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Flux qubits at IBM
• R. Koch 1950-2007
• The IBM design, and a theorists view of flux qubits

• The inductive energy of a flux qubit, and linear response theory
• Potential landscapes
• Energy bands and principles of operation
• Oscillator stabilization, more energy bands, experimental results
• Dreaming of large systems
• What has become of the five criteria?

(with Roger Koch, Matthias Steffen, Fred Brito, Guido Burkard)



PlanIn tribute to Hans...

R. Koch
1950-2007



IBM  Josephson junction qubit1

“qubit” = 
of electric current
in one direction or
another (????)



Ic=1.3 µA

L1=32pH

L3=680pH

M1cf=0.8pH

M3flux=0.5pH

ωT=2π 3.1 GHz

Z0= 110 Ω

LT=5.6 nH

MqT=200 pH

IBM qubit with associated 



CDF detector, 
Fermilab

Google data
center

2% US electricity consumption

“No power is required
to perform computation.”
CH Bennett

“Quantum computers can
operate autonomously.”
N Margolus

(inventor of “computronium”)



Quantum SQUID characteristic: 
the “washboard”

small

Energ

Josephson phase ω

ω

Junction capacitance C, plays role of particle mass

Quantum energy levels

1. Loop: inductance L, energy 
ω2/L

2. 2. Josephson junction: 
critical current Ic,
energy Ic cos ω

3. External bias energy
(flux quantization effect):

ωΦ/L



Equation of motion of a complex circuit:

small

The lossless parts of this equation arise from a simple Hamiltonian:

H;  U=exp(iHt)

Burkard, Koch, DiVincenzo,
PRB (2004).



the equation of motion (continued):

small

Straightforward (but complicated!) functions of 
the topology (F matrices) and the inductance matrix

…



The physics of the coupling matrices

Linear electric
circuit



The physics of the coupling matrices

Linear electric
circuit

Cut out the Josephson junctions…



The physics of the coupling matrices

Linear electric
circuit
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DiVincenzo, Brito, and Koch, Phys. Rev. B (2006).

small-loop noise: gradiometrically
protected

Large-loop noise: bad, but heavily filtered



IBM  Josephson junction qubit:
scheme of operation:

--fix ε to be small
--initialize qubit in state

--pulse small loop flux, reducing
barrier height h

( )ASL +=
2

1

Cfluxcontrol Φ

A

S

energy
splitting

( )Csplitting Φ≈ αexp

N.B. –
eigenstates are L Rand

ε = asymmetry of double well



IBM  Josephson junction qubit:
scheme of operation:

--fix ε to be small
--initialize qubit in state

--pulse small loop flux, reducing
barrier height h

( )ASL +=
2

1

Cfluxcontrol Φ

A

S

energy
splitting

( )Csplitting Φ≈ αexp



IBM  Josephson junction qubit:
scheme of operation:

( )ASL +=
2

1

Cfluxcontrol Φ

A

S

energy
splitting

( )Csplitting Φ≈ αexp

( )ASL +=
2

1

( )AeS iθ+
2

1

RiL θθ sincos +

--fix ε to be small
--initialize qubit in state

--pulse small loop flux, reducing
barrier height h

--state acquires phase shift

--in the original basis, this 
corresponds to rotating 
between L and R:



IBM  Josephson junction qubit1

“qubit” = circulation
of electric current
in one direction or
another (????)







small

Good Larmor oscillations
IBM qubit

-- Up to 90% visibility
-- 40nsec decay
-- reasonable long term

stability
They are actually 0/1 photon
oscillations of trans. line.
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Follow-up Experiment, March 2007 (unpublished)

Should observe “Larmor precessions” which 
measure quality of harmonic oscillator

S
le

ft
[a

.u
.]

time [ns]

left right Q ~ 50,000

T2 ~ 2.3 μs

|L〉 |L〉+ |R〉

|0〉+ |1〉

|R〉 |L〉 - |R〉

|0〉 - |1〉(1) (2)
(3)

(1) (2)
(3)

time [ns]

Φc

T2 increased by 300x !!



0,1
S,A

L,R R,L

S = symmetric
A = antisymmetric
L = left
R = right







IBM Josephson Junction Qubit

• Many basic principles in hand theoretically and experimentally
• Good ideas:

• oscillator stabilization
• adiabatic interconversion

• Unclear in our work so far:
• essential to use microwaves? 
• (All-baseband pulses work in principle.)

• Noise avoidance is everything, technically
• It is now possible, just barely, to discuss systems issues.



Five criteria for physical implementation of 
a quantum computer

1. Well defined extendible qubit array -stable 
memory

2. Preparable in the “000…” state
3. Long decoherence time (>104 operation time)
4. Universal set of gate operations
5. Single-quantum measurements

D. P. DiVincenzo, in Mesoscopic Electron Transport, eds. Sohn, Kowenhoven, 
Schoen (Kluwer 1997), p. 657, cond-mat/9612126; “The Physical 
Implementation of Quantum Computation,” Fort. der Physik 48, 771 (2000), 
quant-ph/0002077.
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