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Josephson junction qubit network with current-controlled interaction
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We design and evaluate a scalable charge qubit chain network with controllable current-current coupling of
neighboring qubit loops via local dc-current gates. The network allows construction of gheualit gates.
The proposed design is in line with current main stream experiments.
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Although a working solid-state quantum computer with  Left without any external current biasing of the coupling
hundreds of qubits remains a distant goal, coupling of a fevand readout JJs, the network acts as a quantum memory of
solid-state qubits is now becoming feasible. Several groupmdependent qubitgneglecting a weak residual interaction,
have succeeded in performing advanced operations witth be discussed belowWhen a bias current is sent through
single Josephson junctiqd) qubits;~" but the art of mul-  the coupling JJ in Fig. 1, the current-current interaction be-
tiple JJ qubit gates is still in its infancy. A few challenging tween the neighboring qubits is switched on and increases
experiments with coupled JJ qubits have been repSited.  \yith increasing bias current. Moreoverfiéth of the readout

However, so far experiments on coupled JJ qubits have beejyg of the same qubits are biased well below threshold, again
performed without direct physical control of the qubit-qubit ihare s nearest-neighbor coupling via the circulating

coupling. currents?® However, if one of the readout JJs is current bi-

gatTa Ze\:v%;far:?;égir\?g%i%?t 282§?nzsisfoéc(xmll)égu®ttun-ased’ this only affects that particular qubit and allows the
ings of qubits or bus resonatois1® However, there are also readout of individual qubits. Thus the bias currents serve as

suggestions how to control physical qubit interacfiom: the interaction control knobs. The loop inductances are as-

most of which require local magnetic field control. Recently,su_med_ t(_) be suff|C|entIy_smaII to neglect qu't'.qu't cou-
Yamamotoet alll successfully implemented a controlled- Pling via induced magnetic flux, as well as undesirable qubit
NOT (CNOT) gate using fixed capacitive coupling between coupling to the magnetic environment. In addition, we as-
two charge qubits, controlling the effective qubit-qubit inter-

action by tuning single-qubit level splittings into resonance. Lo l @ Irn(i+1)

()
However, this method might not be well suited for more ~
advanced gates on charge qubits because of strong decohe % %
Qubit i+1
¢

ence when qubits are operated away from the degenerac
points. Qubit i

In this paper we present a solution for controllable physi- .
cal qubit-qubit coupling, as shown in Fig. 1. The network hasEZI ¢ bi-p ™0 biE@ E@
the following properties:(a) nearest-neighbor qubit-qubit

¢1' ¢2'
coupling controlled by external bias currenty)) qubits % : X : &LM

parked at the degeneracy points, also during qubit-qubit in-
teraction,(c) separate knobs for controlling individual qubits Cgi 1,
1

I

and qubit-qubit coupling, andd) scalability. An important
feature is that the network is easily fabricated, and is in line
with current mainstream experiments.

The network under consideration consists of a chain o[)
charge qubits—single Cooper pair transist68CT)—with Y
loop-shaped electrodes coupled together by current bias
coupling JJs at the loop intersectiofiSig. 1). The loop-
shaped electrode was introduéétito provide external con-

FIG. 1. Network of loop-shaped SCT charge qubits, coupled
large Josephson junctions. The interaction of the qubitand
éob+ 1) is controlled by the current bidg; or by simultaneous current
lasing of readout junctions. Individual qubits are controlled by
voltage gate¥/;. Single-qubit readout is performed by applying an

. L. ac(Ref. 23 or dc(Ref. 3 current pulsd,,; to a particular JJ readout
trol of the Josephson coupling of the qubit island to the resJ'unction. Alternatively, readout of a charge may be performed, e.g.,

ervoir. The loop design creates @nductive) interface to the  \i5ing 4 rf-SET(single-electron transistprapacitively coupled to
qubit by means of circulating Currerﬁéth'Ch has been  he islandRef. 24. The two Josephson junctions of thie SCT are
used as a tool for qubit readout by Vi@t al® We employ  assumed to have identical Josephson enef§jesThe Josephson
these current states in the qubit loops to create controllablgnergies of the coupling J&;, and the readout JJ;,, (identical
coupling of neighboring qubits. The results of this paper argor simplicity) are much larger than the corresponding charging
derived in the charge qubit limiEc>E;. However, the energiesE;,> Ecp ¢ui (¢émi) is the phase difference across itte
analysis and the coupling mechanism also apply to the cas®upling (readout JJ. For an operN-qubit chain we choose
of Ec=~E,, describing the charge-phase qubit. bpo=Ppn=0, while for a closed chaikbyg= Py
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sume negligible capacitive coupling between the islandstor due to qubit flips away from the degeneracy point is

which are well shielded by the injection leads. estimated asv~ Eé(l—ngi)zlhwqu< 1, when the linear
The SCT qubit chain system shown in Fig. 1 is describedjubit-oscillator coupling is switched diz; ~ Ej). In the re-
by the Hamiltonian sidual interaction regimé\;=0), the excitation probability is
several orders of magnitudéw,/E;,<1) smaller. Hence,
- SCT, |4OSC, 14OSGC p’ =Jb
H‘Ei (HP "+ Hg ™=+ H™), @) we average over the ground state of the oscillators and fi-

nally arrive at the effective Hamiltonian for the qubit net-
where HPC"=(E¢i/2)(1-ng)o,—Ey cos oy, using the — work,
Pauli matrix representation, and whend{>“=Q?/2C,
—-E;, €OS ¢y, — (11 2€)1 yihyi is the Hamiltonian of the cou-
pling JJ.HS>Cis the similar Hamiltonian of the readout junc-
tion, which for simplicity is chosen with the same param-Where 7=\i\;.,/ €, and «;; are the energies of the control-
eters. The induced gate Charge on ke SCT island is lable and the residual interactions, respectively. The maxi-
en,=CyVy; the charging energy of which is defined by mum controllable inte_raction energy is a factor IEJ‘_/ebi
Eci=(2€)?/2Cs. Finally, Q; is the charge on each coupling JJ smgller tr_\a_n the qublt Ieve_l splitting-2E;. The reS|duaI_
obeying the commutation relatiorf®;, ¢,j1=2ies;. HiSCT qub!t-gubn interaction effectively connects. all of the qubits
has been truncated to the two lowest charge states, assumifyt it is smaller than the controllable coupling by a factor of
Eci>E; andngi=1, and a small correction to the charging ﬁ‘*’p/EJp<1- ) )
energy of the coupling JJs-C,/C,<1) has been neglected. The interaction energy; can be expressed in terms of the
Flux quantization in every loogby;+ ¢ —26,=0, where 6, currentsl;=(e/#)Ey; sin 6 circulating in neighboring qubit
= (i~ Pui-1— dm) /2 (@ssuming zero external flwintro-  l0ops asy; = Leglili+1, WhereLeg=7:%/ (4€?€y) is the effective
duces a dependence of the qubit Josephson energy on tigluctance introduced by the coupling JJ.
phase differences across the coupling and readout JJs. This In order to exclusively couple the qubiig and(i +1) one
qubit-oscillator interaction is the origin of the qubit-qubit should apply a nonzero current bigg while Ip.1)=0 and
interaction. Inis2)=0. In this case the coupling amplitude is given by the

For proper functioning of the network, the critical condi- equation

tions areE,,>fiwy, E;, wherew, is the plasma frequency of _
the coupling JJs, establishing the phase regime for the cou- EsiEai+n 'n2@

= — ————————SI
pling JJs with small fluctuations of phage= ¢p— ¢y, (52 n 4E,, COS ¢y, 2

~hw,/Eyy<1, around energy minima determined by the
control current, sing,;=Iy,;/1.,. We only consider the regime
of negligible macroscopic quantum tunneliigQT).

Using a harmonic approximation for the periodic potential
terms in EqQ.(1), all coupling JJs are reduced to harmonic
oscillators with level spacingiw,=\2e,Ec,, Where e,

H=2 (Hgi + moyioyisy) + > KijOxiOxj 3)
[ i#]

(4)

The coupling is quadratic; (I,i/1,)2,2 for small current bias,
and diverges when approaching the critical current. An alter-
native way to switch on the qubit-qubit coupling is to apply
dc bias currentgbelow the critical valugsimultaneously to
both of the two neighboring readout junctions, instead of

- ) ) . activating the coupling junction, resulting in an interaction
=E;, COS ¢b,;. Each SCT term in Eq2) is then, in the lowest - .=

approximation with respect to harmonic amplitudes, reduce&nergy”i:_(EJiEJ(”D/A'EJP)S'n 0 sin Oi-y. _
to a qubit Hamiltonian, The present strategy is to park the qubits at the degen-

eracy points, where the coherence time is maxiniuangd

Egi — then to operate witla) short dc-voltage pulses or, alterna-
Hqi:?(l_”gi)‘fzi_EJi COS 60, (2 tively, microwave resonant excitation, to perform single-
o qubit operations with qubit-qubit coupling switched @ff
where 6= (¢yi =~ bu(i-1) = bmi)/ 2, SiNGmi=Imillem Plus a lin- =0), and with(b) dc-current pulse$z+# 0) to perform two-

ear oscillator-qubit interactioY) =\,(8- &_1) o, propor- qubit rotations at the degeneracy points.
' — The readout of individual qubits can be performed by

tional to the coupling strength;=(E,/2)sin 6 and to the robing the corresponding junction with ac curré&htyhile

phase deviation in the coupling JJs. This generates contrg Zeeping zero bias at the coupling junctions. Since amplitude

lable nearest-neighbor qubit interaction terms which appeags \he phase oscillation in the readout junction remains small
only in the presence of b!as currents anq describe d'SpIaC%ruring measurement, our theory applies, and neighboring qu-
ment of the OSC'"atOE% driven by the q121b|ts. There are alsgjg will not be disturbed. Another option would be to pulse
quadratic  terms, H;\;=(€/8)(6-8-1)%, Where € the dc current through the readout junction above the critical
=E; cos 6, which induce relatively small permanent re- value? Required that the qubits are operated in the charge
sidual qubit coupling due to oscillator squeezing driven byregime (E->E;), readout of the islands charge state is also
the qubits. possible by means of a capacitive probe, e.g., using a SET
The harmonic oscillators can with good accuracy be aselectrometer.

sumed to stay in the ground state during all quantum opera- We now focus on two-qubit gate operation. The Hamil-
tions on the network at low temperature. For current controtonian in Eq.(3) is diagonal in the current basis when all
pulse durationg > wgl, the probability to excite the oscilla- qubits are put at the degeneracy points. Considering two
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neighboring qubits, 1 and 2 in the current eigenbasis T ewo 7
|00),|01),|10),|11), the Hamiltonian explicitly becomegs-
suming for simplicity identical qubite=e;=¢,), ¢ ¥ b
0.02 - = H2
2e+n, 0 0 o\ IS /
a
0 - 0 0 T
H = 7 , (5) _ 9 20 Eb/E 30 40 E
0 0 -m O w I F3
0 0 0 -2e+mp il =
0.01f 11
where 7, is given by Eq.(4). We can now use the current
control bias to perform coupled-qubit phase rotatibhg/e a\
define a basic entangling two-qubit gate operation, thé¢2- [~~~ ===-========
zzrotation, .
0 C
i 000 10 20 Eb/E 30 40
17T
o) —GIR) S drH ) 01 00 (6) . . . . .
J) =e " ~ FIG. 2. Maximum coupling energy of two neighboring qubits
0010 with a current bias applied to the coupling JJ which corresponds to
00 0 | the MQT ratel",\,,QT:(ZEJ/h)x1(T4 for different shunt capaci-

tanceg(solid), Cgspunt (@) 0, (b) 10C,, (€) 40C,,. The corresponding

. . . . plasma frequency for the same parametdeshed linesdecreases
by choosing the appropriate amplitutii.e., 7;,) and dura- with increasedCg;, s INSet: the ratio of the controllable interaction

tion T of the bias current pulse, determined by the simple ; - ;
integral equationsz(Ze/ﬁ)gt: O(mod 7) and fT)Enllﬁ)dt Pand the residual interaction.
=-m/4. The operation is only slightly more complicated for tions of oscillator states induced by qubit relaxation are sup-
nonidentical qubits. The current pulse shape is of no imporpressed at the charge degeneracy point. The maximum cou-
tance, except that it must be adiabatic with respect to th@ling energy can be estimated using the standard expression
harmonic degrees of freedom,<#w,, describing MQT in current biased Fsxeglecting the small

By means of the /2 zzrotation and single qubit rota- Circulating currents,T'yiqr, = w,(60s/ m)"'“exp(-s), where
tions it is now straightforward to construct any desired quans=(24E,,/5fiw,)(cos 6)%2 and w,=(2E;,Ecp) Y2 is the bare
tum operations, including generalized quantum gates. Starplasma frequency of the capacitively shunted coupling junc-

dard two-qubit gates such as theioT operation require a  tion, Eq,=(26)2/2(Cp+Cqhyn). Requiring the lower bound

short sequence of additional single qubit2 rotations for cos 6 to be larger thar(w,/E,»)?> under the condition

that the MQT rate remains negligibly small, the adiabaticity
1 —e— —| }—— L c — .
= H} | EZ_LHH condition gives,w,> E;(E;/Ej,)**, and the maximum cou-
2— Z] pling energy in Eq(4) becomesyyax~ E;(E;/E;p)Y2 Quan-

B » . . . titative results for the maximum coupling energy are shown
where[k];=exp ~i(7/4) 7], 7; are Pauli matrices in the cur- Fig. 2. Note that the residual interaction is reduced for

rent basis, and the Hadamard operatjbf} corresponds 0 gmai' plasma frequencgsee the inset in Fig.)2 Taking the
the sequench][z][x].Another useful operatiolIGNOT-SWAR, interaction energy to bey,..=(2E,)/100, the time needed
can be also introduced, for the —/2 zzrotation is then approximately 25 times the
- qubit period time(h/2E;).
1:T_‘><: - _ xHz X} Assuming that the qubits are operated at the degeneracy
2 X zHx point, fluctuations in the biasing current will cause pure
dephasing. Nevertheless, the qubits will be decoupled from
which allows effective implementation of quantum algo- the current noise to the first order at zero current bias. How-
rithms on qubit networks with nearest-neighbor interactfon. ever, since relatively long periods of qubit coupling are
The operations have been optimized in the sense thdizthe needed to perform practical control operations, suppression
rotations can be performed using the natural precession aff bias current fluctuations might be essentfal.
the qubits. Finally it should be emphasized that although this paper
The time needed for a two-qubit operation is given by thehas been concerned with the charge qubit liEjtEc<1,
coupling strengthy, whose upper limit is set by MQT in the analysis and the design for bias-current-controlled qubit-
coupling JJs, and depends on the plasma frequency: a lowgubit coupling is equally relevant in the region Bf/Ec
plasma frequency yields lower rate of MQT and thus higher=1, characterizing the “quantronium” charge-phase qtibit.
maximum current bias. Thus, a stronger controllable couA higher E;/E. ratio introduces more charge states and flat-
pling is achieved by adding a large shunt capacita®gg,,  tens the bands, making the system less sensitive to back-
to reduce the plasma frequency. On the other hand, the lattground charge fluctuations. The coupling of neighboring qu-
is restricted by the adiabaticity condition, <% w,. We em-  bits will, however, still be controllable, and higher levels will
phasize here that the plasma frequency can be comparableriot be excited during two-qubit gate operations provided that
(and lower thapthe qubit level splitting(E;), since excita- the bias current is switched on adiabatically.
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In conclusion, the present scheme provides a realistitndependent two-qubit operations can be performed in
solution for easy local control of the physical coupling of parallel when the network consists of five qubits or more,
charge qubits via current biasing of coupling Josephso@nd generalization to single-shbkqubit gates seems pos-
junctions or, alternatively, pairs of readout junctions. TheSible. This may offer interesting opportunities for operating
design is in line with experimental mainstream developmenflUPit clusters in paraliel and swapping and teleporting qubits

of charge qubit circuits and can easily be fabricated an%ﬁggt;‘e Er;'tnu’rrfc;:]fgi(rggggnnentrilcgﬁsng:%eérgggggt'Ons of el-
tested experimentally. Most importantly, it allows readout ya P '

via currently tested methods that promise single-shot projec- e thank Y. Nakamura, D. Esteve, R. Fazio, and P. Del-
tive measurement and even nondestructive measuremeriihg for helpful discussions. This work has been supported
via, e.g., a rf-reflection readout of a JJ threshold detéttor by EU IST-FET-SQUBIT and SQUBIT-2, the Swedish Re-
an SET*?4 The tunable coupling of the qubit chain allows search Council, and the Swedish Foundation for Strategic
easy implementation oENOT and CNOT-SWAP operations. Research.
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