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Communicating Josephson qubits
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We propose a scheme to implement a quantum information transfer protocol with a superconducting circuit
and Josephson charge qubits. The information exchange is mediatedLbZ aasonator used as a data bus.
The main decoherence sources are analyzed in detail.
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[. INTRODUCTION generation. We also give the necessary prescriptions to
implement a universal set of quantum gates. The spirit of the

One of the main purposes of quantum information pro-proposal is very similar to the Cirac-Zoller scheme for
cessing is the faithful transmission of quantum states betrapped ion qubit® However, the presence of a large number
tween distant parties exploiting entanglement among th&f low-energy environmental excitations, peculiar to the
various subsystems. Examples include quantum telesolid state implementation, requires a careful analysis of de-
portatiort and dense codingboth of them demonstrated us- coherence which we address in Sec. IV.
ing entangled photon paifsUntil now, however, much has ~ The coupling of a single charge qubit to a large Josephson
been done within the realm of quantum optlashile com-  junction has been proposed to perform an on chip quantum
paratively little efforts have been devoted to study solid stat&tate measuremettand recently implemented in the experi-
implementations of entanglement and communication protoment of Vion et al*® The large junction is biased near the
cols. Interest in the problem also arises from recent proposafitical current and it operates essentially as a classical ob-
employing nano-electronic circuits for quantum hardwarel€ct. Since it is coupled to a reading port, its quality factor
implementatior’~" In particular, superconducting devices cannot be very large. Another recent whbrlstudied the
seem to be promising since they combine the intrinsic stabilpreparation of a mesoscopic Sctirger cat state in a charge
ity of the superconducting phase with the possibility of con-qubit plus large junction system. In this latter case the large
trolling the circuit dynamics through manipulations of the junction is a quantum object, coupled to a qubit in the off-
applied voltages or magnetic fluxéDirect experimental resonantor dispersivg regime.
evidence of their use as controllable coherent two level sys- Our setup also exploits the interaction between a small
tems has already been provided® and a large junction, but we use a superconducting quantum

In this paper, we analyze an interconnection scheménterference device§SQUID) instead of a single junction in
among mesoscopic superconducting subcircuits, suitable fdhe qubit, to achieve a control of the coupling. This allows to
quantum communication. This setup is also relevant for thé!se both the dispersive and the resonant regimes as required
general task of finding a realistic way to probe dynamicalby the communication protocols described below. In particu-
aspects of entanglement in the solid state. In particular, wéar, the use of the resonant regime allows to entangle the
will illustrate a quantum state transfer protoco| which CanCirCUit elements on a shorter time scale, which is essential in
test the possibility ofcontrolled interaction between super- View of the decoherence acting on the system.
conducting devices and which gives an indirect way to check
entanglement by just single-bit measurements performed on Il. MODEL
the target qubit. ) ) )

Either the charge on the island or the phase difference ata Ve first analyze the model of a single qubit coupled to the
junction can be used to store and manipulate quanturfSonator. Lettingp, be the effective phase for the SQUID,
information?? Here, we concentrate on the charge regime®r the phaseT dn‘fergnce across the resonator capacitance, and
and propose a setup allowing quantum information transfef and P their conjugated charges, the system Hamiltonian
between two such Josephson qubits. reads ¢=1)

In this scheme, two superconducting qubit are capaci-
tively coupled to an electrical resonator playing the role of \ \ \
the data bus; see Fig. 1. The resonator can be either imple-
mented by arL.-C circuit or by a large Josephson junction. v, o

At present, a larger quality factor seems to be achievable *——

through a large junction working in the harmonic regime,

which is also easier to fabricate on chip. Therefore, we will —L{ 1l

concentrate on this case to give an estimation of the circuit C, C.

parameters. This setup is flexible enough to allow for quan-

tum state transfer from one qubit to another and for Bell state FIG. 1. Schematics of the superconducting circuit.
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Q2 H,c generates Rabi oscillations betweés ,n;) and
H= 2C, KqVQ~Ey(Py)cod 2eq,) |—.n+1) at the frequency By, =/8>+4g%(n,+1). We
) ) will need to take into account only oscillator states with at
PQ P ®r mostn,=1.
+——+ 5+ 57 —KkVgP, (o (i it i
Ck 2C, 2L Exploiting the external flux dependence Bf, it is pos-

sible to switch between nearly resonad<{g) and disper-
where the capacitances are given By=Cy+ CJ+(CC‘1 sive regime <6<w,). In the latter case, the time evolu-
+Cr—1)—1, Cp:Cr+[C(:_1+(Cc+ Cy, 171, Cv=Cq(Ce tion of the system is generated by the effective Hamiltonian

+C,)/C., and wherex,=Cy/Cy and x,=C4/C are the 2
attenuation parameters, whose values will also determine the H?”:g_[aa’q +)(+|—a'a] - )}(—|] (5)
strength of the coupling with the environment. The relevant s ’

energy scales are the charging enerﬁyh=2e2/Cq, the
resonator frequency,=(LC,) %2 and the effective Jo-
sephson coupling of the SQUII:EJ(CDX):EJOCOS(HI)X),

obtained by neglecting contributions of second and higher
order ing/ S (see, e.g., Ref. 17 for detajls
In the resonant regime it is possible to accomplish a quan-

tunable via an external magnetic fldx, . tum state transfer, whereas switching between the two re-
Introducing creation and annihilation operator for thegimes is required to perform a two-bit gate. df is very
resonator via different fromE;, the coupling is effectively switched off,
and the qubit and the resonator evolve independently.
a+a'  [C, . _As sugg_ested inl(lj?efs. 14 and 15,_and experimenta_lly re-
@ = ,  P=i T(a —a), (2 ghzed by Vionet al, "a large current biased Joseph_sonjunc-
V20,Cp tion can be used to implement the resonator. For bias current
) o | well below the critical valud ., the phasep, of the large
we can rewrite the Hamiltonian as junction is trapped in one of the minima of the tilted wash-
board potentialU (¢,)=—(I./2e)cose,—(1/2€) ¢, , so that
H=E.(n— ng)Z_ E;coq2eqp;)+w,a'a the system approximately behaves as an harmonic oscillator
with
—ig(a—a")(n—ny), &)
2el[ 12\
where n=Q/2e counts the number of Cooper pairs on the W= Cy 1- |—2 . (6)
Cc

island with respect to the off-set charge numbey
=Qg4/2e, while the coupling constant is given bg  One can take advantage of the dependence»0bn the
=Ck’1e 20,C,. currentl to have a secontand independehimechanism to

In the charge regimeH.,>E;), only the two lowest go from the resonant to the dispersive regime. However,
charge states@=0,2e) of the small island come into play, since the dependence obiis very weak, one cannot use this
allowing to employ it as a qubit. The electrostatic splitting mechanism to switch off the coupling.
between these two states can be modified by the gate voltage In the two-qubit setup of Fig. 1, for simplicity we take
Vg, which we fix by settingQq=CyV =e. The eigenstates C.<C,, so that the direct electrostatic interaction between
of qubit Hamiltonian are thefr+ )= (|0)+|2e))/y2, which  the two qubits (vCﬁ/Cﬁ) can be neglected and they only
we use as logical states. In this basis, state preparation amteract through the resonatén fact, C,, the Cy's andg
read out can be performed as for the charge basis, by applgre slightly modified, but the changes are negligible for
ing an ac voltage pulse to performm?2 rotation that maps smallC,).
the|Q=0,2e) states onto th¢=) ones. The choice of elec-

trostatic degeneracRq=e, is crucial for what follows; we Ill. PROTOCOLS
will show that decoherence due to low-frequency noise is _ .
strongly quenched at this working point. To illustrate the use of the oscillator as a data bus, we

If the qubit and oscillator are tuned near resonange, SNOW how the quantum state of quhitan be transferred to
—E,—w,<E,+w,, and if the coupling is weak,g b. Let us suppose that the three subsystems are initialized
<w,,E,, one can perform the rotating wave approxima_independently with qubib in |—) and the resonator in its
tion, neglecting the rapidly oscillating termjs- )(+|a and ~ 9round state:
+)(—|a'. Equation (1) then reduces to the Jaynes-
|(—la . Equation (1) y BO=(c.|+)+e|-Nel-)slo). @)

Cummings mod
In the first step, the state of quldtis transferred to the data
E, bus by resonantly coupling them for a time= 77/2g. This
Hyc=—o0,+wa'a—ig(o,a—a'o_), (4)  leads to the statey,7)=|—)®|—)®(c,|1)+c_|0)). Then,

2 decoupling qubita and performing the same operation on
N qubit b, the system is led to
where the operatorso,=oc' =|+){(—| and o,=1
—20_o, have been introduced to describe the qubit. |,27)=|—)®(ci|+)+c_|—))®]|0). (8)
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Thus, the state of one qubit has been transferred to the other {

(targe}) one via the intermediary action of the resonator. % J
In a similar way, a maximally entangled singlet state can Ci— 7,

be obtained by employing a protocol already realized with C

atoms and cavity® The underlying idea is very simple: first Ve Y

entanglea andr, then swap the entanglement by just “ex- T

changing” the states of the oscillator and of quhitVith the 4{ n

system prepared i+ ),®|—)p®|0),, we first let islanda C

and the resonator to interact resonantly for a tim@

=r/4g and then allow for the same couplirigut lasting a ; S3
time 1) to be experienced by island This procedure gives

rise to the EPR state J2(| + —)- | - +)) ®.|0>' FIG. 2. One qubit coupled to the resonator in the presence of the
Note that, although the oscillator is left in the ground S'["’m:"decohering reservoirs, the third of which represents a bath of fluc-

after the operations, it actively mediates between the qubitstuating charge impurities.
From the physical point of view, this is the main difference

with respect to the scheme of Shnirmanal.® where the 2 2
oscillator is only virtually excited. As a consequence, when SH= z Hew _ Z K E +B(Q,P,0,). (10)
evaluating dephasing effects, the oscillator needs to be in- a1 ¢ s e

cluded explicitly(see below. . . .
Besides quantum state transfer and entanglement generd?® Coupling term contains system operatoks,= «qQ

tion, a universal set of logic gates can be implemented. In+ «pP, andK,= ¢, , and environment operatois,, . Also a
deed, single-bit rotations are obtained by applying ac voltagéounter-termp, is generated, which we disregard from now
pulses on the qubit gate electrodes. Furthermore, a two-b@n since it does not affect the decoherence rates. All the
gate (equivalent to the control phase up to a one-bit operainformation on the reduced system dynamics is contained in
tion) can be accomplished through the following four stepsithe fluctuation spectra of the operatdts for the environ-

(i) couple qubita to the oscillator in the dispersive regime ment alon€! which are found to be:

for a timet; (with b decoupled and initially prepared in

|0)). This leaves the state- ), unaffected, while appending S/(0)—wRe Zy(w) coth'g—w

the phase factoe '’ to |+),, with §=(g?/ d)ty; (ii) trans- 1 “1+iwZi(w)Ceoii(w) 2"

fer the state of1 to the oscillator as befor@.e., let the two
systems interact for a time); (iii) a being de-coupled, lat
and b interact dispersively, again for timg; (iv) transfer
back the state of the oscillator to quibi{same operation as

in the step(ii)]. The resulting gate is represented in the basigVith Ceff(w)zcg- ) ) o
{|=a, =)} as This result can be understood by using classical circuit

theory. The main effect of the impedances is to produce elec-
tromagnetic fluctuations, accounted for by stochastic voltage

S(w)=w Re[Zz(w)]flcothﬂTw,

! 29 0 (E;) and current E,) sources?® The corresponding power
0 e 0 0 ) spectra derived in Eq11) describe these fluctuations as seen
0O 0 1 at the impedanc&, and Z,, respectively. The interaction
0 0 0 ef Hamiltonian of Eq.(10), then, couples voltage noise to the

chargesQ and P via the attenuation parameteks ,, and
This operation is equivalent to the control phase gate up to §Urrent noise to the phase of the resonaor,
single-bit operation. To evaluate the effect ofH on the eigenstates ¢ ;c,
we suppose a weak coupling with the environmety (<,
and the impedances can be chosen to fulfill this condition
The spectrum ofH,c is made up of a ground statég)

The treatment given so far has to be extended to accouri | —,0), and a series of dressed doublets,
for unwanted decoherence effects, whose major sources are
electromagnetic fluctuations of the circuit and noise originat-
ing from bistable charged impurities located close to the is-
lands. To estimate the time scales for relaxation and decoher- lb(n,))=ising, |+,n,)+cosby, [—,n+1),
regsC:nOzI;\licr)Ipgc?wz?rﬁ“ggr?i,cgz rr?cléjlzozn the single-qubit plus having eigenenergien(+ 1/2)w,tRnr, and where we de-

We first consider noise due to the impedandese  fined tan 2, =2g\n,+1/5. Only |g) and the first doublet,
=1,2, which are modeled by LC lines corresponding to setg|a),|b)}, are involved in the coherent operations described
of quantum harmonic oscillator$;**?° with Hamiltonian  so far. In the secular approximatiéhrelaxation and dephas-
H,.. Following Ref. 20 it is possible to derive a Hamiltonian ing rates in this subspace can be expressed in terms of the
of the Caldeira-Leggett kirfct quantities

IV. EFFECT OF THE ENVIRONMENT

|a(n,)>=cos¢9nr|+,nr)+i sin 9nr|_ n+1),
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TABLE I. Relevant matrix elements of the coupling operators 1 1
with the electromagnetica(=1,2) and the {«a=3) environ- I‘ab=§(I‘aHg+Fng)’~v§ E [ygg(wag)+ygg(wbg)].
ments. Diagonal elements are equal, e@|K,|a)=(b|K4|b) “ (14
=(g|K4|g)=exq. Matrix elements(a|K,|b) vanish. Herec

=cosf, s=sinf, and x=Cyw, 1(2€7).

The above important properties of thKes directly result

N N iV=1b from the choiceQ,=e. Therefore, the choice of this optimal
liy=1g) liy=la) |iy=1b) : ; g e . .
working point allows to eliminate at the same time two kinds
a=1 eKq —e(kqC— XKpS) —ie(kgS+ xxpC) of unwanted terms, namely) the adiabatic terms, propor-
a=2 0 i(2yxe) s (2xe) 'c tional to the zero frequency noise spec®a(w=0), which
a=3 eC,t  —e(Ci'c—xCy's) ie(Cyls+xCyle) are very dangerous in solid state implementations because of

the presence of many low-energy excitations in the environ-
ment (e.g., 1f noise, and (ii) relaxation and decoherence
contributions due to fluctuations at frequencies comparable
with the small separationw,,, between the entangled
_ - ) ~ doublet.
For instance, the transition rates for the populations are given The determination of an optimal working point has been
by Ti_i=[1+exp(—Bwif)] '2,¥{i(wi), the standard exploited in Ref. 10 to achieve a spectacular noise suppres-
golden rule result. sion. The criterion they propose is to chose a working point
Each relaxation rate is made up of two partsZif is  such that the level splitting weakly depends on the external
purely resistive, its contribution becomesl/(Z,C;) (see control parameters, which corresponds to our propéty
Table ), describing the finite quality factor of the resonator. This is a sufficient condition for minimizing low-frequency
On the other hand, voltage fluctuations affect both the qubifoise in a single qubit device, provided that the splitting
and the oscillator charges, so that couples to the overall petween energy levels can be made large, as it is in the

Yi(0)=2|(f|K,[1)[?S,(w). (11)

system through two interfering channels. device of Ref. 10. However, this is not enough in many-qubit
Explicitly, the contribution of the qubit impedance at tem- devices, due to the occurrence of small energy differences. In
peraturesT<E;, are found to be these cases, the search for favorable operating conditions

should lead to a working point where the contributions of
5\ 12 bothzero and small frequencies are absent from the decoher-
Fgllgocwag OKq— KpX<Ro— 5” , (120  ence rates. This criterion is satisfied in our case, because of

the selection ruldii). In general, the reduced sensitivity to
the environment could be achieved, by “engineering” the
5 2 coupling operatorsK's in our notation, i.e. by searching for
Fﬁ,llgocwbg Kq(RO— > +0xpX| (13 a computational basis in which their matrix elements have

the “good” properties discussed above.

The quenched sensitivity to low frequency fluctuations is
where  waq= wpgt2Ro=(w, +E;)/2+Ry,  while  x  crucial in the case of dephasing due to charged impurities
=\Cpo, /(2€7). lying close to the island, responsible forf Hoise, which is

Due to destructive interference, these relaxation rates cagelieved to be the most relevant problem for Josephson
be substantially reduced for certain parameter values. Fatharge qubits. For such an environment, correlation times are
example, the transfer rate out of std&® is quenched if usually too long for a master equation approach to be valid.
xkplkq=1 for 5=0. Even if this condition is not met, one Indeed?® slower fluctuators show a distinctive behavior di-
of the two eigenstates can be made more stable by choosingctly related to their discrete character and strongly contrib-
an optimums. ute to decoherence when adiabatic terms enter the dephasing

Concerning the dephasing rates, we point out two imporrates. However, as shown above, dephasing due to low-
tant consequences coming from the structure of the matricefsequency fluctuations is minimized &,=e. In this case,
(f|K,|i) reported in Table I. First, all matrix elements be- the Gaussian approximation turns out to give a quite correct
tween the states of the doublet vanish; thus, fluctuations @&nswer and therefore an estimate of the order of magnitude
the relatively small frequency,, never come into play. As of the effect can be obtained if the coupling with the envi-
a consequence, coherence is well preserved in the usual tefignment is treated to second ord&myhich is equivalent to
perature regime of operatiog<T<E;. A second property Mmimic the fluctuating impurities with a suitable oscillator
is that eachk, has equal diagonal matrix elements. This€&nvironment. Then, Eqd11) and (14) are still valid, with

implies that the dephasing raté%; do not contain the so K3=Cq,'Q+C,'P and

calledadiabatic termg? which describe coherence suppres-

sion without energy exchange. These contributions are pro- ss(a,)EsQ(w):7TAeZw*l (15)
portional to the squared difference of the diagonal matrix

elements of the coupling operatotgj|K /i) —(j|K |j)|%, where So(w) is the power spectrum of the charge fluctua-
which is zero in our case. As a result, the largest off-diagonations in the island, whose amplitude can be inferred from
damping rate at the temperatures of interest is found to beindependent measuremefts.
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V. DISCUSSION AND CONCLUSION order of magnitude larger is required, which could be ob-

We now give some estimates of the relevant parameters g?lned by improving the quality factor of the resonator,

the setup, and show that state transfer and entanglement ge In cqnclusmn, we presented a quantum data bl.JS scheme
eration ca;n be obtained with routinely fabricated circuits. We&)nnectmg two Josephson qubits and |mplement|n9_ proto-
take a large Josephson junction as a resorighis choice is cols f_or quantum state transfer, Bell states generation and
preferable at present, as it allows for larger quality fagtors two-bit gates. Favorfible workmg conditions can _be found,

. ! where decoherence is substantially reduced despite the pres-
with C,=1 pF,w,=37 peV. A low-temperature subgap re-

. 4 ence of small level splitting and strong low-frequency envi-
sistanceR,=600 K(} (here modeled by the parallel imped- ronment fluctuations, typical of the solid state. The quantum

ance can be easily achieved with Nb-based junctions, whichS ; P
X . tate transfer protocolimplementable within the present
yields a quality factor, R,C= 4 10, For the box, we take technology provides an indirect probe of the dynamics of

E,=40 ueV, C;=051F, Cy=20 aF, andR,=50 Q. Fur- o0 noiement less demanding as compared to the realization
thermore, by takingC.=50 aF, we obtaing=0.5 GHz ofatv?/o-bit géte g P

which allows operations on a time scale2 ns. These After submission of this paper, we become aware of a
choices giveE.,=0.6 me\&>E; and g<w,, ensuring the related proposal by Blaist al>

validity of the rotating wave approximation. Moreove,
turns out to be much larger than the level broadening, which
guarantees the correctness of the secular approximation lead-
ing to Egs.(11) and(14). These parameters lead to estimate We thank B. Ruggiero, O. Buisson, M. Governale, Yu.
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