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Bose-Einstein condensation

* (Ideal Bose gas)

* Weakly interacting homogenous Bose gas
* Inhomogeneous Bose gas

* (Superfluid hydrodynamics)
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ldeal BEC

See thermodynamics textbooks



To remember:

(1) Whether BEC occurs or not depends on density of states:
Power law, depends on dimension and confinement

(2) Even for interacting BEC, normal component is described as
iIdeal gas
TC
Condensate fraction
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The shadow of a cloud of bosons
as the temperature is decreased

(Ballistic expansion for a fixed time-of-flight)

1469 KHz

Temperature is linearly related to the rf frequency
which controls the evaporation
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BEC @ JILA, June ‘95
(Rubidium)
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Homogeneous BEC
Weak interactions
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Propagation of sound
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Excitation of sound

t<0 \. /
N
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Sound = propagating density perturbations

| aser beam 14

g

!

1.3 ms per frame
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Dispersion relation
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VOLUME 88, NUMBER 12 PHYSICAL REVIEW LETTERS 25 MARCH 2002

Excitation Spectrum of a Bose-Einstein Condensate

J. Steinhauer, R. Ozeri, N. Katz. and N. Davidson

(k)27 (kHz)
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Inhomogeneous BEC
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A live condensate in the magnetic trap
(seen by dark-ground imaging)
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Optical phase
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Vortices
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Spinning a Bose-Einstein condensate

The rotating bucket experiment with a superfluid gas
100,000 thinner than air

Rotating
green laser beams

Two-component vortex
Boulder, 1999
Single-component vortices
Paris, 1999
Boulder, 2000
MIT 2001
Oxford 2001

J. Abo-Shaeer, C. Raman, J.M. Vogels,
W.Ketterle, Science, 4/20/2001



GPE for vortices

Order parameter

d(x) =, (r, ,z)explike]

GPE for modulus
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Optical Lattices

One way to achieve strong interactions:
reduce kinetic energy in a lattice
(suppress tunneling, increase effective mass)
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Quantum depletion
or
How to observe the transition from a
guantum gas to a quantum liquid

In 1D: Zurich

K. Xu, Y. Liu, D.E. Miller, J.K. Chin, W. Setiawan, W.K., PRL 96, 180405 (2006).



What is the wavefunction of a condensate?

|deal gas:
N
¥ =(q=0))
Interacting gas: H' =U,6(r)

o T T
H' =U Eapaqaras H _anoaozapa_p

W=(g=0)) +a(q=0)) "|g=p)la=-p)+..

Quantum depletion



Quantum depletion in 3-dimensional free space
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Quantum Depletion

9 — +/T2(p) + 2uT (p)
T 2\/:/*2 ) + 2uT (p)
Free space Lattice
2 5, AL
T(p) = ;ﬂ 4. sin (4h )
= 471']\7;,20,” _ MC? nOU

J :tunneling rate

[J :on-site interaction



2-D Mask Gaussian Fit




2-D Mask Gaussian Fit



Quantum Depletion
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Back to the superfluid to Mott insulator transition ...
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BEC in 3D optical lattice

Courtesy Markus Greiner



The Superfluid-Mott Insulator transition

Shallow Lattices - Superfluid Deep Lattices — Mott Insulator

2 0 o o o o o o 9
/9 g g eeew |’
Energy offset due to externa ' '
harmonic confinement. Not in
condensed matter systems.
,, 1 | I
H = Z ('z.Ia] + Z '2,?-(7'1,-, — 1)+ Z(F, — [4)T
Al . \
tunneling term between on-site interaction
neighboring sites Ahla ‘s
3/4 1/2 U = w(x)| d’x
J= 2 (N (Lo m
== - r — eX JE— —_—
7 \E, P\ E,

a = s-wave scattering length

Other exp: Mainz, Zurich, NIST Gaithersburg, Innsbruck, MPQ and others



The Superfluid-Mott Insulator transition

Shallow Lattices - Superfluid




The Superfluid-Mott Insulator transition

Deep Lattices — Mott Insulator

s [ T
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rec

As the lattice depth is increased, J decreases
exponentially, and U increases. For J/U<<1,
number fluctuations are suppressed, and the
atoms are localized



Quantum gas microscope

,;.'-

Bakr et al., Nature 462, 74 (2009)
Bakr et al., Science.1192368 (June
2010)







Single site imaging of shell structure
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Mott insulator - all motion is frozen out

Degree of freedom left: spin ordering



Goal:
Magnetism of localized spins
Requires TOTAL entropy to be less than N kg log2




How to particles (spins) order in a lattice?



How to particles (spins) order in a lattice?

2"d order perturbation theory:
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Bosons want to be ferromagnetic unless ....
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but we have to consider xy ferromagnetism and anti-ferromagnetism
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Fermions
Double well potential:




Double well potential:
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Double well potential: AL = ~‘ g“_—/\glg
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Fermions want to have
opposite spin as neighbors!

AL ~ O
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Controlling Spin Exchange Interactions of Ultracold Atoms in Optical Lattices

L.-M. Duan,' E. Demler,” and M. D. Lukin®

Bosonic or fermionic Hubbard Hamiltonian

Z(t,u,(f o jO’ —I_HC) T = ZU nm'(nm' )

(ij)o

Un ) nini,
IS equivalentlto spin Hamiltonian (for localized particles)

H = Z[/\Mafof + Ap1(ofol + 0';0*})]

i.J)
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using Spin dependent lattices

A

Phase diagram of two-component bosons in a spin-dependent lattice.

x axis (B) is the tunneling asymmetry
z axis is the ratio between the interspin and intraspin interaction energies

y axis is the normalized magnetic field

Altman, Hofstetter, Lukin, Demler (2003)
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Two component Bosons for Quantum Magnetism

Before we can mix them, we have to control their separation

Two component Mott insulator

» equal mix of (2,-2) and (2, 2) states (or (1,-1))
* Variable B-field gradient

* Polarization contrast imaging (or two absorption pictures):

2,+2 (or (1 1) black 2,-2 whlte

Mixture



Spin Gradient Thermometry
in a 2-component Mott insulator

» Spins separate in a magnetic field gradient (1 G/cm typical)
* At zero temperature: sharp boundary
At non-zero temperatures: finite boundary region

High T (D Low T O

2tanh(/3u3 d‘B|



Spin Gradient Thermometry in the Mott Insulator

Cold Hot

—
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Mean spin
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Mean spin
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X position (pixels) X position {pixels)

52 nK 296 nK

D.M. Weld, P. Medley, H. Miyake, D. Hucul, D.E. Pritchard, W. K.,
Phys. Rev. Lett. 103, 245301 (2009).
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Spin gradient demagnetization cooling:
adiabatic cooling by “mixing” two spin states




0.7 G/cm
6 nK

0.06 G/cm
2 nK

0.0024 G/cm
0.4 nK

Simulation Experiment

Simulation includes buoyancy effect due to slightly different
scattering lengths of the two states

D.M. Weld, H. Miyake, P. Medley, D.E. Pritchard, W. K.
Phys. Rev. A82, 051603 (2010)



Lowest temperatures reached with spin gradient
demagnetization cooling:

spin temperature 50 pK
partially equilibrated Mott insulator 350 pk

P. Medley, D.M. Weld, H. Miyake, D.E. Pritchard, W.K.,
Phys. Rev. Lett. 106, 195301 (2011).



Long term goal for fermions

Suggested phase diagram for positive U Fermi Hubbard model
(Scalapino 1995)

0.042 , , , ,

0.028

free

T/T

0.014

0 0.1 0.2
1-n Concentration of holes

Needed: Lattice cooling methods



