sees that the obtained resui§0d also at frequencies on the order of the charging energy.
are in very good agreement with theory_ F|gu[(é))4]||us- This would result in dd-V characteristics heavily peaked at
trates the measured large amplitude behavior of the pumpetero voltage with negligible leakage current. Another way to
current at frequencies between 1 and 4 MHz. We see that theut down the leakage is to fabricate a longer chain of junc-
current lacks behind the prediction with increasing frequencytions. A multiloop SQUID would possibly improve the sup-
and amplitude. At 1 MHz no clear bending of the curve ispression ofE; without increasing the number of controls.
seen up to gate amplitude of gOwvhile at 4 MHz the per-  Improved rf engineering would also be of benefit in arrang-
formance starts to degrade afterel@ne can observe by ing the flux pulses. To conclude, the results are encouraging
looking at Fig. 3b) that the “bending” is more pronounced at in spite of several nonidealities observed and the pumping of
larger bias voltage valuegoltage is on the order of 10V Cooper pairs with flux control looks much more attractive

in Fig. 4) while no visible bending happens up to amplitudesinan with a mere multiple gate voltage control.
of 68e whenV=0. Small amplitude behavior in Fig. 4, how-

ever, is linear aside from the steps with a slopeeff Figure We thank H. Sipola and S. Franssila for help with the

4(c) shows the slopes obtained from linear fits to the data ofmeasurement setup and device fabrication, and A. Anthore,
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