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Strongly interacting quantum systems

high densities low temperatures

Neutron star Superconductivity

® —

Strongly interacting: interaction energy dominates over kinetic energy

(It’s all about the scale.)



Quantum degeneracy

\

Bosons Fermions

Nuclear matter 1038 cm3 1012 K /30 MeV
Electron gas m, 1022 cm3 50000 K/ 10 eV
Superfluid Helium “He 1022cm=2 5K/1meV

Atomic quantum gas 4K 10 cm=3 100 nK/ 10 peV



Why cold atoms?

GREAT EXPERIMENTAL CONTROL...

« extremely pure systems: no dirt, impurities,...

» all parameters are tuneable:
kinetic energy, interaction strength, spin composition, dimensionality, ...

* energy scales/time scales are so slow that parameters can be tuned in real
time

... and a precise microscopic understanding from first principles.



A few highlights

BEC-BCS crossover

Bose-Einstein condensation

of pairs of fermions Quantized vortices

Magnetic field [G]
730 833 935 MIT
1 1 1

16 0 -0.7
<«— BEC Interaction parameter 1/k.a BCS —™

Collective (shape) oscillations

Fermionic atoms in optical lattices =]
9 2.001
w\ ‘\ \@ % 1.904
W : 1.80+
20 15 10 05 00
1ik.a

Innsbruck



How to make a quantum gas



Problems when reaching low temperatures

« Everything (except Helium) solidifies below 1K
— work at low densities (timescale for solidification « r3)

« Cooling becomes increasingly difficult since the heat capacity of the coolant
vanishes (x T3)

— try new cooling method!



The road to Nanokelvin temperatures

1. Laser cooling
2. Magnetic or optical trapping
3. Evaporative cooling

4. Imaging and temperature measurement



Cooling with lasers: the mechanism

Vv
Vabs = vatom - I
Vemis = 1/atom

\%

AE = —h—

A

p=mv-hk+hk’ but <hk’>=0 !
Proposed by Hansch, Schawlow, Wineland, Demehlt in 1975



Can this work at all?

Doppler shift

Let’s calculate the deceleration:

_1dE 1 AE di

__ Ll

mA v

Cmde m At dx

a

excited state decay rate = scattering rate

(that is huge!)

It works: atoms can be stopped from 300 m/s to rest within 0.01 s !

What'’s the limit? — “Doppler limit”
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Laser cooling Nobel prize
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The Nobel Prize in Physics 1997

"for development of methods to cool and trap atoms with laser

light"

Steven Chu

@ 1/3 of the prize
USA

Stanford University
Stanford, CA, USA

Claude Cohen-
Tannoudji

@ 1/3 of the prize
France

Collége de France; Ecole
Normale Supérieure
Paris, France

William D. Phillips

@ 1/3 of the prize
USA

National Institute of
Standards and
Technology
Gaithersburg, MD, USA



Cooling with lasers: atomic structure

14 0

Fermionic
Isotopes:
6Lj, 40K

* Lanthat
Series

+ Actinide
Series

A element | wavelength A,
P H 121 nm (UV)
A
3 Li 671 nm (red)
| -
o _ Na 589 nm (yellow
GCJ Eal‘om - hvatom (y )
K 767 nm (red)
v S Rb 780 nm (infrared)
Cs 850 nm (infrared)




Level scheme of 40K

(similar for all other alkali atoms) 4P,

Optical transitions
electric dipole transition between principal states

2
of quantum numbers n, L, J = L+S 4P,
L = orbital angular momentum
S = spin

Microwave transitions
Magnetic dipole transition between hyperfine states

with different quantum numbers F = [+J
I= nuclear spin

Radiofrequency transitions 4S,,
magnetic dipole transition between Zeeman states
of different quantum number m,

(will be discussed in detail later)

.70 nm

770.

Cooling

ﬁ- F'=7/2

155 MHz

Repumper transition
transition
F=7/2
1.286 GHz
F=9/2






Laser cooling in action

Movie from University of Munich/MPQ



Magnetic trapping

Interaction of an atom with a magnetic field

H=H +/)’E-§+Af-j+gju3j-l§—g,uNf-l§

gross

\ ) | J
| |

Hyperfine Hamiltonian Zeeman Hamiltonian
|F,m> are eigenstates |m,,m > are eigenstates
At low fields (g ugB <A): Magnetic field is perturbation

-> |F, m> remain good quantum numbers
Linear Zeeman effect: E(B) = const. + gemgugB

At high fields (g ,ugB > A): Hyperfine interaction is perturbation
-> |m;,m ;> are good quantum numbers
E(B) = const. + g m,ugB



Interaction of atoms with a magnetic field

H = ngOSS -
23
O z
Go
(]
A T
| F=7/2 l
hyperfine E i ]
splitting S o} S,,ground state of 0K
=A*(+12)] T
Qo Magnetfeld
5 |
S | F=9/2
SOF m_=+9/2 g';-g |
- o =
v 1)
L m_= -9/2 X
_1(m ....................
0 50 100 150 200

Magnetic Field [G]



How does this look like?

Magnetic field
0 x I —xrz
B:BO(O)—I-B'(—y)-I-BT( —yz )
1 0 22 — %(;172 +4?)

Potential

V(x,v,z)= %(aﬁf + a)y2y2 + wfzz)

loffe bar coils

Pinch coils three-dimensional harmonic oscillator

-3
-~y

(the wires carry 500 Amps)




Optical dipole traps

Two-level
atom

& [ Laser field: E(t) = Eo(t)cos(wt) ]

H=H,+H

atomic two-level Hamiltonian

electric-dipole interaction

Ho = 010) (0] + hw, | X) (X]|
H; = —p,E(t)|0) (X]| +coc.

Rabi frequency: (1 = —pE,(t)/h
Detuning: A= w(t)—w,
h .
Eigenenergies of the coupled system: E. = 5 (A(t) + \/A(t)2 + Q(t)f)
2 5
energy shift AE =h—L for A>>Q
4A
/ 37{02 F : : “ . ”
Optical dipole potential: ~ Ugip, = ———1(7). attractllve potent'lal for “red detunlr_Ig (w<m,)
2wy A repulsive potential for “blue detuning” (w<w,)

« simply realized by (crossed) laser beams

_

« potential depth proportional to laser intensity

usually independent of internal states (for large detuning)

Laser beam

Laser bea

J




Getting cold: Evaporative cooling

CO
250 — :_ Room temperature
00 J— J—
— | — | Liquid He: 4K
E Z Laser cooling: 0.1 mK
-273,15° — __v Evaporative cooling:

100 nK

Collisions are required!



(Very) basic properties of ultracold collisions

energy

v

hard core

internuclear

distance

I\

van-der-Waals potential

C
6 What is the range of a power-law potential - = (»>2)?
r

2

6
r

particle prepared at a distance r has a kinetic energy £, >——
(Heisenberg limit due to the hard core) mr
potential energy of the particle

1
mC \n-2
Eki =Ep0t @ r0=( h2 )

n

typical values for alkali atoms: r, = 100 a,,,,

Note: this has nothing to do with the scattering length or the
collisional cross section!



Collisions of ultracold atoms

Classically

p =~mkT

pr,<h — T<100uK

Only s-wave collisions!




Quantum mechanical collisions

h2
Schrédinger equation in relative coordinates [ g,nrAH (7 ) Vr(r) = Exti(r).

Asymptotic wave function -
incoming plane wave outgoing spherical wave

Using partial wave decomposition
for outgoing wave

h? d* .

‘)m]r dr?

1 « 1
f) = — 20 +1) ( ,210 (k) 1) Pi(costl) = _
) 2ik g( I ) kcotdo (k) — ik
| Y J
=0
. 1 k2 .
s-wave scattering lengtha  kcot do(k) ~ —— -+ Refr single parameter!

(measures phase shift in collision)



Scattering length vs. cross section

Scattering length can be positive or negative.

Total scattering cross section follows from optical theorem:

o(k) = 4%1111(]").

naively expected
I
ka < 1 o ~ 4mra? <

ka > 1. o~ A7 k2 ~_

T

unitary cross-section
independent of

interaction potential



Fermions at low temperatures

total wave function is antisymmetric for fermions:

‘ z/j> = ‘Z/jspazial > ® ‘ Z/jspin>

anti- etric /l\ /|\>
no s-wave collisions possible

(pair correlation length: Agg) anti-symmetric
/avm-sym{ /l\ \I/ + \|/ /|\>

symmetric 1 - \H\>

spin-polarized

spin mixture

Cooling fermions is MUCH more difficult than bosons
 use mixture of different spin states
 use mixture with a different species, e.g. bosons



Nobel prize 2001

i The Nobel Prize in Physics 2001

"for the achievement of Bose-Einstein condensation in dilute
gases of alkali atoms, and for early fundamental studies of the
properties of the condensates”

Eric A. Cornell

® 1/3 of the prize

USA

University of Colorado,
JILA
Boulder, CO, USA

b. 1961

Wolfgang Ketterle
® 1/3 of the prize

Federal Republic of
Germany

Massachusetts Institute
of Technology (MIT)
Cambridge, MA, USA

b. 1957

Carl E. Wieman

® 1/3 of the prize

USA

University of Colorado,
JILA

Boulder, CO, USA

b. 1951



How to measure temperature




Absorption imaging

Light attenuation:

Fermi gas
resonant
laser beam
P
p
lo(X,y)
1-9/2>

Image of D(x,y)

CCD chip

I=1o-¢ D(z.y)
Uo
D(x,y) = /‘II.(.‘I‘. Y, z)dz.
1+ +4% .

: : 2
Absorption cross section: g = %r

A\: Resonance wavelength; A=2nc/w,
I': Scattering rate

A= w—w,: Detuning:
|- Saturation intensity

-7/2>




Fermi degeneracy

. \ &9 / k. T
momentum distribution \—oo9—/ "b'F
T=0
25
20t —
< TM-=0.2
g 15}
© | .
T classical gas
o 10f
TT=0.11 < |
" O g5l TF profile
00

radius arb
Jin group, JILA



Basic properties of Fermions
at low temperature



Ultracold fermions in a trap

T>Te
Fermi-Dirac distribution determines population of energy level ¢ : —@
1 ®
(i) = kT 1 \ |
: : AN )
Chemical potential u results from Density of states of &3
normalization of particle number 3D-harmonic oscillator: .
% . . 2
g(€) = €2/2(hw)? c
\_ ) 1

L—> Li,(—x) = Y72, (—=2)%/k™ Poly-logarithmic function of order n

[ (fugacity) ] T=0

Ep
At T=0 this simplifies to: N = /([gg(.,c). : ®

-o \ . ]

Fermi energy: E.=(6N)"> hw




Density profile

Density profile is calculated from phase-space distribution function

1 1
nir) = —— Bpo(r,: i olr.p) = . .
() (27h)? -/( po(r,p) with (7. p) Z—l(,.(%+émw312+%771w§y2+%mw232)/kBT 1
mkpT\ */? _mw? 5 mwy oo mw? o
mr) = - (—zn?}z ) Ligyy(—Ze Far™ o~ mat '~ )

Position [um]



Density profile — local density approximation

At T=0 for many particles:
Assume locally homogeneous system with slowly varying local Fermi energy

A\

ol \ /

bo

ep(r) =pu(T =0) — =m (wlz + u;i_t/z + w%z)

~

(1| —

Vir)

v
-

Local density is then ~ 7(r) = kg(r)*/(67%)

4 m \3/2 - \1\3/2
= — 1 - /

Requires: E, >> hw.ie. N>>1




Bosons vs. Fermions

Fermions

Bosons shrink to Pauli’s exclusion principle
ground state prevents fermions from shrinking
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Converting between fermions and bosons

Elementary massive particles are fermions
=> bosons are composite particles

| Scattering length and bound state near Feshbach resonance
0.55

a>0 > - 10
existence of .
'_‘ [ Y
bound state : g
. _ m |
| i.e. dimer (boson) = 3
2 00 |
-
I A 2
w s T e 2
a<0 ) |
rd .—5 ;
internuclear —

SpearatiOn
| --10
<—> | ;
To
ro__ " o




Converting fermions to bosons

BEC of molecules

Bose-Einstein condensation of pairs of fermions

-
ai‘n

JILA: 4K,




Feshbach resonance

BCS-limit:
0.51 No stable molecules
Condensation of Cooper pairs

w
O
—_— Q
E o
S, =
) <
5 00 0 o
c «Q
L =
D
.5 ©

--10

-0.514 . :
Molecules with repulsive interaction B

res

BEC of Molecules: Condensation of
tightly bound fermion pairs
(last lecture)



The “BCS” regime

Bardeen, Cooper, Schrieffer, 1957:

« Superconductivity of metals at low temperature
« Weak attractive interactions
 Pairs in momentum space

* Quasi-particle excitation spectrum has a gap



Bound states and dimensionality

Search for bound state in the Schrodinger equation [—

with binding energy Eg=-h%k?/m

h?

=> solve
m

in momentum space:

a—1) g =vy

.

1

m

h'Z

2m

P

A+ "’"("’)] Ur(r) = Exthe(r).

r

short-range interaction
Viq) = Vo for g<1/r,
V(g =0  forg>1/r,

/1

Vig—d)ve(q).

d"q

Yr(q) = — R 2+ k2

[integrate both sides over q and divide by f g—ﬁ;],—,’l,ﬁ?k(q) ]

1
v

0

1

Q

/

/ density of states

(2m)"

/ (IFM
2¢ + |E|

6<ERO <—

Ero=h2/mr,?

Is there a weakly bound state (|E|<<Eg,) for infinitesimal attraction? => depends on density of states!

-

3D: p(e) ~ el?

~

Vo

— Voo)’

&
Esp = —T—QERO(

\_

minimum V_ required for pairing/

Vol

4 N
2D: p(e) = const.
20
EQD == —2ERO(}" Pop Vol
always a bound state, even for V,->0!
N )




Cooper pairing

Fermi surface kF .
Cooper’s idea:

Pairing is only on the surface of a
non-interacting Fermi sea.

Binding energy below 2E,

8

Ep = — Epe~/krlal
(&

Many-body Hamiltonian: pairing between fermions of opposite k and spin only.

T N 7 A Cy,- fermionic annihilation operator
H = § : €kMko T Vo 2 : Crr — k! =KL CkT for momentum k and spin o
ko L.k n,,- density operator

Introduce fermionic pair operators: br = ¢_j| Cit

H =Y 2epblbr+ Vo Y blby.
k kK’



BCS superfluidity

Bardeen, Cooper, Schrieffer: variational ansatz (use trial wave function to minimize energy)

.i.
vo) =1] - ggk blk/g 0).
u+E,
BCS dispersion relation -
quasiparticle
1/2 excitations
_ _ 2 2 (= add one particle to the syste
By = [(6k 1)+ A ] 5
@ excitation gap 2A
8_ 2A => phase is protected from
é quasihole single-particle excitation
excitations
(= remove one particle
from the syste
lu'_Ek
0 0.25 0.5 0.75 1.25 1.5
k/k,

8

A~ — e /2kela B

1~ Ep and 5
e
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Son o
5 0 8 .

Q0 @

sy,
Yoo

Bose Einstein condensate

of molecules

BCS superfluid
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Crossover superfluid

BCS superfl



Fermi condensates

C. A. Regal, M. Greiner, and D. S. Jin, PRL 92, 040403 (2004)



The BEC-BCS crossover

condensate
02 fraction
W
D
‘@ 0.1
E
O N L R 1
1 0 -1

Interaction strength 7/ka aBCS-BEC
crossover theory

Jin goup, JILA



Superfluidity: Quantized circulation

h

A =—(deBroglie)
my
27 =nA = ﬁ
my
e h
= v-2Tr =fv-ds =n—
m

Quantization: Integer number of matter waves on a circle



Spinning a strongly interacting Fermi gas

laser beam for

confining atoms Magnetic field coils

trapped atoms

laser beam for
rotating atoms



Spinning a strongly interacting Fermi gas

v Y




Vortex lattices in the crossover

Magnetic field [G]
730 833 935
| | |

1.6 0 -0.7
<— BEC Interaction parameter 1/k.a BCS —™

M.W. Zwierlein, J.R. Abo-Shaeer, A. Schirotzek, C.H. Schunck, W. Ketterle,
Nature 435, 1047-1051 (2005)



BEC-BCS crossover

What happens in reduced dimensions?

B. Frohlich, M. Feld, E. Vogt, M. Koschorreck, W. Zwerger, M.K, PRL 106, 105301 (2011)
S. Baur, B. Frohlich, M. Feld, E. Vogt, D. Pertot, M. Koschorreck, M.K, PRA 85, 061604 (2012)

Sa de Melo, Physics Today (2008)



Two-dimensional Fermi gases

Two-dimensional gases:
“the grand challenge” of condensed matter physics

High-T, superconductors:

» After 25 years of research still no
breakthrough in understanding
(nor to solve the energy crisis)

» Material is to complicated to understand
even the basic mechanism

Cold atomic gases provide tuneable model system
« fermionic atoms take the role of electrons

« lattice created by standing wave laser fields

— build quantum simulator (Feynman)



Two-dimensional Fermi gases

1. Two-body scattering in 2D
2. Basic properties of 2D Fermi gases — today
3. Collective modes (sound)

4. Momentum-resolved rf spectroscopy
5. Fermi liquid

—  tomorrow
6. Pseudogap pairing

/. Fermi polaron in 2D



Quasi-2D geometry

\ / Conditions for 2D E. ~hx8kHz

Ep, kyT << hw, w, =~ 2nx80kHz
w, ~2mx130 Hz

hao, Strong axial confinement required

Optical lattice: array of 2D quantum gases

lattice depth 83 E,.

hopping rate 0.002 Hz

-

~ 2000 Fermions per spin state

~ 30 "pancakes" / layers

z A,/2

=532 nm =~ 60 nm

B. Frohlich, M. Feld, E. Vogt, M. Koschorreck, W. Zwerger, MK, PRL 106, 105301 (2011)
other 2D Fermi gases: Inguscio, Grimm, Esslinger, Turlapov, Vale, Zwierlein



Ultracold fermions in a 2D trap

Fermi-Dirac distribution determines population of energy level ¢ :

N 1
<”'l'> T (,(61‘,—#')/1“'137—1 + ].

Chemical potential u results from
normalization of particle number

—>
o0 9
v _ T\ v - .
N = ./(lé (hB_J) LIZ(_Z)\
0

Ep
At T=0 this simplifies to:

0

Density of states of

2D-harmonic oscillator:

g(e) = €/h*w*

T>Te

J

N = /('le‘g(@).

Fermi energy: E.,,=(2N)"? hw

1

T=0 density distribution: ~ 1% (r) = 5052

(e =V(r))




Scattering in two dimensions

(Formalism analogous to three dimensions)

K . \ ‘
Schrodinger equation in relative coordinates [— TR ("‘)] Vr(r) = Eibe(r).

Asymptotic wave function Dre ( p) x — fop(k, &

incoming plane wave

(k: wave vector of relative motion) outgoing cylindrical wave

For s-wave collisions and short-range interactions:

2

fon(k) = = (1 — (_,21',50) with  7cot dg(E) = lnE£ + O
' b

( 47

s-wave scattering amplitude in 2D:  fop (k) =

&

« one parameter E, - the 2D bound state
 define 2D scattering length: Eg=h?/ma,?

\ * energy dependent

In <E—i) + 17

(2mREE /1),




Quasi-two dimensional confinement

\ Quasi-2D Ly ~hx8kHz
-_ _« w, =21 x80 kHz
, Ep, kpT << hw, w, ~2mx130 Hz
Wy
% IV VoV

z A2 6é0
=532 nm ~ °o° M

« Kinematics of the gas is 2D, since Ec<<how,
* Interaction potential is 3D: | > rg

=> Three-dimensional scattering length a;5 parameterizes the interaction
(good for Feshbach resonance)

=> in experiments we realize quasi-2D confinement!

However, for an harmonic oscillator we can still separate COM and relative motion:

Schrodinger h2 ) Vi B a o
equation in — A+V(r)+ ho _ tbo V(1) = EkpVr (1),

relative coordinates 2my 2 2




Scatt. amplitude and bound state in quasi-2D

Solving the scattering problem in quasi-2D results in the scattering amplitude
(Petrov, Shlyapnikov, PRA 2001)

f il

00

/1 \/_~.+ In ()

scattering only within the trap plays a crucial role!

the lowest state of the HO

Solving for the bound state in quasi-2D

B, = 0.00570 ~vZlo/lal  (for -a<l,)

e
"

s )

s-wave scattering amplitude in quasi-2D:  fop (k) =

=

!

\_/

b 2T
In (E + im
« one parameter E,

* energy dependent
\ « qualitatively the same as in true 2D /




Radio-frequency spectroscopy

no interactions interactions

. |-5/2>

|-5/2> ? 00—
|F=9/2> mg= |-7/2> —o— = |-7/2> = ?
|-9/2> —0— —0— [-9/2> =%
10 10f ' '
FAP: & F !
08} ~ 08f '
Dot A !
o 06f o 06F !
= ot bl L !
o 04f @ 04} '
2 g ;
&02f S 02f '
=t = v
0ok ] 00 ]
-10 10 -10 -5 0 5 10
Detuning [kHz]

-5 0 5
Detuning [kHz]



Radio-frequency spectroscopy

no interactions interactions

(a)

|F=9/2> mg=

10 10¢f
&t &
508} > 08t
o 06} o 06F
- 3 L o -
504t 5 04f
7 X 4] [
502} 02}
S -

00 00

0 5 10

16 -5
Detuning [kHz]

|
[
o

-5 0 5
Detuning [kHz]

2m A1)
Transition rate by Fermi’'s golden rule: T'o(w) = 5 Z [(fIVI]i)|"6(hw + E; — Ey),

Ral%i,frequency f
V2mh Q3 = (2j — D!
Fo(@) = ——~— kxS = 9w — Ey — 2.
w (Eg/hey,) pard (27)"
gx) = [o° \/%{1 — e (1 — e ) /(2u)]~"/?) \axial mode index

S. Baur, B. Frohlich, M. Feld, E. Vogt, D. Pertot, M. Koschorreck, M.K, PRA 85, 061604 (2012)



Confinement-induced bound state

Bound state in quasi-2D:
(Petrov, Shlyapnikov, PRA 2001)

Eb = OOOSM(_\/%ZONM (fOf' -a<|0) 201

(green curve)

-60

-80 4

E, (kHz)

. N 0=2m*75 kHz
Black curve: correction for large and positive a

(Bloch, Dalibard, Zwerger, Rev. Mod. Phys. 2008)

-120

140 -

T T T T T T T T T T T T
200.5 201.0 201.5 202.0 202.5 203.0 203.5

Magnetic field (G)

Red curve: correction for finite range of the potential
(S. Baur, B. Frohlich, M. Feld, E. Vogt, D. Pertot, M. Koschorreck, M.K, PRA 85, 061604 (2012))

1 1 k*r,
ff +

— (see last lecture)
as(€) ds 2

I; l: reff EB ;
in quasi-2D this means: — > —+—|—-1/2
| a; 2. \hw;

A



Confinement-induced Feshbach resonance

4
"

foo(k) =
V2T 10 + In (090)> + i

« Scattering amplitude is tuneable via 3D scattering length

* resonance structure is modified:

Im[f(k)] has maximum at -V2rlh _1n (%’O—E) - (or In <&)=o)
a lol\" EL

Resonance position is defined by a, |,, and k (or Ez and k)

06F

- ZD E /'hu) 0.088
- E_/hw=0.144
- ZD E THH 0. ZC

Total scattering cross section

2010 2015 2020 2025 2030 2035
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o
o




Mean-field coupling in a 2D Fermi gas

2
e pi R
Many-body Hamiltonian H=Z 7;:: + Vext+g_;l o(r;—r;).
i < iTJjl
| __(E;/h=8kHz)
ling constant: Lor . ‘
coupling constant shift of resonance
A 05 z
2wk’ 1 S i
g2D = - PR 1 7 1 N S cqlf A —————
m In(k,a,,) <
£ 05
(Bloom, PRB 1975)
_10_
2235 2240 22;1 5 2250
N R SR
W -20
I
X
o 5 ]
L confinement-induced |
—o0r bound state
_8ol
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2D Fermi gases & collective modes

E. Vogt, M. Feld, B. Frohlich, D. Pertot, M. Koschorreck, M.K., PRL 108, 070404 (2012)



Collective modes of a 2D Fermi gas

Collective modes: Excitations with momentum k << k¢, e.g. sound propagation

Quadrupole mode Breathing mode

* insensitive to EoS « measures compressibility
* measures shear viscosity » measures bulk viscosity



Scale invariance

A+2 Viri—r;)

General Hamiltonian with interaction Hy= E - m
1<<j

dilute the system: r—Ar.W(r)— NV (\r).

,E - A+Z V(N (r;— 7).

i<j

Scale invariance in a homogeneous system: H(\x)= H(x)/A2 if V(Ar)=V(r)/\?

S*(r—r'")

l\)| p—

This works for V=g/r? and delta-interaction in two dimensions ~ V(r—r')=

Scale invariant systems have unique properties
* simple equation of state (like ideal gas: P=2¢/D)
* vanishing bulk viscosity

In cylindrically symmetric trap: scale invariance is replaced by SO(2,1) Lorentz symmetry
(Pitaevskii/Rosch, 1997)

Two remarkable predictions:

1. Breathing mode: wg=2w, (independent of interaction strength!)
2. bulk viscosity is zero

For bosons: Pitaevskii/Rosch, Perrin/Olshanii, Chin, Dalibard



Quantum anomaly

In two dimensions there are a few complications:
* delta-function interaction is not well-defined => regularization required

* |nteraction strength depends on density:
/Y

m In(k.a,,)

g=

=> Quantum anomaly shifts mode by dw/w ~ all,
(Olshanii et al., PRL 2010)



Collective excitations

units]
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Damping & Viscosity

2D-Energy dissipation rate:

shear viscosity bulk viscosity

E-= _% fdz@(akvi +0y, =0,V V) - [d° V- 7)?

Quadrupole Mode Breathing Mode
Vo(r) =a-[xe - ye,]-cos(wyt) vg(r) =b-[xe, + ye |- cos(wyt)
(5 =24 [d*r 77 N (E) - o [d*r-£(7)

Damping rate: 1 <E>

t



Collective modes

Quadrupole mode

T

2.0
2 18}
~
g
c)
16}
hydrodynamic
| NSO} 141

o
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(zeroth sound)

(first sound)
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£
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E. Vogt, M. Feld, B. Frohlich, D. Pertot, M. Koschorreck, M.K., PRL 108, 070404 (2012)




Collective modes

T

T

Quadrupole mode
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Breathing mode
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Temperature dependent damping

1

Damping rate I /»

Amplitude o

1.0
.a In(kFaZD)
e 27
0.8 |- o 53 i
e 97 _ _
o 18 3 Shear viscosity
o 42
06 | + 545
RIS 77=hna(T/TF)
04 L + _+_0.0 02 04 15)/% 08 10 | dimensionless
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02} é —0— S — i
s o 1 adTIT)=a,x(T/T.Y
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E. Vogt, M. Feld, B. Frohlich, D. Pertot, M. Koschorreck, M.K., PRL 108, 070404 (2012)



Overview

Lecture 3:
2D Fermi gases

Momentum-resolved rf
spectroscopy

Fermi liquid
Pseudogap pairing

Polarons



Reminder of basic 2D (last lecture)

| _ (Ep/h=8KkHz)
10f Mean-field coupling in 2D
F shift of resonance (Bloom 1975)
8 05} : l 2
& ) | g, = 27h |
S 00F Sl ]
x 5 m In(ka,,)
£ -osf
; Amh*
-1.0¢ , (gSD =—a3D)
2235 224 2245 2250 m
B [G]
| | | >
nlk.a
. _1 O 1 00 ( F ZD)

Bose gas Fermi non-interacting
of dimers liquid ? 2D Fermi gas

« BKT transition at Tz = 0.1 T¢ in the strongly interacting regime
» Tgkr decays exponentially towards weak attractive interactions (as in 3D)

Theory: Bloom, P.W. Anderson, Randeria, Shlyapnikov, Petrov,
Devreese, Julienne, Duan, Zwerger, Giorgini, Sa de Melo, ...



Momentum-resolved rf spectroscopy &

Fermi liquid in two dimensions

B. Frohlich, M. Feld, E. Vogt, M. Koschorreck, W. Zwerger, M.K, PRL 106, 105301 (2011)
B. Frohlich, M. Feld, E. Vogt, M. Koschorreck, M.K., C. Berthod, T. Giamarchi, arXiv:1206.5380 (2012)



Fermi liquid regime

0.6

.0~

0.4+

0.3

T/ T

| Fermi
S liquid

=

0.2+

0

1
2 1:9 1

Weak attraction

T
0.5

0
1/kga,

0.5

1 10 2

Strong attraction



Concept of the Fermi liquid

hole

k

y o particle

J

Fermi sphere

Single particle excitations in a non-
interacting Fermi gas

“Particle excitation™ k> kg
“Hole excitation™: k< kg

Excitation energy:

h2L2
E — E() = E o ()'llk.
- |

ong = np — 112

|

equilibrium
occupation



Concept of the Fermi liquid

o particle w quasiparticle
J 9

turnon

=)

interactions

hole quasihole

Particle and hole excitation get dressed by interactions with the Fermi sea
— “quasiparticle” excitations (Landau, 1957)



Quasiparticle excitations

« Landau-Fermi liquid particles are fermionic

« finite lifetime 1/t ~ (k-kg)? (long-lived near the Fermi surface)
« effective mass: m*/m > 1, depending on interaction strength
« Conceptual simplification of interacting Fermi systems:

quasiparticles form non-interacting Fermi gas with renormalized
properties



Microscopic theory

Hamiltonian
H = E €xNko T E V(‘I)(‘l|<+c1.0('I<’—q.,a’('k’o”-'ka
k.o k.k'.q
0,0'
W N -~ J
Hpo %
free Fermi gas Interactions

Spectral function: probability to make a single particle/single hole excitation
with well-defined energy w and momentum k

A(k,w) = Z |<})1|1'Z|1)O>]2(‘5(w — FEn) + Z |<-1n|('k|c*o>|2(§(w — FEn).

m m

Free Fermi gas: Ak, w) = 6(w — ).



Microscopic theory

With weak interactions

A(k,w) = 1 p— P3G (Lorentzian)
| 7 (w —Er — ReX(k,w))? + @2
shift = dispersion width = decay rate

L.
B(k) = Ep + %(I; — k) + O(k?)

A B

background
(weight 1- Z))

1/7 = ImZ(k,0) (weight 1-Z,)
k

) quasiparticle peak k# k,; k=kF
x i . -

< (weight Z)) quasiparticle

.S pea!<

g acotierent o * incoherent
= background Z;~m/m*)

©

S

(]

Q

v




Fermi liquid parameters in 2D

=14+ —0y,
m In (kpasp)

Bloom, PRB 1975



Preparing interacting 2D systems

Feshbach resonances in 40K

200 e
' O
000 [1>&][2> [3> = Img=-5/2>
S ®
- 2> = |m.=-7/2>
3 O
S
1000 S |1> = |mg=-9/2>
eggl—— . E A
190 200
2> & |3>

az. =174a,



Radio-frequency spectroscopy

no interactions interactions

|-5/2>

[-7/2> = -2 - =
|-9/2> I -

10F 10f

A &
08} ~ 08f
Dot w ot
o 06 o 06
- L — L
@04t 5 0af
2 | :
& 02f & 02f
= =

00t g 00 g

-10 -5 0 5 10 -10 -5 0 5 10

Detuning [kHz] Detuning [kHz]

Does not tell us the dispersion!



Momentum-resolved RF spectroscopy ("arres”)

3>= |-5/2>

hoge

—Fm—---- >= |-
{.\ |2>= |-7/2>

U

= |1>= |-9/2>
\/ 202G FB res.

ARPES in 3D Experiment: Jin

hwge /DP

Energy E

@%‘

N 4

final state |3>
/ (weak interactions)
n’k’
—7 E (k) =5

2m

initial state, e.g. BCS-like

_________________________ dispersion
72k? 2
( 2m lu)z + A

/\El.(k) = i\/

momentum k

Theory: Georges, Strinati, Levin, Ohashi, Zwerger, Drummond, ...



Population of the spin states
-9/2> -7/2> -5/2>




Spectroscopy of a 2D Fermi liquid
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Fermi liquid: > 0
. . = }
Eq kgT < ho (two-dimensional) g -5
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B. Frohlich, M. Feld, E. Vogt, M. Koschorreck, M.K., C. Berthod, T. Giamarchi, arXiv:1206.5380 (2012)
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Comparison with theory
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Effective mass parameter

I 1.00

|
0.3 0.4 0.2
Interaction parameter g

| | | 1 |
0 0.1 0.2

1

B. Fréhlich, M. Feld, E. Vogt, M. Koschorreck, M.K., C. Berthod, T. Giamarchi, arXiv:1206.5380 (2012)



Pseudogap pairing

M. Feld, B. Frohlich, E. Vogt, M. Koschorreck, M.K., Nature 480, 75 (2011)



Pairing regime
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ARPES spectra at strong interactions

Single particle energy [kHz]

-30

-20

-10

“BCS” side
In(kpazp) >0, Eg <Ef

no isolated dimers, attractive interactions,

. pairs are huge compared to inter-particle
spacing
10

“Condensation energy” of Cooper pairs
(MF theory, T=0, Randeria 1989)
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E (k=0)=——=FE,
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Only the case in 2D
(in 3D: Ez=0 on the BCS side)
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BCS pairing in two dimensions at T=0

r . — 1/2
Number equation /dek <1 " Z)'Z _:lAQ]l/:z) =2Fp —> (/,2 — A2) / + 11 = 2FEF.

1/2
Gap equation (/1‘2 + Az) o= 1= Ej.

A= (2EpEy)Y? and = Ep — =

| 30

[ 25
g [
, 20/
&h N u\.?‘ 15}

= | <
[ 10/
2 '

05

s 00 -
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In(k.a,.)

F72D

Randeria et al. 1989



Mean-field theory at T>0

1 1 Ey.
i - - — tc l
Gap equation Vo Ek N anh T
. € — I E},
Number equation No = E (1 — Ek/ tanh?kgT) :
k ‘ -

Numerical solution
12 T

10

06 f

ATY/A,

Superfluid Pseudogap Normal
04 +

02 -

00 -
T, T

C

In 3D weak coupling BCS: T, = T* (pairs condense as they form)



Pairing pseudogap phenomenon

complex order parameter  A(7', x) = ‘A(T, x)e

1

—_ <|A|> =0

\O/ <A> =0

<] <A> =0

—~

— Superfluid Pseudogap Normal

< (condensed (phase-fluctuating

Cooper pairs) A__order parameter) A
SC —PG

0

T T* Temperature



Pairing pseudogap phenomenon

complex order parameter A(T, x) _ ‘ A(T, x) o)

spatial average <A> =0 but <|A|> >0



Spectra at k=0: Determining the pseudogap

Intensity [arb. units]
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M. Feld, B. Frohlich, E. Vogt, M. Koschorreck, M.K., Nature 480, 75 (2011)



Temperature dependence
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M. Feld, B. Frohlich, E. Vogt, M. Koschorreck, M.K., Nature 480, 75 (2011)



Pairing pseudogap

In(ke ap)
0
0.2
0.5
0.8

©C06 6

R ] ) ] A ] . 1 . 1
0.0 0.2 0.4 0.6 0.8 1.0

T/T*

In 3D:  Observation of Fermion condensates below T/T=0.15
[by projection onto molecules]

In 2D: No condensation observed.



Back-bending of dispersion relation

Intensity [arbitrary units]

Single particle energy [kHz]

0 5 10 15

Energy [kHz]

Wave number [um]

M. Feld, B. Frohlich, E. Vogt, M. Koschorreck, M.K., Nature 480, 75 (2011)



Back-bending of dispersion relation

E [E]
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BCS-like dispersion
atlow T



Fermi polarons

M. Koschorreck, D. Pertot, E. Vogt, M. Feld, B. Frohlich, M.K., Nature 485, 619 (2012)



Strongly imbalanced Fermi gases in 2D

The “N+1” problem: one | | > impurity in a large | T > Fermi sea

|
|P) = aocgilN) + o) Zachg—kﬁLTCqHN)’
k.q
Energy

* Mobile impurity

interacting with a Metastability?

. °.?
Fermi sea of atoms _ ot %
repulsive polaron **,

« Tunable interactions In(kFaZ>D)

 Polaron properties
determine phase
diagram of imbalanced
Fermi mixtures molecule £

It's disputed whether
there is a transition in 2D

3D Theory: Bruun, Bulgac, Chevy, Giorgini, Lobo, Prokofiev, Stringari, Svistunoy, ...
3D Expmt: Zwierlein, Salomon, Grimm 2D Theory: Bruun, Demler, Enss, Parish, Pethick, Recati, ...



Characterizing the attractive polaron

repulsive polaron In(keayp)
>

molecule

o

4 k[Mm-1] -“2 30r
c
= 20}
Qo
—
=10 Theory from: R. Schmid t'
free-particle dispersion subtracted 2 r)?lo!’:/ﬂrcarqédfé chmidt etal.
= . op /& E e o
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M. Koschorreck, D. Pertot, E. Vogt, M. Feld, B. Frohlich, M.K., Nature 485, 619 (2012)



Coherence of the polaron

Rabi oscillations between polaron and free particle

Incoherent transfer: rate ~ amplitude

M. Koschorreck, D. Pertot, E. Vogt, M. Feld, B. Frohlich, M.K., Nature 485, 619 (2012)



Repulsive polaron
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Similar experiments in 3D:
Ketterle & Grimm groups M. Koschorreck, D. Pertot, E. Vogt, M. Feld, B. Fréhlich, M.K., Nature 485, 619 (2012)
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