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Quantum superposition of charge states on capacitively coupled superconducting islands
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We investigate the ground state properties of a system containing two superconducting islands coupled
capacitively by a wire. The ground state is a macroscopic superposition of charge states, even though the
islands cannot exchange charge carriers. The ground state of the system is probed by measuring the switching
current of a Bloch transistor containing one of the islands. Calculations based on superpositions of charge
states on both islands show good agreement with the experiments. The ability to couple quantum mechanical
charge fluctuations in two neighboring devices using a wire is relevant for realizing quantum computation with
this kind of circuit.
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Quantum phenomena in artificially fabricated structureshe left and right island, this superposition of charge states
has received much attention lately largely due to the interestannot be viewed as a single Cooper pair with some prob-
in performing quantum computation in such systems. Ifability of being found on the left island and some probability
guantum states can be manipulated in an artificially fabri-of being found on the right island. Alternatively, the experi-
cated circuit, there is hope that the circuit could be increasethentcanbe explained by describing the whole circuit with a
in complexity to a size where it may be able to performsingle collective ground state where the charge and the elec-
useful functions. Quantum coherence in fabricated structureigic field are in a superposition throughout a region about 3
has been discussed for the charge states in quantufeshats  «m in size. A comparison of the measurements and a model
for nuclear spin states of impurity atoms embedded irthat describes this circuit as a single quantum system is given
silicon? Measurements have been performed using chargeelow. Note that our experiment probes the ground state of
states on a single superconducting isfafi@nd flux states in  the circuit: the effective temperature of the system is very
a circuit containing a superconducting lo6p.In this paper, low, and the control of the circuibias current, gate voltages,
we show that the ground state of a system containing tw@nd magnetic fluxis performed at time scales much slower
superconducting islands that are capacitively coupled by ¢han what is required for adiabatic control of the system.
wire, can be in a superposition of spatially distinct chargeUnder these conditions, we still find that a change of the flux
states. This type of coupling is of importance for realizingbias of the boXR) changes the readout of the Bloch transis-
complex quantum circuits with mesoscopic charge devicestor (L), even though the coupling by the wire is purely elec-

Figure 1 shows a scanning electron microsc¢fEM)  trostatic. This phenomena is the due to the fact that wire
photo of the sample and the circuit schematic. The twacouples the quantum fluctuations in the charges of the islands
square superconducting islands labeledndR play a cen- L andR, and is used to prove that the ground state of the
tral role in this circuit. They are spaced@n apart and are system is for certain control parameters nominally equal to
coupled by a wire that contains two capacitors in series(|0,1)+|1,0))/2.

There is no exchange of charge carriers between the two The device was fabricated on a thermally oxidized silicon
superconducting islands; the interaction between the islandsubstrate using a high-resolution electron-beam pattern gen-
is purely electrostatic. Each island can exchange charge witbrator at 100 kV. Each layer of the circuit was defined using
its superconducting leads through small-capacitance Joseph- double-layer resist and was aligned to prefabricated Pt
son junctions. Together with the leads and the left gate eleanarkers. The bottom layer of the circuit consisted of a 25 nm
trode, the island. forms a Bloch transistor that was current thick aluminum film that was patterned to form the lower
biased by an external current source. Single Bloch transistorectrodes of the coupling capacitors and a shunt capacitor
have been studied in detail and their behavior is wellCg. The aluminum was then oxidized by heating it to 200 °C
understood*° The leads of islanR are joined in a small in an O, plasma at 100 mTorr for 5 min. The resulting @},

loop, transforming the island into a Cooper-pair box withformed an 8 nm thick dielectric layer for the capacitors. The
tunable Josephson energy, one of the promising candidat@ssulating properties of this oxide were tested by fabricating
for the realization of a charge quBit® a 1x1 mn? Al/Al «Oy /Al overlap capacitor which showed

The state of this circuit can be conveniently described byno leakage R>10 GQ)) for voltages up 3 V. The islands
the charge states of the two islanas ,ng). Heren, is the  deposited in the second aluminum layer form the top elec-
number of excess Cooper pairs on the left island mgds  trodes of the capacitors. The coupling capacitors can be seen
the number of excess Cooper pairs on the right island. Foin the SEM photo where the two square islands overlap the
certain values of the gate voltages and the applied flux, thdumbbell-shaped structure in the middle of the photo. The
ground state is very similar to the superposition stéfel{  effective capacitanc€,, of the two coupling capacitors in
+|1,0>)/\/§. In this state, the electric field in the capaci- series was 2 fF. The 120 pF shunt capadigparallel to the
tances between the two islands is in a superposition of tw@loch transistor ath a 5 pFgate capacitor connected to the
values. Since there is no tunneling of Cooper pairs betweelvop were similarly defined but are not visible in the SEM
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FIG. 1. (a) A scanning electron microscope photograph of the
device shows the Bloch transistor on the left and on the right the
Cooper pair box in the form of a superconducting lo@p. The
schematic circuit diagram shows how the sample was embedded in
the circuit. The dotted line in the diagram indicates the part of the
circuit that can be seen in the SEM photo.

1’1gL

photo. The shunt capacitd@g protects the device against FIG. 2. Switching-current resul{@lots versusn,, for different
electrostatic discharge and suppresses voltage fluctuatiof@nperaturesnge=1/2 and®=0. The curves are offset 4 nA for
across the transistor that degrade low-noise electronic contr§larity. The odd-even transition temperature was 190 mK, while the
of the transistor. The tunnel junctions were formed bymain peaks partly collapse below80 mK due to poisoning effects
shadow evaporation. All the junctions were defined to beSee Xt
equal. The series resistance of the two junctions in the tran-
sistor was 18 R. From the current-voltage characteristics exceeded. There was then a discontinuous jump in the volt-
and the size observed in the SEM photos, the junction caage from nearly zero voltage on the supercurrent branch to a
pacitances were estimated to Be=1 fF. The area of the voltage of about A/e, whereA is the superconducting gap
loop was 1.7um?, giving rise to a magnetic field periodicity of aluminum, 200ueV for our thin-layered aluminum. The
of 1.2 mT. The product of the inductance of the loop timesswitching current was defined as the current where the volt-
the critical current of the junctions is much less than a fluxage over the sample exceeded¥. A sample-and-hold cir-
quantumL|.<®, so that quantum fluctuations of the flux in cuit read out the switching current at a rate of 20 Hz.
the loop were very small and could be neglected. Further- Figure 2 shows measurements of the switching current
more,Cy =40 aF and the effective gate capacita@g to Iy versus the gate chargg, that is induced on islant of
islandR was 2 fF; the effective gate capacitance is the seriethe Bloch transistor for various temperatures. The black dots
capacitance of the two Josephson junctions and the 5 pF gatepresent single switching-current events. Above 190 mK the
capacitorfon the right in Fig. 1b)]. In the remainder of this switching current showed a weak modulation that \wam-
paper the settings of the gate voltaggg andVyg will be riodic in the induced charge. Upon lowering the temperature
represented by dimensionless induced gate charggs below 190 mK, the switching current became Reriodic in
=Cq.Vg1/2e and ngg=CyrV4r/2e. These definitions as- the induced charge. This transition temperature is in agree-
sume that the influence of background charges have alreadyent with the critical odd-even temperatdteEven though
been compensated for by an offsetMg, and VgR.17 the data is clearly € periodic below 190 mK, some so-called
The sample was mounted in a microwave-tight coppepoisoning effects remain. At values of, =0.5 mod 1, the
box connected to the mixing chamber of a dilution refrigera-Coulomb blockade for Cooper pair transport is minimized
tor with a base temperature of 5 mK. All of the measurementind the switching-current modulations show maximums
leads were filtered using rfi-feedthrough filters at room tem-agreement with theoty*%. However, at thesag, values the
perature and copper-powder low-pass filters at the mixinglistribution of the switching currents becomes very broad.
chamber. The current through the sample was ramped with We attribute this to the fact that ag, =0.5 mod 1 the Bloch
rate of 1.6<10 ° A/s. The voltage over the sample was transistor is most sensitive to quasiparticle poisorif:
measured in a four-probe configuration using dedicated elecFhe effect that the switching current is suppressed by the
tronics. presence of an unpaired electron on the island. The broad
The current-voltage characteristics of the Bloch transistoswitching-current distribution indicates that the typical time
SET show a supercurrent branch around zero voltage. Whestale for an unpaired electron to enter or leave the island is
the Bloch transistor was current biased, the system remainegbmparable to the switching-current measurements time.
on the supercurrent branch until a certain bias current waboreover, we observed that the poisoning got worse when
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nal phased, v, + y,= 6, which can be considered a classical
variable!® With these two restrictions on the four junction
phases, two independent variables can be defined. We take
these variables to be¢ =(yi—v,)/2 and ¢r=(v3

— v4)/2. We assume that all the junctions have identical ca-
pacitances and critical current€€C;, 1.=1.;). When ex-
pressed in the charge basis, the Hamiltonian that follows
from this analysis is

Lb)

H= 2,

n.NR

+Em(nL—ng)(Nr—Ngr) 1IN ,N){(NL ,Ng|

[ [Ec(n—ng)?+Ec(Nr—Ngg)?

FIG. 3. The measured switching curreioty and the calcu-
lated critical current(solid lineg are plotted as a function of the
magnetic flux for two gate configurations. The scale for the
switching-current measurements is on the left, the scale for the Ey 0

o o . ’ — 5 0835 (Inc.nr)(nL = 1ng|+[n +1nR)(NL,NR()
critical current calculations is on the right. The gates were tuned to
(@ ngL=1/2, ngg=1/2, and(b) ng =0.75, ngg=0.44. The tem-

perature of this measurement was 110 mK.

lowering the temperature. This is not in agreement with the
model presented in Refs. 10,14. Very similar observations of
this unusual long-time-scale poisoning were reported and

TP
5 C0 D, (In )Ny ,ng—1|

+|nL1nR+1><nL1nR|)]! (l)

studied in more detail in Refs. 18,17, but are not fully un-

derstood. We performed our experiments at 110 mK whergvheren, andng are the number of excess Cooper pairs on
the poisoning effects were minimal. Also, note that the effecthe left and the right islandCs is the sum of all capacitors
of poisoning only shows up as an increased distribution otonnected to an islandgc=e?Cy /[2(C5—C2)] is the
switching-current values below maximums in the swﬂchmgchargmg energyEmzeZCm/(Cé—Cﬁq) is the electrostatic

current. The poi;oning 'eﬁects do_ thgrefore not obscure ghteraction energy, anl,=#1./2e is the Josephson coupling
study of the maximums in thee2periodic switching-current energy. For this circuitCs =3fF, Ec=E,=27 eV and

modulation. o . E;=70 neV. To determine the ground state, we diagonal-
The measurements in Fig. 3 show that the switching curizeq the Hamiltonian matrix1) and selected the lowest ei-
rent of the Bloch transistdiL) depends on the magnetic flux genyalue and corresponding eigenvector. The matrix was
threading the loop of the boxR). This is observed, even {ncated, such that it was spanned by the 25 charge states
though the two devices have a purely electrostatic INteracm,  n.) with the lowest charging energies. We checked that
tion, and have their gate charges fixed in these measurgsing more charge states into account did not change our
ments. The modulation of the switching current is periodic inn,merical results: The ground state has negligible probability
the applied flux with a periodicity ofb,. The behavior de- amplitudes for charge statés, ,ng) with high charging en-
pends nontrivially on the combination of normalized gateergies.
chargesng. andngr. There are sharp dips in the switching  “once the ground stafe? ;) was determined, the expecta-
current as a function of flux for induced charges =1/2,  tjon value of the Josephson supercurrent flowing through the

Ngr=1/2 [Fig. 3@)] while sharp peaks appear in the gjoch transistor was evaluated using the expression
switching-current behavior for induced chargegs =0.75,

ngr=0.44[Fig. 3(b)]. The dependence of the switching cur-
rent on the gate voltages and flux through the loop agrees
well with the dependence of the critical current attained from
calculations, shown as solid lines. The calculations are based
on a model that describes the circuit in terms of a singleThe maximum supercurrent, or critical current, Ig
guantum mechanical wave function. =max (). Calculations ofl o are shown as solid lines in

The model used to describe this system was arrived at bifig. 3. For other combinations of gate charges, there is also
guantizing the macroscopic current conservation equationgood qualitative agreement between the model and the ex-
for the circuit shown in Fig. 1. In general, the dynamics of periments. The quantitative difference between the theory
circuit can be described in terms of the four gauge invarianand the experiment is due to the dissipative environment that
phasesy;, of the junctions. However, there are two restric- has not been included in this model. Joggal. have shown
tions on the four phases. The fluxoid quantization conditiorthat the low-impedance environment of the Bloch transistor
relates the phases of junctions in the loop to the externallyeduces the measured switching current below the critical
applied flux®, y3+y,=27®/®,, whered,=h/2e is the current that is calculated with this simple thedtyThe dif-
superconducting flux quantum. As long as there is no voltagéerences between the calculated critical current and the mea-
across the Bloch transistor, the phases of the two junctions cfured switching current with the specified junction resis-
the Bloch transistor are related to a time-independent extetances are similar to values reported by Fleeal?

% de Vo (2

2e dH
tamr={w] 2%,
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The flux threading the loop changes the effective Joseph-
son energy of the Cooper pair box and hence the ratio
E;/Ec. The expectation value of the charge on isldRd
strongly depends on this ratio. Consequently, changing the
flux also changes the expectation value of the charge on is-
land R. Part of this charge is induced on islahdvia the
mutual capacitanc€,,. Thus one can expect a modulation
of the switching current of the transistr) when changing
the flux in the loop of the boxR). However, this does not
hold at a gate charge of;g=1/2. At this gate charge, the
expectation value of the charge on the island is always
independent of the ratiB;/Ec .1° The measurements of Fig.
3(a) were taken at gate chargggr=1/2, but still show a
modulation of the switching current. Consequently the data
cannot be explained by simply assuming that a flux-induced
shift of the average charge on islaRdnodulates the switch-
ing current of the Bloch transistor. FIG. 4. The maximum measured switching curriay,(b)] and

The fact that the flux applied to the loop of the b  the calculated maximum supercurré),(d)] are plotted as a func-
nevertheless does modulate the switching current of the tranion of the charge induced on the two gates dor ®,/2 [(b,d)]
sistor (L) in Fig. 3(@ can be qualitatively understood with and[(a,9]. Dark (light) is low (high) switching current. The experi-
the following argument, assuming a collective ground statenental data presents the highest switching current out of 20 repeti-
for the whole systenfas in the model aboyeWhen both tions to be robust against poisoning effetse text The symbols
gates of our system are tuned to half a Cooper pair, the stateenote the gate voltages where where the data of Fay(®) and
[0,1) and|1,00 have the lowest electrostatic energy. WhenFig. 3b) (1) was extracted. The temperature of this measurement
the effective Josephson energy of the k& is small @  was 110 mK.
=®d,/2) compared to its charging energy, the ground state
will be close to {0,1)+]1,0))/V2, resulting in relatively
small charge fluctuations on both islands. When the effectivé\n intuitive explanation is that fo=0 the effective Jo-
Josephson energy of the bdR) increases and becomes sephson energ§; cos@®/d,)=70 ueV is larger than the
larger than its charging enerdyeaching a maximum fo® charging energ¥ec=27 weV on islandR. Cooper pairs are
=0), the stronger Josephson coupling will coherently mixnot localized on islandR and the circuit behaves as a single
other charge states such g0 and |1,1) in the ground Bloch transistor with a capacitance to ground formedy
state. This not only enhances the charge fluctuations in islanghd 2C in series. The remaining small wiggles in the calcu-
R, but also the fluctuations of islarid and thereby the criti- |ation indicate that some charging effects should still remain,
cal current of the transistor. The flux-modulated switchingbut they are outside the resolution of our switching-current
current forng =1/2 andngg=1/2 provides therefore evi- measurements. Wheh=®,/2, E; is very small and Cooper
dence for our assumption that the two circuits are in a colpairs are localized on the islafl The saw-tooth-like depen-
lective ground state, and the interpretation that the twalence ofl, on ngr indicates the dominance of charging
coupled charge devices exchange quantum fluctuations vigffects on islandR. The dots indicate the gate voltages where
the wire. The charge fluctuations are strongly coupledhe data shown in Figs.(8 and 3b) was extracted. These
through capacito€,, and when sweeping the flux from 0 to are the points where the flux modulation is most pronounced.

/2, the charge fluctuations will be minimal &,/2, re- In conclusion, all switching-current measurements have
sulting in a minimal switching current, as confirmed in Fig. the same gate voltage and flux dependence as a model in
3(a). which we calculate the maximum supercurrent of the ground

Figure 4 shows measurements of the switching cuiignt  state of the combined system. The ground state is a superpo-
and calculations of as a function of the induced charges sition of spatially distinct charge states, where the coupling
on the islands at an enclosed magnetic flux of 0 dnd. capacitor not only couples charge but also strongly correlates
The data presented is the highest switching current out of 2the quantum mechanical charge fluctuations on both islands.
repeated measurements. This is to exclude effects of poisofihe good agreement between this model and the experiment
ing. Because of the gate cross capacitances, it was necessamnplies that it was possible to prepare the circuit in a super-
to tune both gates simultaneously to sweep orthogonallposition of charge states. A macroscopic superposition of this
through induced charge space. Figur@ 4shows that the sort is necessary to achieve the entanglement used in a
switching current is 2 periodic in bothng, andngg, con-  controlled-NOT gate in quantum computation. In principle it
firming that quasiparticle poisoning is absent on both islandsshould also be possible to measure entanglement in such
When® =0, bothl, andl¢ are almost independent ofg. systems of coupled superconducting islands.

144512-4



QUANTUM SUPERPOSITION OF CHARGE STATES ON.. .. PHYSICAL REVIEW&, 144512 (2003

*Present address: Physics Department, Wehr Physics BuiIding?C. H. van der Wal, A. C. J. ter Haar, F. K. Wilhelm, R. N.
Marquette University, Milwaukee, W1 53233. Schouten, C. J. P. M. Harmans, T. P. Orlando, Seth Lloyd, and J.
IT. H. Oosterkamp, T. Fujisawa, W. G. van der Wiel, K. Ishibashi,  E. Mooij, Science290, 773(2000.
R. V. Hijman, S. Tarucha, and L. P. Kouwenhoven, Nailuen- 10K, A. Matveev, M. Gisselft, L. I. Glazman, M. Jonson, and R. I.

don) 395 873(1998. Shekhter, Phys. Rev. Leff0, 2940(1993.
2B. E. Kane, NaturéLondon 393 133(1998. M. T. Tuominen, J. M. Hergenrother, T. S. Tighe, and M.
3Yu. Makhlin, G. Scha, and A. Schnirman, Natur&ondon 398 Tinkham, Phys. Rev. Let69, 1997(1992.
305 (1999. 12D, J. Flees, S. Han, and J. E. Lukens, Phys. Rev. Z&{t4817
4Y. Nakamura, Yu. A. Pashkin, and J. S. Tsai, Nat(rendon (1997.
398 786(1999. BM. Matters, W. J. Elion, and J. E. Mooij, Phys. Rev. L&, 721
Y. Nakamura, Yu. A. Pashkin, T. Yamamoto, and J. S. Tsai, Phys. (1995.
Rev. Lett.88, 047901(2002. 14p. Joyez, P. Lafarge, A. Filipe, D. Esteve, and M. H. Devoret,
5D. Vion, A. Aassime, A. Cottet, P. Joyez, H. Pothier, C. Urbina,  Phys. Rev. Lett72, 2458(1994).
D. Esteve, and M. H. Devoret, Scien266, 886 (2002. 15p. Joyez, Ph.D. thesis, Universiaris 6, 1995.
7J.E. Mooij, T. P. Orlando, L. Levitov, Lin Tian, Caspar H. van der 16y Bouchiat, D. Vion, P. Joyez, D. Esteve, and M. H. Devoret,
Wal, and Seth Lloyd, Scienc285, 1036(1999. Phys. ScrT76, 165(1998; J. Supercondl2, 789(1999.
8J. R. Friedman, V. Patel, W. Chen, S. K. Tolpygo, and J. E.}’C. H. van der Wal and J. E. Mooij, J. Supercofd, 807 (1999.
Lukens, NaturglLondon 406, 43 (2000. 18y, Bouchiat, Ph.D. thesis, Universitearis 6, 1997.

144512-5



