
The challenge of quantum technology.

G. J. Milburn

The University of Queensland, QLD 4072 Australia.

http://www.qcaustralia.org/home.htm

1



What is quantum technology?

Physical devices and systems that operate on quantum principles.

• Quantisation (quantum size effect)

• Uncertainty principle

• Superposition

• Tunnelling

• Entanglement

• Decoherence
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Examples of quantum technology.
• Quantum dots

engineering artificial atoms.

• Quantum key distribution

use uncertainty principle to hide data from an eavesdropper.

• Quantum electromechanical systems

nanofabricated mechanical systems at the quantum limit.

• NMR: coherent control of interacting spins.

the classical and quantum dynamics of two interacting magnetic dipoles are

different.

• Quantum computers

massive entanglement makes quantum algorithms more efficient than classical

algorithms.
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Who cares ?

• quest for smaller and faster devices

• nanotechnology

• high precision measurement

• new physics and instrumentation

• communication challenges

• computation challenges

• big surprises with enormous commercial impact
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Artificial atoms?

Quantum size effect: bound systems have discrete energies.

Scales: size scale a0, energy scale ε0 =
h̄2

m∗a2
0

(m∗ effective mass)

Quantum dots: engineering quantum size effects.

Require: ε0 > εth = kBT

εth =


 26 meV rooom temp.

10 µeV milliKelvin

At milli Kelvin typically requires a0 : 1− 100 nm
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Quantum dots.
Nanocrystals (self assembled, colloidal)

Surface gate on 2DEG structures (GaAs/AlGaAs)
V2DEG

2DEG 2DEG

V
I

top view

figure 4.1
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Semiconductor nanocrystals.
Wet-chemical self assembly: PbS, CdSe,...

Typical size 1-10nm, size inhomgeneity at best is

Exciton Bohr radius > size of the crystal, eg PbS a0 ≈ 20nm.
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Surface gate devices.
“Coherent Coupling of Two Quantum Dots Embedded in an

Aharonov-Bohm Interferometer”, A. W. Holleitner,et al. PRL, 87,

(2001)

PRL, vol 87, (2001)

Size: 54 nm, bound energies: ∼ 100 µ eV, about 15 electrons/dot.

Operates as an AB interferometer.
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Quantum dots as open systems.
GJM Aust.J.Phys. 53, (2000)

H.-S. Goan and GJM, Phys. Rev. B 63, 125326-1 , 2001

cc† + c†c = 1

L R

Left ohmic contact Right ohmic contactγ
L

γ
R

c

dρ

dt
=

γL

2

(
2c†ρc− cc†ρ− ρcc†

)
+
γR

2

(
2cρc† − c†cρ− ρc†c

)
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Challenges for quantum dots.

Nanocrystals:
size homogeneity (< 5%see Murray et al. IBM J. Res.(2001)
interconnects (optical?Brun & Wang,PR A61 (2000)).
coherent control (optical? Guest et al. Science,(2001)).
measurement of a single dot (optical near field ?...what else...).

Surface gates:
decrease size/fewer electrons.
use spin degree of freedom.
interconnects (ballistic channels as control lines.)
coherent control(gated tunnel junctions).
measurement of a single dot...beyond conductance...

10



Working with the uncertainty principle.

Squeezed states in quantum optics.

Ê(t) ∝ X̂1 cos(ωt) + X̂2 sinωt

where [X̂1, X̂2] = i which implies ∆X̂1∆X̂2 ≥ 1/2

Applications to high precision measurement.

Squeezed states of mechanical systems?

The QEMS frontier.
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Quantum electromechanical systems.

Quantum mechanical oscillators: h̄ωosc ≈ kBT .

At 100 milliKelvin, require ωosc ≈ 1-10GHz !

For SiC cantilever (L.w.t=0.1× 0.01× 0.01µ m) ωosc=1.9 GHz.

(Roukes, 2000).

Roukes, Caltech.
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QEMS for quantum limited measurement.

Monitor tunnelling in a double dot system.

Consider two nearby quantum dots with a single electron tunnelling

between them.

Example: P-P + system in Si.
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QEMS for quantum limited measurement.
R E S Polkinghorne and GJM, Phys. Rev. A 64, 042318 (2001).

Master equation description for measured double dot:

ρ̇ = −i[µ(en1)
2 c†c, ρ] − i[E

(
c + c†

)
, ρ] + γ(n̄ + 1)D[c]ρ + γn̄D[c†]ρ

where γ ≡ γM + γE, and n̄ ≡ (γM n̄(ω, TM) + γEn̄(ω, TE))/γ.

two reservoirs: mechanical and electronic.
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QEMS for quantum limited measurement.
Challenges for QEMS:

• Devices are too small for optical transducers.

• Single-electronics transducers are noisy...TN ∼ 10−3K .

• Atom-optics transducers...TN ∼ 10−6K .

laser readout
CCD imaging

cantilever

wire guides

atomic beam

wire for cantilever

Bh

X

Z

Y
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Working with the uncertainty principle.

Quantum key distribution.

Objective: Alice and Bob share a secure random key.

Uncertainty principle prevents an eavesdropper from remaining

undetected.

Optical implementations: Gisin et al. quant-ph/0101098.

Optical protocols are only secure if they use single photon sources.

Current schemes use weak coherent states.
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Single photon sources.

• Surface Acoustic Wave Source, Foden,Talyanskii,GJM,

Leadbeater,Pepper, Phys. Rev. A 62, 011803(R), (2000).

• Molecular sources, Fleury et al. PRL 84, 1148, (2000).

• NV centres in diamond,Kurtsiefer et al. PRL 85,290 (2000).

• Turnstile, Michler et al. Science, 290, 2282, (2000).
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Next step quantum technology.

operate coherently on superpositions of quantum states for many

component systems and take advantage of the resulting interference

effects.

Control and apply quantum entanglement.
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What is quantum entanglement?

Entanglement is the superposition principle applied to correlations

between separate systems.

Example: two spin 1
2
systems.

Correlation: Both spins are the same.

|Ψ(±)〉 = | ↑〉a ⊗ | ↑〉b ± | ↓〉a ⊗ | ↓〉b
The total entropy is zero, and the entropy of each subsystem is a

maximum: one bit.

A non-entangled state with the same classical correlations:

ρ = | ↑z〉a〈↑z | ⊗ | ↑z〉b〈↑z |+ | ↓z〉a〈↓z | ⊗ | ↓z〉b〈↓z |
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What is quantum decoherence?

Decoherence causes pure states to become mixed.

Occurs in an open quantum systems (eg measured systems).

Example: dephasing in z-basis.

|Ψ(±)〉〈Ψ(±)| → | ↑z〉a〈↑z | ⊗ | ↑z〉b〈↑z |+ | ↓z〉a〈↓z | ⊗ | ↓z〉b〈↓z |

± 1

D
[| ↑z〉a〈↑z | ⊗ | ↓z〉b〈↓z |+ | ↓z〉a〈↓z | ⊗ | ↑z〉b〈↑z |]
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Quantum coherent control:NMR.

Single spin dynamics is equivalent to a classical magnetic dipole.

Described by position (x, y, z) on Bloch sphere.

Two-spin dynamics is not equivalent to two interacting magnetic

dipoles → entanglement.

Scalar coupling:

H2 =
J

4
σ̂(1)

z σ̂(2)
z
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Equivalent system: nonlinear top.

The scalar coupling H2 is equivalent to:

H2 ≡
J

2
Ŝ2

z ,

up to a constant.

with

Ŝz =
1

2
(σ̂(1)

z + σ̂(2)
z ).
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Classical dynamics.

State: a distribution Q(θ, φ) of points on a 2-sphere.

S/s = (sin θ cosφ, sin θ sinφ, cos θ)

Or stereo-graphic projection onto the complex plane, z = eiφ tan θ/2

∂Q(z, t)

∂t
= −ż ∂

∂z
Q(z, t) + c.c

ż = i

(
ω + J

1− |z|2
1 + |z|2

)
z .

θ(t) = θ0

φ(t) = φ0 − ωt− Jt cos θ0 .

a rotational shear of the sphere around the z axis.
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Quantum dynamics.

Phase space picture: quasi-probability distribution,

Q(z, t) = tr(ρ(t)|z〉〈z|)

|z〉 = (1 + |z|2)−s
2s∑

m=0

(
2s

m

)1/2

zm|s, s−m〉z

∂

∂t
Q(z, t) = −i

(
ω + J

1− |z|2
1 + |z|2 − J

2s
z
∂

∂z

)
× z

∂

∂z
Q(z, t) + c.c

Non-positive definite diffusion...quantum noise leads to entanglement.
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Coherent spin dynamics in solid state.
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Nature, vol 414, 6 DECEMBER 2001

Centre for Spintronics and Quantum Computing, University of California,
Santa Barbara, California, 93106, USA
Solid State Physics, ETH Zurich, 8093 Switerzland. 

Gate voltage control of coherent spin dynamics at room room

temperature.
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Quantum computing.

Store and process information as qubits, a generic quantum system

with two orthogonal states |0〉L, |1〉L.

Arbitrary superpostions of logical states: |0〉L → α|0〉L + β|1〉L.

Example: |0〉L = | ↑〉, |1〉L = | ↓〉.

For N distinguishable qubits, the Hilbert space is dimension 2N .

Thus N qubits can store 2N distinguishable states.

Notation: |1〉L ⊗ |0〉L ⊗ . . .⊗ |1〉L = |10 . . . 1〉

24



Quantum parallelism.

Use an input register of qubits and an output register of qubits.

|00 . . . 0〉i ⊗ |00 . . . 0〉o.
Function on binary strings of length N :

f : BN → BN

First step: single qubit rotations on input register.

|00 . . . 0〉i →
∑
BN

|x〉i

∑
BN

|x〉i ⊗ |0〉 →
∑
BN

|x〉i ⊗ |f(x)〉o
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Quantum parallelism.

A superposition of all inputs and all function values.

But, can only readout a single value at random.

Q:When do you need all values of a function?

A:When you need a property of the function.

Example: period of a modular function,

f(a) = xa modN

a an integer; x and N fixed parameters.

→ Shor’s factoring algorithm.
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Quantum gates.

For universal computation need a set of universal gates.

1. An arbitrary single qubit gate: |0〉L → α|0〉L + β|1〉L.

2. A c-sign gate: |x〉|y〉 → (−1)x.y|x〉|y〉.

Useful single qubit gate: Hadamard gate:

|0〉L → |0〉L + |1〉L
|1〉L → |0〉L − |1〉L
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Example: entangler.

Task:entangle two qubits. |00〉+ |11〉
Correlation: sum of logical values is zero, mod 2 or x⊕ y = 0.

One qubit is the control initially |0〉C .
One qubit is the target initially |0〉T .

|0〉C |0〉T HT .HC→ (|0〉+ |1〉) (|0〉+ |1〉)
C−sign→ |0〉 (|0〉+ |1〉) + |1〉 (|0〉 − |1〉)

HT→ |0〉|0〉+ |1〉|1〉

H

H H

C S

control NOT
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Effect of noise.

|0〉 Hε→ (1− ε2/2)√
2

[|0〉+ |1〉] + ε√
2
[|0〉 − |1〉] = (1− ε2/2)|+〉+ ε|−〉

ε, a random variable. E(ε) = 0, E(ε2) = λ, 0 < λ < 1.

Ensemble average:

ρ = E(ρ(ε)) = (1− λ)|+〉〈+|+ λ|−〉〈−|

noise→error→ decoherence.

Good news: quantum error correction AND fault tolerance.
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Implementation I: Kane scheme.

1. qubits are nuclear spin of P in Si.

2. single qubit gates by NMR with addressable hyperfine splitting.

3. two qubit gates by electron mediated nuclear exchange.

4. readout by spin dependent charge transfer plus single electron detection.
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Kane scheme: Single qubit Hamiltonian.

Hen = µBBσe
z − gnµnBσn

z +Aσe · σn,

Hyperfine coupling: A = 8πµBgnµn|Ψ(0)|2/3
may be changed by a surface gate (A-gate).

At T = 100mK and B = 2 tesla (2µBB = 0.23meV), the electrons will be

completely spin-polarized:
ne
↑

ne
↓
≈ 2.14× 10−12.

Nuclear spin splitting:

hνA = 2gnµnB + 2A+
2A2

µBB
,

2A/h = 58MHz, and A > gnµnB for B < 3.5T.
A →= A − ηV , η = 30MHz/V.

NMR pulses for single qubit operations.
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Kane scheme: Two qubit Hamiltonian.

Hcoup = µBBσ1e
z − gnµnBσ1n

z + µBBσ2e
z − gnµnBσ2n

z

+A1σ
1e · σ1n +A2σ

2e · σ2n + Jσ1e · σ2e,

4J , the exchange energy.

4J(r) ≈ 1.6
e2

εa∗
B

(
r

a∗
B

)5/2

exp
(
− 2r

a∗
B

)
,

where r is the distance between donors.
4J ≈ 2µBB = 56GHZ, the separation between donors is roughly located in
100− 200Å.

Tune interaction by a gate voltage on a gate between donors.
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Kane scheme: readout I.

J = 0, A1 > A2 0 < J <
µBB

2 , ∆A � hνJ

| ↓↓〉|11〉 −→ | ↓↓〉|11〉
| ↓↓〉|10〉 −→ | ↓↓〉|10〉
| ↓↓〉|01〉 −→ | ↓↓〉|01〉
| ↓↓〉|00〉 −→ | ↓↓〉|00〉

0 < J <
µBB

2 , A1 = A2 J >
µBB

2 , A1 = A2

−→ | ↓↓〉|11〉 −→ | ↓↓〉|11〉,
−→ | ↓↓〉|sn〉 −→ | ↓↓〉|sn〉,
−→ | ↓↓〉|an〉 −→ |ae〉|11〉,
−→ | ↓↓〉|00〉 −→ |ae〉|an〉.
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Kane scheme: readout II.
Detect antisymmetric electronic state by charge transfer to a D− state of a nearby
P donor.
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SET readout.
Detect charge transfer with a single electron transistor.

figure 2

1

2

1

2

D    +  D10D  
0

κ κ

ECB

(a) (b)

γ
L

γ
R

See:“Quantum measurement of coherent tunnelling between quantum dots”

Wiseman et al. Phys. Rev. B 63, 235308 (2001)

Challenge: fast switch of the SET to a measurement ready status at

readout.
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Kane scheme progress.
Challenges:

• deposit atomically precise linear array of P

• place surface gates aligned to P array

• implement gate voltage control

• implement NMR

• implement RF SET readout scheme
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Kane scheme progress.
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Kane scheme progress.

Double island with twin SET measurements.
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Implementation II: Linear optics.

1

2

| >1

| >0

1

2

| >1

| >0

|0〉L = |1〉1 ⊗ |0〉2 |1〉L = |0〉1 ⊗ |1〉2

Single qubit gate: beam splitter interaction.

a1(θ) = U(θ)†a1U(θ) = cos θa1 − i sin θa2

a2(θ) = U(θ)†a2U(θ) = cos θa2 − i sin θa1

|0〉L → cos θ1|0〉L − i sin θ1|1〉1
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Two qubit gates: conditional sign

Define the conditional sign gate (c-z):

|x〉L|y〉L → eiπx.y|x〉L|y〉L (1)

Photons do not interact except when mediated by matter.

Nonlinear optics implementation requires Kerr nonlinearity:

exp
(
iπa†2a2a

†
4a4

)
|1〉2|1〉4 = −|1〉2|1〉4 (2)

(eg Milburn, Phys. Rev. Lett. 62, 2124 (1988))

Kerr nolinearity for single photon is small and usually noisy.

(but see: Turchette et al. Phys. Rev. Lett. 84 4710 (1995).
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Conditional c-sign (NS gate).

Knill, Laflamme and GJM, Nature, Jan 2001.

|ψ〉 = α0|0〉1 + α1|1〉1 + α2|2〉1 → |ψ′〉 = α0|0〉1 + α1|1〉1 − α2|2〉1

1

ψ ψ '

" "1

" "00
r1

r
2

r3

r1 = r3 = cos(22.5o)

r2 = − cos(66.53o)
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Non-deterministic CNOT.

B3

B4 Target out

Control out

cHo

cVo

tVo

tHo

NS1
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a1 a o1

v1
v o1

“0”

NS2 “1”a2 a o2

v2 v o2
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Control in

Target in

B2

B1

cH
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tH

x y

Psuccess =
1
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Simpler Non-deterministic CNOT.

T.Ralph, A .White, GJM, PRA, quant-ph/0108049

“1”

“1”

Control in

Target in

B2

B1
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Control out
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z

‘

Psuccess ≈
1
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Boost success with teleportation.
Gottesman and Chuang, Nature, 402, 390, (1999).

• Prepare entangled resource and teleport the gate onto the computational path.

• Prepare resource non deterministically

• Use n photons in 2n modes, psuccess = 1− 1/(n+ 1).

Computational flow 

G1 G2

G1 G2

Te
le

po
rt

at
io

n 
re

so
ur

ce
s

Gn

Gn

suceed

fail
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Requirements.

• single photon periodic pulse source.

• single photon detection....quantum measurement again !

• fast feedforward or quantum memory.
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Research Plan
Efficient linear optics quantum computation

G.J.Milburn, University of Queensland
milburn@physics.uq.edu.au / www.physics.uq.edu.au

  Project starts September 2001.
  Research plan for the next 12 months

•An in-principle demonstration of non-deterministic CNOT operation using current photon
detectors and two-photon sources.
•An automated tomographic system will be constructed with “standard” photon counters;
computer controlled opto-mechanical elements; high-speed photon counting electronics;
and appropriate control software.
•A theory of error propagation in quantum process tomography will be developed and
applied to the data, providing quantitative characterisation of the gate.
•Determine means to create cat resource for coherent state quantum optical computing.

 Long term objectives (demonstrations)

•Conditional single photon states from pairs  via detection.
•Delay lines and electro-optics feed forward developed.
•Test and characterise single photon counters;  implement an ELOQC teleportation
protocol.
•Determination of the best performing single photon source, single photon detectors, and
electro-optic feed forward technology.
•Combine to make the non-deterministic 4-photon CNOT gate.



Enabling science

Examples:

• quantum metrology

Measurements for which signal-to-noise ratio is limited by the uncertainty

principle.

• quantum control
coherent control (NMR)

feedback/feedforward

• quantum information (communication and computation)

new tasks that cannot be performed with classical physics.
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Quantum limited measurement?

• fluorescence shelving in ion traps Wineland, NIST.

• RF single electron transistors Wendin, Schoelkopf SQUBIT

• nanoelectromechanical systems (NEMS)Roukes, Caltech; Schwab, LPS.

Single molecule quantum measurement.

A molecular NEMS:McEuen et al Nature, Sept. 2000.
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Quantum control without measurement.

Eg. quantum state transfer Cirac et al. PRL, 78, (1997).

An example of cascaded systems (Carmichael and Gardiner).

Basis for quantum control circuits:

Wiseman and GJM, PRA, 49, 4110 (1994)

source receiver

coherent dynamics coherent dynamics

irreversible coupling
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Quantum optical example.

Cascaded optical cavities containing atoms.

a b

coherent control coherent control

ρ̇ = − i

h̄
[Ha +Hb, ρ] + γaD[a]ρ+ γbD[b]ρ

+
√
γaγb

(
[aρ, b†] + [b, ρa†]

)
.
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Mesoscopic example.

Coupled quantum dots joined by a ballistic channel under bias.

ballistic 
channel

ohmic contact ohmic contact

Ω Ω

µ
L

µ
R

Ballistic: lie, lφ >> lsample, Low temperature,phase coherent. For

GaAs/AlGaAs heterostructures lφ ≈ 30− 40µm
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Way forward ?

Self-assembled molecular systems.

• Qubits: doped fullerenes (Twamley, QIPD-DF).

• coherent control: Nanotube wires, or few spin NMR. New schemes

eg Benjamin, “Schemes for parallel quantum computation without local control

of qubits”.

• Quantum limited measurement: NEMS C60 SET of McEuen, or few

spin NMR with SQUIDS.

• Decoherence: Nanotubes and C60 THz vibration.

eg Hyldgaard, ‘Low-temperature control of nanoscale molecular dynamics’, J.

Low Temp Phys. (2001).
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The biggest challenge.

Are quantum computers more powerful than classical computers ?

If so, what is the defining characteristic that makes them so ?

Once found, can we have more of that please ?

Quantum information science...
...scientific foundations for a new technology.
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