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external flux @, applied to the loop. The dynamics of the SQUID
can be described in terms of the variable ¢ and are analogous to
those of a particle of ‘mass’ C (and kinetic energy ; ! C$?) moving ina
one-dimensional potential (Fig. la) given by the sum of the
magnetic energy of the loop and the Josephson coupling energy of
the junction:

U=U, [ (2“(4; ? )> BLcos(21r¢/¢0)] (1)

where @, is the flux quantum, U, = ®;/47’L and 8, = 2Ll /®,.
For the parameters used in our experiment, this a double-well
potential separated by a barrier with a height depending on I.. When
¢ = ®,/2 the potential is symmetric. Any change in @, then tilts
the potential, as shown in Fig. la.
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Fluxonium

www.sciencemag.org SCIENCE VOL 326 2 OCTOBER 2009

Fluxonium: Single Cooper-Pair
Circuit Free of Charge Offsets
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Phase Qubit
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Classical equations of motion

%o .,

Lesw = Igsin(yp;)+ CV = Iysin(p;) + ng
Ligw = Iosin(ps)+C 22,

right 2

Liop = alpsin(2rf — @1 +92) +aC ;—i(cﬁz — 1)

Lest = Ttop = —Iright



persistent-current qubit

L(‘P],‘P2,¢1,(P2)

C C L
= 5 (g—;:) &1+ 5 (g;) o5 Tay (g_;) (1 — 92)*
+E; COS((,Ol) + E; COS((pz) + akF; COS((pl — o — 27l'f)

The Lagrange equations reproduce the classical eqgations.

afocy oL _
dt | 9 Opi




persistent-current qubit

From the Lagrangian one can derive the canonical variables

2 2
o = —.=C(‘2‘5—7‘1) <P°1+a0(§—7(:> (61— &)

g2 =




persistent-current qubit

With a Legendre transformation we get the Hamiltonian

H(Qlaq2a 901,992) = QbIQI T 952(12 - L

EJ 1+a 2 20 1+a 2
H = 4 2( q; + qigz + ‘b)
(26%) 1 4 2a 1+ 2« 1+ 2«

—Ejcos(p;) — Ejcos(ps) — aEjcos(p; — ws — 2f)

From the canonical equations

_ O
(pz 6q1,
. _ _OH
%= "5

one gets back the classical equations of motion (4).
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Qubit Hamiltonian in the Charge Base

using

l1+a 2 l+a
1+ 2a 1+ 2o T 4B 5™
—Ejcos(yp) — Ejcos(ps) — aEjcos(p; — py — 21 f)

H = AJE, ni +4E,




persistent-current qubit
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<m1’m2| —Ey COS((PI) |n1’n2> = 6m2,n2 _2_(6‘"!1,“1—1 + 6m1,n1+1)

—F
(ml’m2| - EJ COS(‘P2) |n1’ n2) = 6‘m1,n1 'TJ(amz,nz—l + 6'm2,ﬂ2+1)

(mq,mo| — aEjcos(py — o —27f) [ny,ne) =
—aEJ

—12 12
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persistent-current qubit

spin up spin down
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Quantum Superposition of
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