
Part II of the lecture: 
 
Quantum computers …	



Optical lattices 

•  Let’s start with the motivations … 
•  ... and get back to 1950 !  



 X
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1 Emergent behavior
Understanding the laws that govern the universe is dream as old as mankind. Its motivation is
the quest to reduce complexity to simplicity, succinctly expressed by Einstein [1]

The supreme test of the physicist is to arrive at those universal laws from which the
cosmos can be built up by deduction.

This reductionist program achieved remarkable successes, starting with Newton’s understand-
ing that the gravitational pull on an apple is the same that holds the moon on its orbit around
earth. Maxwell managed to describe the quite different phenomena of electricity and mag-
netism on the same footing, developing the theory of electromagnetism. The electromagnetic
force could later be unified with the weak interaction into the electro-weak force, one of the pil-
lars of the standard model. But there were also problems along the way. Theories became more
and more complex as a whole zoo of elementary particles was discovered. Then, with the in-
troduction of quarks, todays elementary particles became tomorrows compound objects, while
the new elementary particles ceased to have a meaning as independent objects. Interestingly,
the considerable changes in what was believed to be the fundamental Theory of Everything had
remarkably little influence on our understanding of the physics at lower energy scales: The
quark-dynamics has hardly any relevance for understanding chemical bonding. When vastly
different energy scales are involved, a clear-cut separation of the physical description into al-
most independent layers takes place.
The relevant elementary particles for describing matter at the energy scale of our everyday
experience are the atomic nuclei, usually considered as point-charges, and, of course, the elec-
trons, giving rise to electronic structure. The fundamental laws governing these are given by
the innocent looking eigenvalue problem

H|Ψ⟩ = E|Ψ⟩ (1)

where the Hamiltonian for a set of atomic nuclei {α} with atomic numbers {Zα} and nuclear
masses {Mα} and their accompanying {i} electrons is given, in atomic units, by
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This equation, augmented by gravitational potentials and lowest-order relativistic corrections
(spin) as the microscopic basis of magnetism, account for the phenomena of our everyday ex-
perience, i.e., they are a Theory of almost Everything [3, 4]. Therefore, already shortly after the
formulation of the Schrödinger equation, Dirac [5] remarked that the theory behind atomic and
condensed-matter physics, as well as chemistry is completely known

The underlying laws necessary for the mathematical theory of a large part of
physics and the whole of chemistry are thus completely known, and the difficulty
is only that exact applications of these laws lead to equations which are too com-
plicated to be soluble. It therefore becomes desirable that approximate practical
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“A Theory of almost everything” (Dirac)
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Introduction I.3

methods of applying quantum mechanics should be developed, which can lead to
an explanation of the main features of complex atomic systems without too much
computation.

From the reductionist point of view, this closes the case on chemistry and condensed-matter
physics. Solving (1) is an exercise in applied mathematics, merely a practical problem. How-
ever, because of the quantum many-body nature of the problem, finding the solution, though
possible in theory, is impossible in practice. To understand why, we consider a canonical exam-
ple, a single atom of iron. Having 26 electrons, its wavefunctionΨ(r1, r2, . . . , r26) is a function
of 78 coordinates. What does it take to store such a wave function? If we recordΨ at merely ten
values for each coordinate, we would have to record 1078 values. There is not enough matter in
the visible universe for storing even such a ridiculously crude representation of the wave func-
tion of a single iron-atom. This complexity of the wave function is the essence of themany-body
problem. Already Laplace [6] realized that indeed the grand goal of simulating the world, even
if it was possible in theory, in practice can never be reached

An intelligent being, who, at a given moment, knows all the forces that cause nature
to move and the positions of the objects that it is made from, if also it is powerful
enough to analyze his data, would have described in the same formula the move-
ments of the largest bodies of the universe and those of the lightest atoms. [. . . ]
Although scientific research steadily approaches the abilities of this intelligent be-
ing, complete prediction will always remain infinitely far away.

But would it really be desirable to know the full wave function of a solid, even if it was possible?
On the one hand, yes, because from the wave function we could readily calculate all expectation
values. Thus we would be able to make reliable predictions of the properties of any given
material. But predictive power does not just mean that calculations agree with experiment.
Predictive power also means that we know what problems are worth looking at, i.e., for what
materials interesting properties are to be expected. For this, knowing the full wave function
would be of little help; it would just lead to information-overload. The physics would be buried
in the masses of data, and the life of the universe would be too short to analyze it, let alone to
understand it. Remarkably, Wigner and Seitz recognized this very early on [7], when electronic-
structure calculations were still mainly done by hand, i.e., by human computers [8]

If one had a great calculating machine, one might apply it to the problem of solving
the Schrödinger equation for each metal and obtain thereby the interesting physical
quantities, such as the cohesive energy, the lattice constant, and similar parame-
ters. It is not clear, however, that a great deal would be gained by this. Presumably
the results would agree with the experimentally determined quantities and nothing
vastly new would be learned from the calculation. It would be preferable instead
to have a vivid picture of the behavior of the wave functions, a simple description
of the essence of the factors which determine the cohesion and an understanding of
the origin of variation in properties [. . . ]

Dirac
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We are looking for a solution of the type of a wave function 
for many electrons: 

The problem is easy to write down …but the solution … 

Using the Born-Oppenheimer approximation: 
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Storage required: 

� 

x→10 ×10 ×10 = 1000 data

� 

10 electrons →  100010  data →  1030 ×16 bytes
= 16 ×1021 Gb

Impracticable!!! 
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A simpler theory needed !  

•  The “Hubbard” model … 



The Hubbard model 

 X

competition of t (tunneling) and U 
(Coulomb repulsion)

simple but hard to solve : size of Hilbert 
space ~ 4N

Sir Nevill Mott, Nobel Prize in Physics 
(1977); Professor 1954-1971 in Cambridge 93

U

t 

Figure 5.1: A schematic of the Hubbard model for a square lattice. The on-site potential energy
(U) and the hopping energy (t) are shown schematically.

5.2.2 Hubbard model

The Hubbard model is used to describe the nature of a strongly interacting sys-
tem of electrons. Here, the physical picture is of a generic lattice for the transport
of electron with two energy scales namely: the on-site potential energy (U), which
describes the energy cost for any occupancy different from the allowed occupancy
number and the hopping energy (t), which gives the energy required for an electron
to hop from one lattice site to the neighboring lattice site. It is possible to develop
subtle variations in the model to describe systems with slightly different behavior. A
schematic of the Hubbard model is shown in figure 5.1. Earlier, we employed the non-
interacting electron picture and used the Boltzmann transport theory earlier to derive
the transport coefficients for semiconductors and metals. In the case of strongly cor-
related materials, many-body interactions are present rendering the non-interacting
picture irrelevant. Instead, we need to employ Kubo formalism.[189] The finer de-
tails of the derivation of the transport coefficients particularly, thermopower is given
elsewhere.[188, 33] It is also instructive to note that the derivations here are applicable
only at the high temperature limit, where U ≫ kBT ≫ t. The thermopower formula

The “standard model” of strongly 
correlated materials 



localization / delocalization transition

 X

( Paris peripherique : 8am / 3pm )
Metal to 
insulator 
transition: 

U<<1: paramagnetic 
Metal                       

U>>1 : Mott insulator 

Mott insulator : 
different from a band 
insulator (or magnetic 
insulator), a new type 
of physics
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Hubbard model 
•  But even then …  
•  The model is simple, but its physics challenging,

 as of today no solution!  
•  50 years of intense research to crack this

 problem 
•  “NP” complex problem (no simple solution) 
•  Scientists use high performance computers to

 estimate its properties  
•  This model is believed to be the starting point to

 understand superconductivity 



So came a strange idea..  
•  Why not “emulate” this system with actual particle

 hopping from site to site? 

•  à optical lattices 

•  à low temperature 

•  à a “quantum computer” to solve a quantum
 problem 
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Today, a wide variety of government agencies,
 industrial and commercial concerns are heavily
 invested in the study of quantum information.  

Why all the interest?
• Quantum computers, if made, could solve problems that are
 impossible to solve with ordinary, classical computers.

• Quantum processing allows measurements to be made at the
 limits set by quantum mechanics--huge potential
 improvements.
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“Setting aside the constraints of any particular computational 
 model, the creation of a physical device capable of brutally solving
 NP problems would have the broadest consequences.  Among its
 minor applications it would supercede intelligent, even artificially
 intelligent, proof finding with an omniscience not possessing or
 needing understanding.  Whether such a device is possible or even
 in principle consistent with physical law, is a great problem for the
 next century.”

Michael H. Freedman (Fields Medalist)
Microsoft Corporation

Source:  “Topological Views on  Computations Complexity,” Documenta 
 Mathematica, Extra Volume ICM 1998, II, 453-464

Implications of general solutions of “hard” problems
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We live in a quantum world, but we try to model
 its behavior with classical computers.  

Classical computers are inadequate, because the size
 of the problem grows exponentially with the size of
 the physical system.  Quantum computers work the
 problem as nature would.  Richard Feynman’s
 recognition of this fact started modern interest in
 quantum information.



 

  A brief introduction on ultracold atoms 

  Why using optical lattices? 

ü  Effective tuning of the interactions 

ü  Experimental realization of interacting lattice Hamiltonians 
 
 



What is an ultracold atomic gas? 

•  Gases of alkli atoms, etc 
•  How cold is cold? 

– Microwave background 2.7K 
– He-3: 1 mK 
– Cornell and Wieman 1 nK  

•  Quantum degeneracy 
•  Bose/Fermi/Boltzmann Statistics 



How can we think of such low
 temperature ?  





Laser “cooling”	
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Atom-Light Interaction & 
Traps 

Optical lattice holds, manipulates atoms by light shift

⎥e〉

hν
⎥g〉

Δ

Ω2

4Δ

Light shift

Ω2 ~ I

Counter-propagating laser beams

create a standing wave. Periodic
 light-shift potential = optical lattice

Photon scattering (decoherence) ~ Ω2/Δ2

so decoherence can be made small
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~400 nm



Light interference creates patterns of 
energy wells in space; these patterns are 
deep enough to prevent atoms from falling 
due to gravitation 

To create a useful 
trap, magical 
wavelengths have to 
be used to cancel 
Stark shift.  



Ultracold atoms in an optical lattice 

( )2 2 2( ) sin ( ) sin ( ) sin ( )  extV r V kx k y kz= + +
r

a 3D lattice  

It is possible to control: 
- barrier height 
-  interaction term 
-  the shape of the network 
-  the dimensionality (1D, 2D, …) 
-  the tunneling among planes or among tubes 
  (in order to have a layered structure) 
… 



Optical lattices 
•  Interference of standing wave laser beams

 induces AC-Stark shifts to trap the atoms in a
 periodic lattice potential 



Optical lattice: Basics 
•  The dominant real part acts as a conservative potential V(x). For a standing wave laser

 configuration we obtain 

•  Spatially periodic potential à realization of a lattice model 
•  Very little spontaneous processes à motion described by Schroedinger equation 
•  Shape and properties of the potential adjustable by varying laser parameters! 

–  Additional background potential by magnetic or optical fields 
–  Superlattice potentials by superimposing additional lattice potentials 
–  Creation of quasi random patterns using additional incommensurate lasers 

k … laser wave vector  

V0 … lattice depth / laser intensity 



Lattice design 

las
er 

 square
 lattice 

las
er 

 triangular
 lattice 

1D 

2D 

3D 

different internal states 



2D optical lattices “simulating”
 graphene  

With three lasers suitably placed: 

Zhu, Wang and Duan, PRL (2007) 



Munich: I. Bloch, T. Haensch et al. 



Laser cooling – Brief history 
•  Cooling atoms to get better atomic clocks 
•  In 1978, researchers cooled ions somewhat below 40 Kelvin;

 ten years later, neutral atoms had gotten a million times
 colder, to 43 microkelvin.  

•  Basic physics: use the force of laser light applied to atoms to
 slow them down.   
–  Higher K.E. + lower photon energy = lower K.E. + higher

 photon energy  
•  In 1978 Dave Winelan @ NIST, CO – Laser cooled ions using

 Doppler cooling techniche. Laser tuned just below the
 resonance frequency. 

•  In 1982, William Phillips (MIT -> NIST@Gaithersburg, MD)
 and Harold Metcalf (Stony Brook University of NY) laser
 cooled neutral atoms 



Laser cooling (cont’d) 
•  Late 1980s – 240 µK for Na, thought to be the lowest possible

 – Doppler limit. 
•  In 1988, – 43 µK. A Phillips’ group accidentally discovered

 that a technique developed three years earlier by Steven Chu
 and colleagues at Bell Labs in New Jersey [3] could shatter
 the Doppler limit.  

•  Later in 1988, Claude Cohen-Tannoudji of the École Normale
 Supérieure in Paris and his colleagues broke the "recoil" limit
 [4]--another assumed lower limit on cooling.  

•  In1995, creation of a Bose-Einstein condensate  
•  1997 Nobel Prize in physics  
•  Details @ http://focus.aps.org/story/v21/st11 



What kind of “weird” quantum
 effects are unveiled at low

 temperature ? 



Why Study Ultra-Cold Gases? 
Answer: Coherent Quantum Phenomena 

High Temperature: 
Random thermal motion
 dominates 

Low Temperature: 
Underlying quantum
 behavior revealed 

Quantum wave-like 

behavior Classical particle-like 

behavior 



Quantum Statistics 
Heisenberg uncertainty principle: δx δp  ≥ h 
Cold ⇒ δp small, δx big. Particles are fuzzy. 

hot cold 

Bosons: Symmetric wavefunction.  Lose identity when
 particles overlap. Particles are delocalized.  Act collectively. 

Fermions: Antisymmetric wavefunction.  Cannot occupy same
 quantum state. Develop Fermi surface. 

kx 

ky 

All momentum states with |k|<kf occupied 



Statistics in Experiments 

Bosons Fermions 

High temperature: Boltzmann distribution 

Confine atoms in magnetic or optical traps 

Generally Harmonic: 

Zeeman Effect 
AC Stark Effect 

Dipole in
 field gradient 



What are statistics of Alkali atoms? 

Alkali Atoms 

Why Alkali’s? 
Strong transitions in optical/near IR: 

Easily manipulated with lasers 

Nuclear physics: 
Odd # neutrons + Odd # protons= Unstable 
Alkali’s tend to be Bosons: odd p,e even n 

Atom Isotope Abundance Half Life

H
Li
K

2
6
40

0.01%
8%
0.01%

Stable
Stable
109 years

Only Fermionic Isotopes: 

Composite Bosons: Made of even number of fermions 
Composite Fermions: odd number of fermions 



Bose/Fermi/Boltzmann Statistics 

•  Boltzmann 

•  Bose 

•  Fermi 



Chemical potential µ 

•  Particle number constraint 
 
•  Boltzmann 

–    µ < 0 
•  Bose 

•  Fermi 



Quantum degenerate particles:
 fermions vs bosons 

Bose-Einstein condensation Fermi sea of atoms 

 EF = kBTF 

spin ↑ 
spin ↓ 

T = 0 

Pauli exclusion 



The Bose-Einstein condensate 



BEC in Bosonic Alkali Atoms 
•  BEC – Fifth state of matter 
•  BEC was predicted in 1924 
•  Achieved in dilute gases of alkali atoms in

 1995 
•  Nobel Prize in physics 2001:  

Eric A Cornell, Carl E Wieman, Wolfgang Ketterle 87Rb 

400 nK 

200 nK 

50 nK 



Momentum distribution of a BEC 

400 nK 

200 nK 

50 nK 

http://www.colorado.edu/physics/2000/bec/index.html 





Optical lattices as “quantum computer”	
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Classical Bits vs Quantum Bits 

Classical Bit:  0  or  1; ↓  or  ↑ 
 

Quantum Bit (Qubit):  

Can be a quantum superposition of 0 and 1 
1 1 1
ψ ↑↓= +

Superposition is one of the two weirdest 
things about Quantum Mechanics;  
Entanglement is the other.  
It is what gives quantum computing its power!

qubit
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The Einstein-Poldoski-Rosen “Paradox”	

??

|  > |  >  -  |  > |  >

When you measure, the spins they
 are always anticorrelated-
-entangled, in a way impossible if
 the spins’ values existed before
 measurement--a weirdness that
 spooked Einstein

20th Century quantum technology doesn’t generally use the
 weirdness of quantum mechanics.  Quantum information
 technology DOES--a second quantum revolution!!

Before you measure, the spins
 could have either direction.
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(Simplified) Atomic Qubit 
An atom with nuclear and electron spins

higher energy state: 
1

lower energy state:
0

An atom can be       , or it can be        ,

but it can also be 

01
012+

1

0

1 0
1 0

2

+
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ηω ηω

The periodic potential of an optical
 lattice is a natural, nanoscale

 register for atomic qubits 

~400 nm



Why quantum computing is useful? 
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Scaling is the key to the power of Qu. Information.  

•    Classically , information is stored in a bit register: a 3-bit 
register can store  one  number, from 0 – 7. 

•        

  

   a | 000 〉  + b | 001 〉   + c | 010 〉  + d | 011 〉  + e | 100 〉  + f | 101 〉  + g | 110 〉  + h | 111 〉 

•    Result: 
--    Classical:   one N-bit number 
--  Quantum:   2 N  (all possible) N-bit numbers 

• N.B. :   A 300- qubit  register can simultaneously store 
more combinations than there are particles in the universe. 

1 0 1 

Problems in both cryptography and physics benefit from this
 exponential scaling, enabling solutions of otherwise

 insoluble problems.  

Quantum Mechanically, a register of 3 entangled qubits can 
store all of these numbers in superposition:
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Eve 
Eve can only obtain

 information by
 destroying the qubits 
(no-cloning theorem) 

Alice 

↑
1
↓

2
+ ↓

1
↑

2

2
?

2
?

Quantum 
Repeater 

Bob 
1?
? 1

One more killer app. -- Quantum Communication



Optical lattices to define the SI second 



What is needed to improve the SI second? 
The best value is limited by the noise at the optimum measurement 
time τ. The signal to noise S/N, the line width Δν and the frequency ν0 
are the other parameters.  

p is equal to ½ for a passive clock 

p is equal to 1 for an active clock 

( )
( )

p

Hz
y NS

−Δ
= τ

ν
ν

π
τσ 21

102
1

Possible strategies: 

1-Reduce the line width by cooling the atoms 

2-Increse the signal by using more atoms 

3-Increase the frequency: change the atom. This last solution is 
easier said than done 
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Lattice clocks combine the advantages of 
trapped ion clocks and cooled neutral 
atoms clocks: large number of atoms for 
extended periods of time: 

HIGH stability 10-17 in 1s 
 AND   HIGH accuracy: 10-17. 

Cesium fountain clocks use a large number 
of atoms for a limited period of time: 

HIGH stability: 10-14 in 1s, 
Accuracy: 5×10-16. 

(Accuracy limit reached in 10 minutes) 

Ion clocks use atoms trapped 
for extended periods of 
time: 

HIGH accuracy: 10-17, 
Stability: 5×10-15 in 1s. 

 
(Accuracy limit reached in 

one month) 

State-of-the-art Time & Frequency
 Standards 



The Optical Lattice Clock 
Light interference creates patterns of 
energy wells in space; these patterns are 
deep enough to prevent atoms from falling 
due to gravitation 

To create a useful 
trap, magical 
wavelengths have to 
be used to cancel 
Stark shift.  


