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Controllable manipulation and entanglement of macroscopic quantum states
in coupled charge qubits
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We present an experimentally implementable method to couple Josephson charge qubits and to generate and
detect macroscopic entangled states. A large-junction superconducting quantum interference device is used in
the qubit circuit for both coupling qubits and implementing the readout. Also, we explicitly show how to
achieve a microwave-assisted macroscopic entanglement in the coupled-qubit system.
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I. INTRODUCTION

Quantum-mechanical systems can exploit the fundam
tal properties of superposition and entanglement to proc
information in an efficient and powerful way that no classic
device can do. Recently, Josephson-junction circuits have
ceived renewed attention because these may be used a
bits in a quantum computer.1 Based on the charge and pha
degrees of freedom in Josephson-junction devices, char2,3

and phase qubits4–6 have been developed. Also, a type
solid-state qubit can be realized in a large-area current-bia
Josephson junction.7,8

Experimentally, coherent oscillations were demonstra
in a Josephson charge qubit prepared in a superpositio
two charge states.2 More recent experimental measuremen9

showed that the charge qubit at suitable working points
have a sufficiently high quality of coherence (Qw'2.5
3104), corresponding to a decoherence timeTw'500 ns.
Current-biased Josephson junctions can also have long d
herence times7,8 and Qw can reach 104. These exciting ex-
perimental advancements demonstrate the potential of
sephson qubits for manufacturing macroscopic quant
mechanical machines. Towards the practical implementa
of a solid-state quantum computer, the next important s
would be the coupling of two qubits and then scaling up
architecture to many qubits.

In this work, we present an experimentally implementa
method to couple two Josephson charge qubits and to ge
ate and detect macroscopic quantum entangled states in
charge-qubit system. Motivated by very recent experime
results,9 we employ a superconducting quantum interferen
device ~SQUID! with two large Josephson junctions t
implement the readout. The generation of the macrosco
entanglement is assisted by applying a microwave field
each charge qubit. The key advantage of our design is
the SQUID can also produce an experimentally feasible
controllable coupling between the two charge qubits.
verified in a single qubit,9 the coupled charge qubits may b
well decoupled from the readout system when the meas
ment is not implemented. Moreover, our design can
0163-1829/2003/68~2!/024510~8!/$20.00 68 0245
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readily extended to coupled multiple10 qubits as well as any
selected pairs~not necessarily neighbors!.

The paper is organized as follows. In Sec. II, the contr
lable coupling between two charge qubits is proposed usin
large Josephson junction or a large-junction dc SQUID. Al
we demonstrate how this interbit coupling can be con
niently used to generate the controlled-phase-shift gate
Sec. III, we study the microwave-assisted macroscopic qu
tum entanglement in the coupled charge qubits, where
microwave fields are coupled to the qubits via gate cap
tances. Section IV focuses on the readout of the quan
states in the coupled-qubit system. Finally, the discuss
and conclusion are given in Sec. V.

A. Other qubit coupling schemes

A different type of interbit coupling from the one studie
here was proposed using the Coulomb interaction betw
charges on the islands of the charge qubits.11 As pointed out
in Ref. 1, the interbit coupling in this scheme is not switc
able and also it is hard to make the system scalable bec
only neighboring qubits can be coupled. Implementations
quantum algorithms such as the Deutsch and Bernst
Vazirani algorithms were studied using a system of Jose
son charge qubits,12 where it was proposed that the neare
neighbor superconducting islands would be coupled
tunable dc SQUIDs. In Ref. 13, a pair of charge qubits w
proposed to be capacitively coupled to a current-biased
sephson junction where, by varying the bias current,
junction can be tuned in and out of resonance with the qu
coupled to it.

Another different type of interbit coupling wa
proposed1,3 in terms of the oscillator modes in anLC circuit.
In contrast, we use a large junction or a large-junction
SQUID ~but no LC circuit! to couple the charge qubits. I
our scheme,both dc and ac supercurrents can flow throu
the charge-qubit circuit, while in Refs. 1 and 3only ac su-
percurrents can flow through the circuit. These yield differe
interbit couplings~e.g., thesysy type1,3 as opposed tosxsx
in our proposal!. As revealed in Ref. 10, thesxsx type in-
terbit coupling can be conveniently used to formulate an
ficient quantum computing scheme.
©2003 The American Physical Society10-1
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Moreover, the calculated interbit-coupling terms in Re
1 and 3 only apply to the case in which the following tw
conditions are met:

~i! The eigenfrequencyvLC of the LC circuit is much
faster than the quantum manipulation frequencies. This c
dition limits the allowed numberN of the qubits in the circuit
becausevLC scales with 1/AN. In other words, this implies
that the circuits in Refs. 1 and 3 are not really scalable.

~ii ! The phase conjugate to the total charge on the q
capacitors fluctuates weakly. Our interbit-coupling approa
discussed below is free from these two limitations.

II. CONTROLLABLE COUPLING OF CHARGE QUBITS

A. Coupling qubits with a large junction

We first use a large Josephson junction to couple
charge qubits~see Fig. 1!. Each qubit is realized by a
Cooper-pair box, where a superconducting island with exc
chargeQ̂i52en̂i ( i 51,2) is weakly coupled to the bulk su
perconductors via two identical small junctions~with Joseph-
son coupling energyEJi and capacitanceCJi) and biased by
an applied voltageVXi through a gate capacitanceCi . The
large Josephson junction on the left has a coupling ene
EJ0 ~much larger thanEJi) and a capacitanceCJ0. As in the
single-qubit case,9 close to the large Josephson junction, w
also place a large capacitanceC0 in parallel with it, so that
the effective charging energy of the large Josephson junc
can be ignored~even though the capacitance of the lar
junction might not be large enough!. Moreover, we assume
that the inductance of the qubit circuit~i.e., the two Cooper-
pair boxes with the nearby junctions, and the supercond
ing lines connecting these two qubits with the large Jose

FIG. 1. Schematic diagram of two charge qubits coupled b
large Josephson junction~denoted by a square with an X inside! of
coupling energyEJ0 and capacitanceCJ0. To make the effective
charging energy of the large Josephson junction as small as
quired, a large capacitanceC0 is placed close to and in parallel wit
it. Each filled circle denotes a superconducting island, the Coo
pair box, which is biased by a voltageVXi via the gate capacitanc
Ci and coupled to the bulk superconductors by two identical sm
Josephson junctions~each with a coupling energyEJi and a capaci-
tanceCJi). Here the arrow near each Josephson junction den
the chosen direction for the positive phase drop across the c
sponding junction.
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son junction! is much smaller than the Josephson inducta
of the large junction. The Hamiltonian of the system can
written as

H5(
i 51

2

@Eci~ n̂i2nXi!
22EJi~cosf̂ iA1cosf̂ iB!#

2EJ0 cosĝ, ~1!

where

Eci 5
2e2

Ci12CJi
~2!

is the charging energy of the superconducting island
nXi5CiVXi/2e is the reduced offset charge~in units of 2e)
induced by the gate voltage. Flux quantization around lo
containing the phase drops of the involved junctions giv
the constraint

f̂ iA2f̂ iB2ĝ1
2pFe

F0
50, i 51,2, ~3!

which gives

f̂ iA5f̂ i 2 S pFe

F0
2

1

2
ĝ D ,

f̂ iB5f̂ i1S pFe

F0
2

1

2
ĝ D , ~4!

where the average phase dropf̂ i5(f̂ iA1f̂ iB)/2 is canoni-
cally conjugate to the number,n̂i , of the excess Cooper pair
on thei th superconducting island:

@f̂ j , n̂ j #5 i , j 51,2.

Here f̂ iA and f̂ iB ( i 51,2) are the phase drops across t
small Josephson junctions above~A! and below~B! the i th
Cooper-pair box.

The Hamiltonian~1! can be rewritten as

H5(
i 51

2 FEci~ n̂i2nXi!
222EJi cosS pFe

F0
2

1

2
ĝ D cosf̂G

2EJ0 cosĝ. ~5!

The externally applied fluxFe threads the area between th
large Josephson junction and the left Cooper-pair box. It
duces circulating supercurrents in the qubit circuit. The to
circulating supercurrentÎ has contributions from the two
charge qubits:

Î 5 Î 11 Î 2 , ~6!

where

Î i52I ci sinS pFe

F0
2

1

2
ĝ D cosf̂ i , ~7!

with I ci5pEJi /F0. This total supercurrent flows throug
the large Josephson junction and it can also be written a

Î 5I 0sinĝ, ~8!

with I 052pEJ0 /F0. From Eqs.~6!–~8! it follows that
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I 0 sinĝ 52 sinS pFe

F0
2

1

2
ĝ D ~ I c1 cosf̂11I c2 cosf̂2!.

~9!

When the coupling energyEJi5F0I ci /p of each Josephso
junction connected to the charge box is much smaller t
that of the large Josephson junction in the circuit, the ph
drop ĝ across the large junction will be small. Expanding t
operator functions ofĝ in Eq. ~9! into a series and retainin
the terms up to second order of the parameters

h i5
I ci

I 0
~,1!, i 51,2, ~10!

we have

ĝ52 sinS pFe

F0
D ~h1 cosf̂11h2 cosf̂2!

2sinS 2pFe

F0
D ~h1 cosf̂11h2 cosf̂2!2. ~11!

It is clear that the phase dropĝ across the large Josephso
junction is controllable via the applied fluxFe .

For Hamiltonian~5!, we also expand the operator fun
tions of ĝ into a series and retain the terms up to seco
order ofh i . Moreover, we consider the charging regime w
Eci much larger thanEJi . Also, we assume that the temper
ture is low enough (kBT!Eci) and the superconducting ga
is larger thanEci , so that quasiparticle tunneling is strong
suppressed. In this case, only the lowest two charge state
important for each qubit operating around the degener
point VXi5(2ni11)e/Ci . In the spin-12 representation base
on the charge statesuni&[u↑& i , and uni11&[u↓& i of each
Cooper-pair box, the Hamiltonian of the system can be
duced to

H5(
i 51

2

@« i~VXi!sz
( i )2ĒJisx

( i )#2xsx
(1)sx

(2) , ~12!

with

« i~VXi!5
1

2
Eci FCiVXi

e
2~2ni11!G ~13!

and

ĒJi5EJi cosS pFe

F0
D j i , ~14!

where

j i512
3

8
~h i

213h j
2!sin2S pFe

F0
D , ~15!

and i , j 51,2 (i 5” j ). The interbit couplingx is given by

x5LJI c1I c2 sin2S pFe

F0
D , ~16!
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where the large Josephson junction acts as aneffectiveinduc-
tance of value

LJ5
F0

2pI 0
. ~17!

It is clear that the interbit coupling is switched off atFe
50. It is well known that a large Josephson junction can
as an inductance~e.g., Ref. 1!. Here we explicitly show a
specific way that it can be used to couple qubits.

Retaining up to second-order terms in the expansion
rametersh i , the total circulating currentÎ can be written as

Î 52 sinS pFe

F0
D ~ I c1 cosf̂11I c2 cosf̂2!

2
1

I 0
sinS 2pFe

F0
D ~ I c1 cosf̂11I c2 cosf̂2!2. ~18!

In the spin-12 representation, it is given by

Î 5sinS pFe

F0
D @ I c1sx

(1)1I c2sx
(2)#

2
1

4I 0
sinS 2pFe

F0
D @ I c1

2 1I c2
2 12I c1I c2sx

(1)sx
(2)#,

~19!

which depends on the states of the charge-qubit system

B. Coupling qubits with a SQUID

There are somewhat conflicting requirements imposed
this circuit. To obtain a large value for the effective Josep
son inductanceLJ5F0/2pI 0, a relatively smallI 0 is needed,
so that a large interbit coupling can be achieved. Howe
when the large Josephson junction is also employed fo
readout, it is desirable to use a largeI 0. This permits a larger
range of I b , so that a higher resolution in distinguishin
qubit states can be achieved in the quantum measurem
based on the switching of the supercurrent through the la
junction.

These two opposite requirements can be convenie
solved if the leftmost large Josephson junction in Fig. 1
replaced by a symmetric dc SQUID with two sufficient
large junctions~see Fig. 2!. Instead ofFe inside the circuit
loop betweenEJ0 and the first qubit~as in Fig. 1!, we now
apply a fluxFs inside the large-junction dc SQUID loop~see
Fig. 2!. This SQUID can be used both for coupling the tw
charge qubits and implementing the readout. When the re
out is not active (I b50), we can choose a suitable fluxFs
inside the SQUID loop to generate a larger interbit couplin
For I b50, the reduced Hamiltonian of the coupled-qub
system and the total circulating currentI have the same
forms as in Eqs.~12! and ~19!, but with Fe and I 0 replaced
by 1

2 Fs and

I 052I 0
s cos S pFs

F0
D , ~20!

whereI 0
s52pEJ0

s /F0. When the readout is active~see Sec.
IV !, Fs is chosen as zero to obtain a larger effective Jose
son coupling energy.
0-3
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C. Controlled-phase-shift gate

When the system works at the degeneracy points w
« i(VXi)50, the Hamiltonian becomes

H52ĒJ1sx
(1)2ĒJ2sx

(2)2xsx
(1)sx

(2) . ~21!

For instance, whenĒJi.0, i 51,2, its four eigenvalues are

ĒJ11ĒJ22x,

ĒJ12ĒJ21x,

ĒJ22ĒJ11x,

2ĒJ12ĒJ22x. ~22!

The corresponding eigenstates areue1 ,e2&, ue1 ,g2&, ug1 ,e2&,
and ug1 ,g2&, where

uei&5
1

A2
~ u↑& i2u↓& i),

ugi&5
1

A2
~ u↑& i1u↓& i). ~23!

Because they are also the eigenstates of the two uncou
charge qubits, when prepared initially at an eigenstate,
system does not evolve to an entangled state even in
presence of interbit coupling. As shown below, one can t
advantage of this property to implement the measuremen
addition, this property can be used to construct efficient c
ditional gates. For instance, if

ĒJ15ĒJ25x, ~24!

the controlled-phase-shift~CPS! gate is given by

UCPS~t!5eixt/\U, ~25!

with

FIG. 2. Schematic diagram of the coupled-qubit circuit with
biased-current source of impedanceZ(v). The dc SQUID, with
two junctions of largeEJ0

s , plays the role of both coupling the
charge qubits and implementing the readout. Here the large ca
tance C0 placed close to and in parallel with the dc SQUID
included in the impedanceZ(v).
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U5e2 iH t/\5exp$ i ~xt/\!@sx
(1)1sx

(2)1sx
(1)sx

(2)#%,
~26!

at t5p\/4x. This gate transforms the basis statesue1 ,e2&,
ue1 ,g2&, ug1 ,e2&, andug1 ,g2& as

S ue1 ,e2&

ue1 ,g2&

ug1 ,e2&

ug1 ,g2&

D →S 1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 21

D S ue1 ,e2&

ue1 ,g2&

ug1 ,e2&

ug1 ,g2&

D . ~27!

The generation of this conditional two-bit gate is efficie
because the condition~24! can be realized in one step vi
changing the gate voltagesVXi , i 51,2, and the fluxFs
simultaneously. Also, the architecture is scalable beca
multiple charge qubits can be coupled by connecting them
parallel with the large-junction SQUID. If the two Josephs
junctions in each Cooper-pair box are replaced by sm
junction dc SQUIDs, any selected pairs of charge qubits~not
necessarily neighbors! can be coupled.10

III. MICROWAVE-ASSISTED MACROSCOPIC
ENTANGLEMENT

When a microwave field is applied to the Josephs
charge qubit, Rabi oscillations occur in the system.14 These
oscillations can also be demonstrated by coupling a quan
resonator to the charge qubit.15 Here we apply the micro-
wave field to the Cooper-pair box via the gate capacitance
in Refs. 9 and 14, but each charge qubit is driven by a
ferent microwave field.16 In this situation,nXi in Eq. ~1! is
replaced by

nXi1n̂ACi5nXi1S Cidi

2e D ÊACi . ~28!

Heredi is the thickness of the gate capacitor and

ÊACi 5 El i ai1El i* ai
† ~29!

is the microwave electric field in the gate capacitor of thei th
Cooper-pair box, whereai is the annihilation operator of the
microwave mode. Because the microwave wavelength
much larger thandi , El i can be considered constant in th
gate capacitor. In the charging regime, the Hamiltonian
the system~including the microwave fields! can be written as

H5(
i 51

2

@« i~VXi!sz
( i )2ĒJisx

( i )1\vl i aiai
†

1sz
( i )~Ki ai1Ki* ai

†!#2x sx
(1)sx

(2) , ~30!

where

Ki5S EciCidi

2e D El i . ~31!

Here, we also consider the system working at the degene
points « i(VXi)50, i 51,2. When\vl i'2uĒJiu and under
the rotating-wave approximation, the Hamiltonian is cast

ci-
0-4
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H5(
i 51

2

@2ĒJisx
( i )1\vl iaiai

†1~Ki uei&^gi uai1H.c.!#

2xsx
(1)sx

(2) . ~32!

Without interbit coupling, each Josephson charge qubit
hibits Rabi oscillations between statesuei ,l i& and ugi ,l i
11&, where u l i& is a photon state withl i photons. For the
resonant case with\vl i52uĒJiu, the eigenvalues of eac
charge-qubit system are given by

e6
( i ) 5 E0i 6

1

2
\V i , ~33!

where

E0i5\vl i~ l i11!, ~34!

and

V i5
2

\
uKi uAl i11 ~35!

is the Rabi frequency. Though entanglement occurs betw
each charge qubit and the nonclassical microwave field,
two qubits do not entangle with each other since the sys
evolves as

uC~ t !&5uc1~ t !&uc2~ t !&, ~36!

where

uc i~ t !&5sin~V i t !uei ,l i&1cos~V i t !ugi ,l i11& ~37!

if the system is initially prepared at stateug1 ,g2 ,l 111,l 2
11&. However, in the presence of microwave fields, wh
the interbit coupling is switched on, the coupled-qubit s
tem exhibits complicated quantum oscillations and it w
evolve to the entangled state. For instance, in the reso
situation, the eigenvalues are given by

«1,4 5E011E026\L1 ,

«2,3 5E011E026\L2 , ~38!

where

L1,25 @~V16V2!21~x/\!2#1/2. ~39!

The state of the coupled-qubit system evolves as

uC~ t !&5C1~ t !ue1 ,e2 ,l 1 ,l 2&1C2~ t !ue1 ,g2 ,l 1 ,l 211&

1C3~ t !ug1 ,e2 ,l 111,l 2&

1C4~ t !ug1 ,g2 ,l 111,l 211&. ~40!

For the system prepared initially atug1 ,g2 ,l 111,l 211&,

C1~ t !5
1

2
$R2~ t !2R1~ t !1 i ~x/\!@S2~ t !2S1~ t !#%,

C2~ t !5
1

2
@~V11V2!S1~ t !1~V12V2!S2~ t !#,
02451
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C3~ t !5
1

2
@~V11V2!S1~ t !2~V12V2!S2t !],

C4~ t !5
1

2
$R1~ t !1R2~ t !1 i ~x/\!@S1~ t !1S2~ t !#%,

~41!

where

Ri~ t !5cos~L i t !, Si~ t !5
sin~L i t !

L i
. ~42!

For a two-level system interacting with a single-mode fie
the Rabi oscillations can be explained using either quan
or semiclassical theory, where the single-mode field is
scribed quantum mechanically or treated as a class
field.17 Here the quantum oscillations of coupled charge q
bits ~namely, the Rabi oscillations in coupled two-level sy
tems! are studied using quantum theory, where the mic
wave field coupled to each qubit is quantized. This a
applies to the classical-field case, in which the quantum
cillations are still described by Eq.~40!, but ue1 ,e2 ,l 1 ,l 2&,
ue1 ,g2 ,l 1 ,l 211&, ug1 ,e2 ,l 111,l 2&, and ug1 ,g2 ,l 111,l 2
11& are replaced byue1 ,e2&, ue1 ,g2&, ug1 ,e2&, andug1 ,g2&.

Figure 3 shows the occupation probabilityuC1(t)u2 as a
function of time t. For instance, whenuC1(t)u2.1, both
charge qubits are in their excited states. It can be seen
uC1(t)u2 looks very different when the interbit coupling i
switched on or off. The macroscopic entanglement betw
the two coupled qubits can be explicitly shown atV1
5V2 (5V). In this case, whentent5np\/Wx, with n
51,2,3, . . . , and

W5@~2\V/x!211#1/2. ~43!

uC(t)& becomes

uC~ tent!&5C1~ tent!ue1 ,e2 ,l 1 ,l 2&

1C4~ tent!ug1 ,g2 ,l 111,l 211&, ~44!

where

C1~ tent!5
1

2
@2cos~np!1exp~ inp/W!#,

C4~ tent!5
1

2
@cos~np!1exp~ inp/W!#. ~45!

The peaks away from either zero or 1 shown in Fig. 3~a!
correspond to this kind of entangled state. Furthermore
suitable values ofW are taken, the maximally entangled sta
with uC1u25uC4u25 1

2 can be derived. This state is a macr
scopic Schro¨dinger-cat state of the two charge qubits. F
instance, if\V/x5A3/2, the coupled-qubit system evolve
to the maximally entangled state at the times given by

tent
(max)5~2l 11!p\/2x, l 50,1,2, . . . . ~46!

This entangled state corresponds to the half-probab
peaks in Fig. 3~c!.
0-5
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IV. QUANTUM MEASUREMENT

To implement a readout, we bias a current pulseI b to the
qubit circuit ~see Fig. 2!, as in the single-qubit case.9 Now, a
term 2F0I bd̂/2p, with

d̂5
1

4 F ĝL1ĝR1 (
i 51,2

~f̂ iA2f̂ iB!G , ~47!

should be added to the Hamiltonian~1!, whered̂ is the av-
erage phase drop of the total qubit circuit and it can be w
ten as

d̂ 5ĝ 2
pFs

2F0
, ~48!

with ĝ5 1
2 (ĝL1ĝR). Here we set the fluxFs equal to zero to

have a larger effective Josephson coupling energy. In
spin-12 representation based on charge states, the Ha
tonian of the system is also reduced to Eq.~12!. The interbit
coupling is here induced by the bias current and given b

x5LJI c1I c2 sin2~g0/2!, ~49!

where the effective inductance is

LJ 5
F0

2pI 0 cosg0
, ~50!

and

FIG. 3. Occupation probabilityuC1(t)u2 as a function of time.
~a! V25V1 ,x/\5V1; ~b! V251.2V1 ,x/\5V1; ~c! V2

5V1 ,x/\5A3V1/2; ~d! V251.2V1 ,x/\5A3V1/2; ~e! V2

5V1 ,x50; ~f! V251.2V1 ,x50. The time is in units ofV1
21.
02451
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g05sin21~ I b /I 0!, ~51!

with I 054pEJ0
s /F0, andI b,I 0. The intrabit couplings are

ĒJi5EJi cos~g0/2! j i , ~52!

where

j i512a~h i
213h j

2!sin2~g0/2!, ~53!

with

a5
21cosg0

8 cos3g0

, ~54!

and i , j 51,2 (i 5” j ). The supercurrent through the SQUID

I 0 sinĝ 5 I b2sin~g0/2!@ I c1sX
(1)1I c2sX

(2)#

1
1

4I 0
tang0@ I c1

2 1I c2
2 12I c1I c2sX

(1)sX
(2)#,

~55!

has contributions from both the bias current and the curr
from the Josephson charge qubits.

At the working points with« i(VXi)50, the eigenstates o
the system are alsoue1 ,e2&, ue1 ,g2&, ug1 ,e2&, and ug1 ,g2&.
In Fig. 4, we show the dependence of the supercurre
through the SQUID on the eigenstates of the charge-q
system. The supercurrents through the SQUID increase
the bias current and the difference between the supercurr
at different~nondegenerate! eigenstates widens. For the me
surement setup shown in Fig. 2, the supercurrent through
SQUID is the largest at the eigenstateue1 ,e2& and it first
reaches the maximal valueI 0 ~namely, the critical current!
when the bias currentI b approaches a valueI SW near I 0.

FIG. 4. Eigenstate dependence of the supercurrent through
SQUID as a function of the bias currentI b . Here, EJ15EJ2

5
1
5 EJ0

s , u1&5ue1 ,e2&, u2&5ue1 ,g2&, u3&5ug1 ,e2&, and u4&
5ug1 ,g2&.
0-6
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Around this value, the supercurrent through the SQU
switches, with a very large probabilityP1, from the zero-
voltage state to the dissipative nonzero-voltage state in
quasiparticle-current branch and the measurement on
voltage is carried out. However, due to environmental no
as well as thermal and quantum fluctuations, the switch
actually occurs before the supercurrent through the SQU
reaches I 0. At I b;I SW, the supercurrents through th
SQUID will also switch to the nonzero voltage state at oth
eigenstates, but the switching probabilities are small. In
ideal case, if the difference between the large switch
probability P1 and the small ones is close to 1, then,
principle, a single-shot readout would be achieveable.
shown in Ref. 9, the Josephson-junction switching exp
ment can provide sufficient accuracy to discriminate the s
ue1 ,e2& from others.

The operation and readout of the macroscopic entan
ment of the coupled-qubit system can be implemented
simultaneously applying a pulsed microwave field~with the
same durationt) to each charge qubit. The sequence wo
be:

~i! before the microwave fields are applied, the fluxFs
through the SQUID is set equal to zero and no interbit c
pling exists;

~ii ! the flux Fs is switched on to a certain nonzero valu
exactly at the start of the microwave pulse and off at the
of the microwave pulse. Within the microwave pulse du
tion t, the evolution of the system is described by Eq.~40!;

~iii ! a pulsed bias currentI b is applied to perform a mea
surement after the microwave pulse.

During the measurement, the quantum state of the cha
qubit system collapses to the eigenstateue1 ,e2& with prob-
ability uC1(t)u2. This probability is proportional to the
switching probabilityP1 of the SQUID. Because of relax
ation, the envelope of the measured switching probabilityP1
decays exponentially with time. This is used to obtain
relaxation time.2,9 Ramsey fringes of the probabilityP1 can
be used9 to determine the decoherence time of the coupl
qubit system. For each given microwave pulse durationt,
through repeated measurements, one can determine th
cupation probabilityuC1(t)u2 and thus deduce the informa
tion about the macroscopic entanglement between
coupled charge qubits@see Figs. 3~a! and 3~c!#.

V. DISCUSSION AND CONCLUSION

Finally, we estimate some important parameters us
available quantities for the single charge qubit. Here we c
sider the maximally entangled case shown in Fig. 3~c!, in
which V15V25V, and

x

\
5
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Choosing
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s ' 5EJi ' 5EJ ,
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Fs50, the expansion parameters are

h i5
I 0i

I 0
'0.05

for EJ0
s '5EJi . WhenFs'0.35F0, they becomeh i'0.14.

The results are sufficiently accurate whenĒJi andx are re-
tained up to second- and higher-order terms in the expan
parametersh i . WhenFs approachesF0/2, the interbit cou-
pling strengthens. The reduced Hamiltonian of the syst
also has the same form as Eq.~12!, but higher-order terms in
the expansion parameters should be included to obtain a
rate results.

Here we consider the charging regime withEci@EJi in
order to obtain analytical results. We expect that the inte
coupling can still be realized in the regime withEci;EJi ,
i.e., the regime used by the Saclay group in the experim
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Very recently, quantum oscillations were experimenta
observed in two coupled charge qubits.18 Also, a novel
method for the controllable coupling of charge qubits w
proposed using a variable electrostatic transformer.19 In con-
trast with our interbit coupling scheme, these studies invo
capacitively-coupled~as opposed to inductively-coupled!
charge qubits. The main advantage of this inductive coup
among qubits is that it allows a controllable link between a
selected qubits, not necessarily nearest neighbors.

In conclusion, we employ a large-junction SQUID
couple Josephson charge qubits and implement a read
This architecture is readily scalable to multiple qubits. Wh
the system works at the degeneracy points, where
dephasing effects are suppressed, it is shown that the ma
scopic entanglement can be generated with the assistan
microwave fields. Also, we show the quantum measurem
of the macroscopic entanglement.
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