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• Solids, liquids, gases and phase transitions
• Liquid crystals
• Electron liquids and crystals (Fermi liquid, Wigner 
crystal, CDW)
• Superfluids, superconductors
• Magnets (FM, AFM)
• Insulators (Band, Mott, Anderson)
• Quantum dots and quantum chaos
• Luttinger liquids
• Quantum Hall Effect and topological states of matter



Atomic Physics (naive view of a 
condensed matter theorist)

4



Atomic Physics (naive view of a 
condensed matter theorist)

4

• precision spectroscopy
• atomic collisions
• molecules
• laser-atom interactions
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Dilute atomic gases
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Density ~ 1012 cm-3 ⇔ d~104 Å, mfp = 1/(n σ) ~ 10cm

This is but an ideal gas...



Degenerate atomic gases

7

hot
d

classical ideal
Boltzmann gas

d cold

degenerate quantum 
gas

λdB ∼
h√
mT



Degenerate atomic gases

7

hot
d

classical ideal
Boltzmann gas

d cold

degenerate quantum 
gas

λdB ∼
h√
mT

Electron gas in a metal: Td ~ 104 K

Dilute atomic gas: Td ~ 10-6 K

h√
mTd

∼ d



Cooling of atomic gases
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Steven Chu, Claude Cohen-Tannoudji, Bill Phillips  

For development of methods to trap and cool atoms with laser light

Nobel Prize 1997
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Cooling of atomic gases
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Evaporative cooling

1 mK to 1 µK
∼108 → 106 atoms

300 K to 1 mK
∼109 atoms

Laser (Doppler) cooling

1997
Chu, 
Cohen-Tannoudji, 
Phillips

T

Steven Chu, Claude Cohen-Tannoudji, Bill Phillips  
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probing w/ resonant laser shadow image
n(r, t) ≈ ni (�k = mr/t)

Time of flight measurements
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Degenerate (very) weakly interacting 
gases

10

T < Td

Bosons:

• Integer spin
• Symmetric wave function

Bose condensate

Fermions:

• Half-integer spin
• Antisymmetric wave function

EF= kBTF 

(two iso-spin states) 

Degenerate Fermi gas: “Fermi 
condensate”

Bose Einstein

Fermi Dirac



First BEC (87Rb)
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2001

Cornell   Wieman

June 1995 in 87Rb

Ketterle

September 1995 in 23Na



BEC experiments, late 90s
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Late 90s: “Dark ages” of cold 
atoms (various BEC experiments)

Ketterle ’97: 
Will two ballistically expanding 
BECs interfere?
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Superfluid - Mott insulator transition
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Superfluid - Mott insulator transition
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MPA Fisher, P Weichman, G Grinstein, DS Fisher, PRB (1988)
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Cold atom realization of the 
superconductor-Mott insulator transition 
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Theoretical proposal, D. Jaksch, et al (1998). 
This transition can be observed if one puts some bosonic atoms 

on an optical lattice

ac-Stark effect
(red-detuned, attractive)

Interfering laser beams



Cold atom realization of the 
superconductor-Mott insulator transition 
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Experimental realization
M. Greiner, I. Bloch, T. Esslinger, T. Hansch (2001)



Cold atom realization of the 
superconductor-Mott insulator transition 
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|ϕ〉 |N〉 |ϕ〉
SF MI SF

Experimental realization
M. Greiner, I. Bloch, T. Esslinger, T. Hansch (2001)

Time of flight measurement



Degenerate Fermi gas
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D. Jin and B. DeMarco, Boulder, (1999)



Degenerate Fermi gas
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D. Jin and B. DeMarco, Boulder, (1999)

• Fermions do not interact at low T: difficult to cool
• Sympathetic cooling 

EF= kBTF 

(two iso-spin states) 
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Ketterle (1998)
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Regal, et al.

Ketterle (1998)

Regal, et al.
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Modern developments

•Spinor condensates
•Confining atoms to 1D and creating 

Luttinger liquids
•Fermions on the lattice (modeling high Tc 

superconductors) - major project funded by 
DARPA

•Modeling strongly paired superconductors
•Modeling quantum magnetism
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Attractively interacting Fermi gases

21

BCS-BEC crossover 
(Eagles ’69, Leggett ’80) 

Fermi gases with attractive interactions: 

superconductors
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Attractively interacting Fermi gases
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attraction strength

BCS superconductor
Bose-Einstein condesnate 
of diatomic molecules

BCS-BEC crossover 
(Eagles ’69, Leggett ’80) 

δphaseshift =
π

2

Unitary point

Unitary point: 
interactions are limited 
by unitarity

Unitary point is universal: 
interactions drop out from 
any physical quantity



Experimental observation of the 
crossover
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D. Jin, M. Greiner, C. Regal, 
‘03-04



RG picture of the BCS-BEC crossover

23

u

µ

Interaction 
strength

VacuumUnitary 
critical point

Noninteracting 
Fermi gas fixed 

point

Fermi liquid
BCS Molecular BEC

Sachdev, ’06
Radzihovsky, ‘06

0



RG picture of the BCS-BEC crossover

23

u

µ

Interaction 
strength

VacuumUnitary 
critical point

Noninteracting 
Fermi gas fixed 

point

Fermi liquid
BCS Molecular BEC

Crossover

Sachdev, ’06
Radzihovsky, ‘06

0



µ = ξ

�
3π2n

� 2
3

2m

RG picture of the BCS-BEC crossover
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Sachdev, ’06
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At unitarity

Universal critical amplitude

ξ ≈ 0.3− 0.45

Veillette, Sheehy, Radzihovsky, ‘07 
Nicolić, Sachdev, ’07
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Exotic superconductors

24

Common superconductors:
atoms in two different

internal states form pairs. Pairs 
do not spin.

“s-wave” superconductor

Exotic superconductors:
atoms in identical

internal states: pairs must spin.
“p-wave” superconductor



p-wave superconductors in cold gases

•Take advantage of p-wave (angular 
momentum 1) Feshbach resonances

•Have a number of distinct phases, phase 
diagram has been worked out. 

•One of the more common phases has 
topological order and particles with non-
Abelian statistics.

25

VG, A. Andreev, L. Radzihovsky, 2005
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p-Wave Feshbach Molecules

J. P. Gaebler,* J. T. Stewart, J. L. Bohn, and D. S. Jin
JILA, Quantum Physics Division, National Institute of Standards and Technology

and Department of Physics, University of Colorado, Boulder, Colorado 80309-0440, USA
(Received 2 March 2007; published 16 May 2007)

We have produced and detected molecules using a p-wave Feshbach resonance between 40K atoms. We
have measured the binding energy and lifetime for these molecules and we find that the binding energy
scales approximately linearly with the magnetic field near the resonance. The lifetime of bound p-wave
molecules is measured to be 1:0! 0:1 ms and 2:3! 0:2 ms for the ml " !1 and ml " 0 angular
momentum projections, respectively. At magnetic fields above the resonance, we detect quasibound
molecules whose lifetime is set by the tunneling rate through the centrifugal barrier.

DOI: 10.1103/PhysRevLett.98.200403 PACS numbers: 03.75.Ss, 05.30.Fk

Much recent work with atomic Fermi gases has taken
advantage of the ability to create strong atom-atom inter-
actions through the use of magnetic-field Feshbach reso-
nances. A Feshbach resonance occurs when the energy
difference between a diatomic molecule state and two
scattering atoms can be tuned to zero. This energy differ-
ence can be tuned with a magnetic field if there is a
difference between the magnetic moment of the molecule
and that of two free atoms. Experiments have taken advan-
tage of these tunable interactions to study atom pair con-
densates in the BCS superfluid to Bose-Einstein
condensate (BEC) crossover regime [1–4]. While this
work involved pairing with s-wave interactions, there are
several reasons that the study of possible atom condensates
with non-s-wave pairing is compelling. For a p-wave
paired state, the richness of the superfluid order parameter
leads to a complex phase diagram with a variety of phase
transitions as a function of temperature and interaction
strength [5–8]. Some of these phase transitions are of
topological nature [9], and have been predicted to be
accessible via detuning between the BCS and BEC limits
with a p-wave Feshbach resonance. Furthermore, because
p-wave resonances are intrinsically narrow at low ener-
gies, due to the centrifugal barrier, a quantitatively accurate
theoretical treatment is possible [5,10].

p-wave resonances have been observed in Fermi gases
of 40K atoms [11,12] and 6Li atoms [13,14] via measure-
ments of elastic scattering and inelastic loss rates. There
is also suggestive evidence for molecule creation in 6Li
using magnetic-field sweeps through the resonance [13].
However, it is still not known whether long-lived Feshbach
molecules with nonzero angular momentum can be created
from a gas of fermionic atoms.

In this Letter, we present evidence for the production
and direct detection of p-wave molecules created with a
p-wave Feshbach resonance. We measure the lifetimes
and binding energies of these molecules and perform
theoretical calculations to interpret our results. We are
able to extend our measurements to the p-wave quasi-
bound state.

Our experiments were carried out using a quantum de-
generate 40K gas near a p-wave resonance between atoms
in the jf;mfi " j9=2;#7=2i spin state, where f is the total
atomic spin and mf is the magnetic quantum number. We
cool a mixture of j9=2;#7=2i and j9=2;#9=2i atoms to
quantum degeneracy in a crossed-beam optical dipole trap
using procedures outlined in previous work [15]. The trap
consists of a horizontal laser beam along ẑ with a 1=e2

radius of 32 !m and a vertical beam along ŷ with a 1=e2

radius of 200 !m. A magnetic field points along the ẑ
direction and is held at B " 203:5 G during the final stage
of evaporation. The final conditions consist of 105 atoms
per spin state at a temperature of T $ 0:2TF, where TF "
EF=kb is the Fermi temperature and kb is Boltzmann’s
constant. The final trap frequencies are typically !r=2" "
180 Hz and !z=2" " 18 Hz, yielding EF=h $ 7 kHz. To
probe the atom cloud, we turn off the trapping potential,
wait for a variable expansion time of 1.9 to 10 ms, and then
send a 40 !s pulse of resonant laser light through the cloud
along ẑ onto a CCD camera. We expect that this resonant
absorption imaging should only be sensitive to atoms, and
not to p-wave molecules.

To measure the binding energies of the p-wave mole-
cules, we resonantly associate the atoms into molecules
using a sinusoidally modulated magnetic field. This
method has been previously used to both dissociate and
associate s-wave Feshbach molecules [16,17]. We ramp
the magnetic field to a value near the Feshbach resonance
and then apply a small sinusoidal oscillation at a frequency
#mod for a duration of 36 ms. The amplitude of the modu-
lation is a Haversine envelope to reduce the power in
frequencies other than #mod. As we vary #mod, we observe
a resonant decrease in the number of atoms, Natom, in the
j9=2;#7=2i state. Sample data sets are shown in Fig. 1. We
interpret the loss of atoms as resonant association to the
molecular state.

The line shapes we observe for association to bound
states are asymmetric and have widths that increase line-
arly with cloud energy EG, which we obtain from the width
of a Gaussian fit to an expanded cloud. These line shape

PRL 98, 200403 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
18 MAY 2007

0031-9007=07=98(20)=200403(4) 200403-1  2007 The American Physical Society
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Interatomic distance

atomic mass

van der Waals length

J. Levinsen, N. Cooper, VG, 07-08

Probably, their life is too short!

Optical lattices may provide a way to overcome short lifetimes...
P. Zoller et al, 09
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X.-G. Wen F. Wilczek A. Zee

1989

Nearest neighbors

Néel state

Heisenberg antiferromagnet Chiral spin liquid (CSL)

Think of spin as 
attached to particles

spin-up spin-down

What if

“tight-binding Hamiltonian”

But what if tij correspond to a constant magnetic field? 
This is CSL (or a topological magnet), by analogy with QHE



topological magnets
29

X.-G. Wen F. Wilczek A. Zee

1989

20 years and 552 citations later, 
nobody could still point out the 
Hamiltonian for which this scenario 
would work. 



A proposal to generalize spin from SU(2) to 
to SU(N)
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Generalize the usual spin to SU(N) spin by using alkaline-
earth atoms. Their nuclear spin does not interact and 
behaves like an electron spin, only larger. 

The spin I can be as large as 9/2 (for 87Sr). 
Then N=2I+1 is as large as 10. 

                A.-M. Rey (2009)

A. Gorshkov, M. Hermele, VG, C. Xu, P. Julienne, J. Ye, P. Zoller, E. Demler, M. Lukin and A.M. Rey 
(2009)



SU(N) antiferromagnets in optical lattices
31

Interfering laser beams
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SU(N) antiferromagnets in optical lattices
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Atom exchange leads to 
antiferromagnetic interactions 
(for nuclear spin).

87Sr atoms

Such SU(N) spins have a hard time ordering: too many 
directions nearby spins can point to while still being 
“opposite” to each other (minimize           )

M. Hermele (2009)



Topological SU(N) antiferromagnet
32

It turns out, for N≥5, the ground state is a chiral spin 
liquid (that is, a topological magnet), exactly of the type 
proposed by Wen, Wilczek and Zee. 

M. Hermele, VG, A.-M. Rey, (2009)



Topological SU(N) antiferromagnet
32

It turns out, for N≥5, the ground state is a chiral spin 
liquid (that is, a topological magnet), exactly of the type 
proposed by Wen, Wilczek and Zee. 

M. Hermele, VG, A.-M. Rey, (2009)

To show that, we employed the large N techniques:

+ saddle point in t



Anyons and non-Abelions
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Lowering the potential at one 
site localizes a fractional or 
non-Abelian particle at that 
site.

Experimental detection? Too soon to tell...



This is but the beginning...

We will see new remarkable experiments 
which will to build artificial “materials” with 
novel properties out of cold atoms...  

34


