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Abstract

A superconducting loop with three Josephson junctions can behave as a macroscopic quantum two-level system,
which could be used as a flux qubit. Coupling of qubits is necessary to realize a quantum computer. We studied the
classical states of two such loops which are inductively coupled. When the magnetic flux in each loop is near half
a flux quantum, there are two classical states in which the magnetic moments of the loops are parallel and anti-
parallel respectively while the anti-parallel state is energetically favorable. The magnetic flux due to the coupled

loops is calculated as a function of the frustration.
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1. Introduction

The experimental demonstration of the quantum
coherent oscillations in Josephson junction circuits
has suggested the possibility that solid-state quantum
information processors can be made of Josephson-
junction qubits.[1,2] Several Josephson-junction qubit
schemes have been proposed and investigated experi-
mentally. A superconducting loop with three Joseph-
son junctions can be used as a flux qubit which has
two classical persistent-current states of opposite po-
larity.[3,4] Microwave-spectroscopy on a single three-
junction loop indicated a finite tunnel splitting which
is a clear evidence for quantum superposition of the
persistent-current states.[5] A controlled operation
on one qubit and that on two qubits are necessary
to realize a quantum computer. The latter operation
requires an inter-qubit coupling. We investigated the
behavior of two qubits (three-junction loops) which are
inductively coupled. This system can be regarded as
coupled spin-1/2 particles. The analysis in the present
paper is restricted to the classical regime in which the
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quantum coherence of the qubit is neglected. In the
classical regime, this system could be used to build a
novel logic gate of a classical Josephson computer.

2. Model of coupled qubits

The total Josephson energy U of a three-junction
loop of which two junctions have Josephson energies
FE; and the third one has a Josephson energy « times
larger is

U/Ey =2+ a — cosy1 — cosy2
—acos(2mf + 71 —72), (1)

where 71 and 2 are the gauge-invariant phases of the
junctions, and f is the magnetic frustration in the
loop.[3,4] The stable classical states correspond to en-
ergy minima in U(y1,72). The circulating current in
the classical state is given by I = I.siny;. Near f =
1/2 the system has two classical states of opposite po-
larity of the circulating currents. The thermally aver-
aged value of the circulating current Ig(f) is then de-
termined as a function of the frustration in the loop.
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We consider a model where two identical qubits with
the self inductances L are coupled through the mutual
inductance M. The effective frustrations in the qubits
f1and f> are related to the applied frustration fext and
the circulating currents of the qubits I; and I> by the
equations,

f1 = foxt + LI /®o + M1/ (2)
f2 = fext + LI2/®o + M1/ ®o, (3)

Where 11 = ](;2(_][‘1)7 ]2 = ]Q(fg) and qDQ iS the ﬂux
quantum. Solving these couple equations, we obtained
stable classical states of the coupled qubits as a func-
tion of the applied frustration fext.

3. Results

The coupled system has two stable classical states in
the vicinity of fext = 1/2. Figures 1 show the sum of
the currents I; + I2 as a function of fext in these states.
The parameters of the system and the temperature are
chosen tobe o = 0.8, LI./®¢ = 0.04, M I,/ ®o = —0.02
and ksT/Ey = 0.1, where E; = 28fe. We note that
the magnetic flux due to the qubits is proportional to
11+ I3, assuming that it is measured with a DC-SQUID
which is equally coupled to the two qubits.

In the middle horizontal portion shown in Fig. 1(a),
the currents in the qubits flow in the opposite direction,
that is, the magnetic moments of the qubits are anti-
parallel. This anti-parallel state suddenly disappears
as | fext — 1/2] increases. Figure 1(b) shows the other
stable state of the system. In this state the magnetic
moments of the qubits are always parallel and of the
same magnitude. At fexy = 1/2 the circulating currents
are zero. We note that the step width of the magnetic
flux is smaller than that of an uncoupled single qubit
due to the effect of the neighboring qubit.

The total energy of the system is

1
Biot = Ui + Uz + 5L(112 +I3)+ ML Iy, (4)

where U; and U, are the Josephson energies of the
qubits. The energies Fiot of the two states are shown
in Fig. 2. The comparison shows that the anti-parallel
state is energetically favored near fexy = 1/2 although
the terms of the magnetic energy is lower in the parallel
state. This result indicates that the inductive coupling
brings about the anti-parallel state in reality.

We expect these results will be verified experimen-
tally.
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Fig. 1. The sum of the circulating currents of the two qubits as
a function of the applied frustration fext for the two classical
states. The magnetic moments are (a) anti-parallel and (b)
parallel, respectively, near foxt = 1/2 in these states. The
arrows show the orientation of the magnetic moments of the
two qubits. The dotted line in (b) shows the twice circulating
current of an uncoupled single qubit.

Fig. 2. The total energies of the coupled qubits in the two states
in which the magnetic moments are paralle and anti-parallel.



