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We consider the hybrid set-up formed by a metallic dot, ciipaty coupled to a superconducting island S
connected to a bulk superconductor by a Josephson jundibarge fluctuations in S act as a dynamical gate
and screen the electronic repulsion in the metallic dotdirnig instead a net attraction. As the offset charge of
the metallic dot is increased, positive step¢) skipping charge numbers appear, followed by negative ones
(—e) signaling the occurrence of a negative differential c#pace. A circuit set-up with a detection scheme is
proposed, as well as potential applications in nanoeleiciso

PACS numbers: 73.23.Hk, 74.78.Na

The electronic Coulomb repulsion is central to the physicd/” center in solids mB]. A related effect has been proposed
of nanostructures, as the source of single-electron amgefi by Averin and Bruder for providing a controlled coupling be-
fects. At low enough temperatures, when a small-capagtandween two superconducting charge qubf{s [9]. Notice that if
grain is weakly coupled to a metallic reservoir, the averageN instead was coupled to two reservoirs with a current flow-
number of chargesyy, in the grain increases one by one ing through it, our set-up would be similar to that of a Cooper
as the gate voltag®,y is continuously varied, leading to pair box coupled to a single-electron transistor (SET). [&he
a Coulomb blockade staircas@ [1]. Plateaus in the chargintgr has been studied in great detail as a read-out device for a
curve indicate an insulating-like regime, where the chasge superconducting (charge) qubit embodied in the S isIEnd [7]
stable, with zero differential capacitanCg; sy = ej‘zfjv . On Inthis case, contrary to ours, the coupling between N and S is
the contrary, steps signal a metallic-like regime where twachosen to be very small in order to minimize the decoherence
successive charge states are nearly degenerateCthisis due to backaction of the normal part of the device onto the
very large. Such features have also been studied in supercostperconducting one.
ducting islands where charging steps involve electrorsphir
the superconducting gap in the island is larger than thegehar 5 4 3 2 1

ing energy [12], and single charges in the opposite cﬂse [3]. U { J

The study of charging patterns has been extended to double
islands, coupled by a capacitive tunnel junction. The d$an e S\
can be both normal metal§ 4, 5], or superconductihg [6]. N
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normal metal have been little explored in the Coulomb block-
ade regime. The present Letter addresses the system made of a
normal metallic dot (N), coupled to a superconducting idlan

(S) by a large capacitance. The S island is connected to a SptG. 1: Schematic view of a normal grain (2DEG) coupled to a
perconducting reservoir by a Josephson junction (JJ), eisd a Cooper pair box composed of a Josephson junction connesting
as a Cooper pair box experiencing pair number fluctuationgerconducting reservoir 2 and island S gated by 10. For gtcan
The N dot is connected to a normal reservoir (Fig. 1). Here wepacitive coupling (controlled by 3, 9), S imposes an ativadnter-
assume that electron tunneling between S and N is negligiblé@ction among electrons tunneling between the normal ilsihdnd

therefore no proximity effect occurs in the N dot. We ins;tead"stresen’Oir (‘(jgﬁneg by 7, 8). Dﬁ:ec_“?” ids mﬁde by S"_"eetm”g
focus on the charging properties of the N grain, as its gatd2€ Voltage (4) and measuring the i1sland voltages usingtaure
ging prop 9 9 hDomt contacts for both N (5,6,7) and S (1,11,12).

voltage is varied, under the influence of the S island whic
plays the role of an auxiliary (and, as we will see, nonlipear

gate. The main result of this Letter is that the Coulomb repul The JJ connecting the S island to the reservoir has a Joseph-
sion in N can be overscreened by the neighboring pair fluctuson energyE; and capacitanc€’;, and a gate imposes a
ations in S, and an effectivecal attractionappears between charge offset)s = 2eNg = Cys5Vys, with Cys < C.
electrons added into N. As a corollary, certain charge stateSymmetrically, the N island is connected to a normal reser-
are "skipped” as the N gate voltage is varied. Moreover, thevoir by a tunnel junction, with one-electron tunneling rate
charging curve becomes non-monotonous, displaying pesiti and capacitanc€'y, and experiences a gate off¥gty =
steps {-2¢) followed bynegativesteps (e). The latter signal eNy = CynVyn, with Cyny < Cn. Most importantly, the

a negativedifferential capacitanc€y;; in the N dot. The islands N and S are coupled together by a large capacitance
attractive interaction is reminiscent of the so-calledjagve- Cp, > Cy,C;. We take the gap in S to be larger than the
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charging energy, so that only even charge number states which overcomes the Coulomb repulsion. After increasing
occur in S, while all charge states; are a priori possible in by two units,ny decreases by one unit, yielding a negative
N (ngs is the number of Cooper pairs in S). A low tempera-differential capacitance (NDCAY ;s = CgNj"TN at half-
ture allows us to neglect quasiparticle tunneling in S. Defin integer values ofVy. In addition to the already known “in-
ing Cxg = Cy + Cy + Cys andCsy = Cny + Co + Cyn, sulating” and “metallic” behaviors, this phenomenon signa

h— gzz; andr = \/007070 the total charging energy of the an overscreening of the charge repulsion in N due to neigh-
NS system can beé written in a standard way as bouring pair fluctuations in S. Strikingly, the total numioér
steps, positive or negative, is doubled with respect to sual

Ec = Ecn|(ny — Nx)? + 4b(Rs — Ng)? case. Both “charge skipping” and NDCA effects occur above

— the dotted line indicated in the inset in Fif] 3 displaying a
4rv'b — N, — N, 1
+ 4rvb(nx N) (s s @ (b,r) diagram. This line can be determined by a simple mag-

with Eoy = =—%——. Recall thatNy, Ng are con- heticanalogy: defining charge pseudospigis= 2(mg—Ng)

QCEN(17T2) : . . .
tinuous control parameters. Notice that the asymmetry pa@ndgf\f = ny — Ny for Ns = 0.5 and Ny integer,Ec can

rameterb and the coupling parameter < 1 are not inde- be rewritten alc = Ecw [(07)? + 2rvbojof + b], thus

pendent, as' < min (b, %)_ From Eq. [IL), one can plot with an anisotropy and an antilferronjagr_]eticcoupling b"etwe
the charge stability diagram of the isolated NS system in th&arge Eseudosplgs 7It/b > 3, the “antiferromagnetic” so-
(Nw, Ng) plane. First, for a valuéVs imposing an integer 'Utionoy =+l 05 =Flis favored, e.g. skipping the state
number of pairs in S, saWg = 1, the charging number

nnN — NN (O’ZZV == 0)
n increases monotonously withy. Next, consider a case To analyze the occurrence of an effective attraction (equiv
whereng fluctuates, for instanc&s = 0.5. For smallr,

alently charge skipping) in the open NS system, let us now
as shown in Fig.DZ(a)r,zN is again a monotonous function

write its full Hamiltonian:
of Ny: the sequence of charge statesy,ns) as Ny in- H-E f t
creases read®, 0), (0,1), (1,0), (1,1), (2,0), (2,1), ... (no- c+ Z €k ChR,o ChRo T Z 4 CN,o CaNo
tice the oscillation ofng). The result is very different if B
is Ia_rge. In Fig.|:|2(b), fotlVg = 0.5, ny increases withVy + ZT’W CLR.U cano + Hee. — 7‘] (s + 1) (ms| + H.c.) ,(2)
but in a non-monotonous way, the charge state sequence beingj;,, ’
(1,0),(0,1),(2,0),(1,1),(3,0),(2,1), etc. The correspond-
ing Coulomb staircases are plotted in inset. wherek (q) denotes electron states in the normal reservoir R

(grain N), and the Coulomb interactidfi~ is given by Eg.

(1). The total charge in Niay = - ¢l v, cqn.0. Assum-
qo

ko qo

(@) ing constant densities of states in N and R, the single+elect

transition rate from R to N is given in the golden rule approx-
imation byl (+1) = ‘Z%N) lexp (GES™ /kpT) — 1)1
Considering first the case of smdil;, we perform a T-
matrix calculation of the transition rates frof), 1) to (2, 0)
(close toNy = 1) and from(2,0) to (1,1) (close toNy =
1.5). For the first transition, we take into account three
configuration paths involving higher-energy statés:1) —
(1,1) — (2,1) — (2,0), (0,1) — (1,1) — (1,0) — (2,0),
and(0,1) — (0,0) — (1,0) — (2,0). For the second tran-
sition, only one excited state is involve(®, 0) — (1,0) —
(1,1)and(2,0) — (2,1) — (1,1). The shape of each step is
calculated at finite temperature by solving the master éguat
governing the dynamics of the probabilitig®, 1), p(2,0) for
the positive step ang(2,0), p(1, 1) for the negative one. The
master equation reads as uspal) = I'’~%p(b) — I'*~’p(a)
with p(b) = 1 — p(a) for the main states, b involved in the
transition. Here, the probabilities of other states ardevtgd,
e.g., close taVy = 1 or Ny = 1.5. This is a valid assump-
FIG. 2. (a) Charge stability (or honeycomb) diagram for— tion if the steps are sufficiently narrow. The calculategste
0.2,b = 1. The inset shows the charging curve for N. (b) Sameare shown in Fig. 3.
for » = 0.8. The Coulomb staircase (inset) exhibits charge skipping For the parameters indicated in the caption of Fig. 3, a pos-
effects. itive step (where the charge numbey = 1 is skipped) and a
consecutive negative step are stabilized. Notice thatannt
One sees that the transition fraqmy, 1) to (ny + 2,0) at  to the usual staircase, where all real transitions betwsesamd
Ny = ny + 1 “skips” the charge statey + 1 in the grain. n 4 1 can be treated by the same master equa@n [11], here
This signals an attractive potential (“negative-LE[lO]!) N  the rates are of higher order and the virtual states invalved

Ng

(b)

Ng
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3 in Fig. B Clearly, a largé”; puts a strong constraint on the
25¢ coupling capacitanc€, requiring values of- closer to one
2 than for smallE';. If this is satisfied, one calculates the shape
5 15} of the charge skipping and negative steps using a master equa
n tion based on transition rates between charge staes 0, 2
osl | orny = 2,1, resp?;:tively. The adiabatic transition rates are
’ given byl',q = if—g;\j [exp (5ngf/kBT) —1]~L. The corre-
LE 35 sponding steps are shown in F|g. 4, and are flatter than in the
smallE; case.
FIG. 3: Coulomb staircase in the smal; regime forr = 0.8, b = To operate in the Coulomb blockade regime, the tempera-
1, Ej/Ecy = 0.5, kgT/Ecny = 3-1072, Ry/Rx = 10.  ture must be sufficiently low to suppress thermal excitation
Charge skipping occurs far> 1/2+v/b (dotted line in the inset). The energy difference between two charge states depends on
r. A largerr facilitates charge skipping, although a too strong
3 coupling spoils it since the system virtually becomes one si
25 gle island and the energy no longer depends on the location
9 of the charge. An optimum is close t00.75 (for b = 1) for
% 15 small Josephson energies. In this case, the requirement for
S Coulomb blockade i&T < EﬁT/N . In the step calculations,
L the valuer = 0.8 was used to accommodate for both the small
0.5 27 and large Josephson energy cases. A temperatufe~of30
G 35 mK and a typical charging energy éfcnx ~ 1074 eV were

used. For the symmetric case whére: 1, this charging en-
ergy giveCy = Cs ~ 2 fF. Furthermore, if we assume, e.g.,
FIG. 4: Coulomb staircase in the adiabatic regimefoy Ecx =2 Cyn = Cys = 0.02 fF, then the gate charge8s = 0.5
(the other parameters are the same as in Fig. 3). The condwai and Ny = 0.75 — 2.75 correspond td/,s = 4 mV and
charge skipping depends dfi;. The inset shows the minimum V5 = 6 — 22 mV, respectively. The value efchosen for the
values forE;/Ecny = 1 (dotted), E;/Ecn = 2 (dashed), and  calculations corresponds = 4Cy = 8 fF. The second re-
Ej/Ecn = 4 (dash-dot). quirement for Coulomb blockade is that the tunnel resistanc
Ry is larger than the resistance quantliy = % ~ 25.8

e2

By _ ialdi irat- -
one transition (positive step) become real states for thé ne kQ..The valueRK 910_\’\1/% used, yielding a f'rSt order tun
(negative) one. A full treatment is beyond the scope of thid'€ling rate of” ~ 10 S The secolnd- and third-order tun-
Letter. neling rates are0” s~ and5 - 103 s1, respectively.

Let us now turn to the case of a large Josephson energy, Let us briefly discuss the issue of phase coherencein S. As
E; > Ecg = Wi#z) Then one relies on an adiabatic Shown above, charge skipping only requires that pair tunnel

assumption|]9]: setting the phase differencestacross the ing occurs between the superconducting reservoir and the S

JJ, one can solve the Hamiltonian (2) neglecting the normdpland in order to screen the repu]sive interaction in the no
electron tunneling term. The adiabatic Hamiltonielp, — M@l grain. No phase coherence is needed, as shown by the

Ec — Ejcos¢ describes a Cooper pair box with an effec- first calculation where the Josephson tunneling is treaged p
tive gate voltage, which is an adiabatic functioniof. In turbatively. Moreover, as a backaction effect, charge flact

the tight-binding limit-£- > b, assuming that the junction tions in N should strongly react upon S and reduce_ the phase
Lo coherence. A full treatment goes beyond the adiabatic ap-

dynamics is confined to the lowest Bloch band, one obtains: SR A e
proximation made in the larg€'; case. One can anticipate
Hu,q = Eon(1— TQ)(nN — NN)2 that corrections to the adiabatic behavior can cause substa
r tial fluctuations in the phasg renormalizingF'; to a smaller
— Ay cos2m(Ns — 2—\/5("N =Nyl () value, thus making the smally case generic.

o The relationship between charge skipping and proximity ef-
where the bandwidth is given by fect calls for a comment. The latter manifests the onset of
3/4 pairing correlations in a metal, despite the absence ofranpai
Ay = 16\/§bE(;N ( Ly > e~ V8EJ/bEcN (4) potential, due to Cooper pair diffusion. Here, in the absenc
™ 20EcnN of any tunneling of electrons between N and S, no phase co-
herence can be established whatsoever in N. Charge skipping
indicates instead a local attractive (negative-U) po&trtia-

The second term i/ ,; represents an effective screening po-

tential acting on the pharge n N. Choong which cont.rols acitively induced in N. Adding to this a very small tunngfin
the phase of the cosine term, one can achieve a negative cur\%rmTNS between N and S opens the possibility of establish-
ture of H,q4, seen as an effective charging eneJ‘@gfj_\J,c for the. ing a true phase coherence between statesiy + 2. Then
gauged charge in M,y — Ny. A necessary condition forthis - g,ch a proximity effect could be studied in a quite unusual
is %on > 1, yielding the frontier lines in the inset regime, whereél'lys < |U|. More generally, the occurrence
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of an attraction in a metallic dot has interesting conseqegn number of steps can be detected, but not the non-monotonous
some of them having been theoretically explored in the coneharging curve. To access the latter, it is suitable to mea-
text of molecules with polaronic behavior, like pair turingl  suredVg = m [rVbony + 2béms] as well, with

[Ld, 121, or the possibility of a charge Kondo effect][13]iret  a second point contact close to S, and reconstfugt —
coherent regime of tunneling between N and R. Another apﬁ% (VN — %51/3]_ The parameter€'sy, r, b can easily

plication of the mechanism proposed in this Letter consists pe measured from a honeycomb diagram obtained in the nor-
inducing an attractive correlation between excess charges ) (non-superconducting) state in the presence of verk wea
two or more neighboring normal dots capacitively coupled toynneling between N and S. A setup adapting that of Réf. 17 is
Fhe same S island. _Such a device could be useful mE‘ﬁ?ntu oposed in Figﬂl, involving a superconductiig strip with
information processing based on the chaig_ja [14] or [15 Cooper pair box, coupled laterally to &nAs 2DEG. No-
degree of freedom of individual electrons in normal quantumice that the direction of charge transfer also can be medsur
dots. fLg], and that other experimental access to the correldsinn

. . |
We now propose a scheme for detecting an induced aiyeen charge fluctuation in N and S could be obtained from
traction in a normal metallic grain. The goal is to detectshot nojse measurements, as in Ref. 19.

the non-monotonous charging of the N grain. SETs or point

contacts |E|6] provide very sensitive detection of the local In conclusion, we have proposed a set-up inducing an elec-
change in the electrostatic potential (rather than thegehar tronic attraction in a metallic dot. We believe that it coblel

In double-dot setups with weak mutual coupling, the potenuseful in view of more complex nanoelectronics devices. The
tial fluctuations in each dot can be measured by a differenfuthors are grateful to T. Martin, M. Fogelstrom, and G. Jo-
neighboring point contac{Tl7]. In the present case, plachansson for useful discussions. D. F. and A. Z. were paytiall
ing a point contact close to N does not measdng;, but  supported by AC Ministére de la Recherche. The work of C.
insteaddVy = e(C~')yn(edny) + 2¢(C~1)ns(6Ms) =  H. was supported by the Swedish Research Council (VR) un-
[onn + 2rvbéms]. If 1v/b > 1, doubling of the  der grant 621-2006-3072.
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