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Indistinguishable Particles

(Non-interacting)

Fermions (unsociable):

Half-Integer Spin

Pauli blocking - Form Fermi sea 4/’1/4,
No phase transition at low T s
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Degenerate gases

de Broglie wavelength ~ Interparticle spacing

-1/3
V\N n-3 ﬂde ~ N

Want lifetime > 1s —>N< 1015 Cm_3 Ultradilute

hZ
T. =~ N~ 1 uK Ultracold
Kem

Good news: Bosons condense at

To = 1T;



Bosons vs Fermions
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Bosons Fermions

e.g.: H, 2°Na, Li, e.g.: e, 3He, Li, 4K



How to measure temperature?




How to measure temperature?

Effusive atomic beam



Observation of the atom cloud

Exqpaoedied Lens

Atom cloud

CCD
Camera

l

Laser beam O

Shadow image
of the cloud

1 mm



BEC @ MIT, 1995 (Sodium)

T< <TC




Superfluidity in Bosonic Gases

BEC @ JILA, Juni ‘95
(Rubidium)
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Bosons vs Fermions

23Na

e.g.: tH, Na, °Li,

6Lj
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Fermions

e.g.: e, 3He, SLi, 4°K



Non-interacting Fermi gas

* Fermi-Dirac Statistics: AtT=0:
1
f(€) — eBle—m) 1 1 f(E) — Q(Ef - 6)
* Fermi gas in a box:
G 2|2

2m

/d . / d? k hzkfg
27 ) Y om

= Volume of sphere in k-space with radius £

FEOEC000

(27)

| h2 k2,
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Non-interacting Fermi gas

 Fermi-Dirac Statistics: AtT =0:

£ = = F(e) = 0(Ep — o)

* Fermi gas in a trap:
ep(r)=FEp —V(r)

r) G?rf}f(” 672 R (2m{Ep = V(r))

]

(Local density approximation)



Freezing out of collisions

Pair correlations in a Fermi gas:
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Fermions — The Building Blocks of Matter

Neutron Star

g =

S Proton
Nucleus @i

Neutron

=—Electron
y

Lithium-6

CONFINED
NEUTRONS *° \ QUARKS

Harvard-Smithsonian Center for Astrophysics



Scattering Theory

Incoming plane wave
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Radially outgoing wave
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Interatomic interactions

EnAergy

Interatomic Distance

C
—r—66 van der Waals potential

mC 1/4
RvdW z( 6)

hz
* For Alkali atoms: R4y ~ 90-200 &,
 Ultracold collisions: Ay =lum >>R

—> atoms do not probe the details of the potential



Interatomic interactions

ry(r) ~ sm(kr + 0)

4
v

kdB
| . tand(k)
Scattering length:a = — lim
k<1/R k
* For Alkali atoms: R4y ~ 90-200 &,
» Ultracold collisions: Ay =lum >>R

- atoms do not probe the detalls of the potential



Scattering Resonances

v(r) B u(r) r;Rsin(k(lr —ay))

|

(s-wave) scattering length

>
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Tunable Interactions

Vary interaction strength between spin up and spin down
Example: tunable square well (withk_R <<1):

A == A
/R N B
> - >

\\r r V r
\

strong attraction Resonance weak attraction
deep bound state bound state appears no bound state

scattering length
a>0 a — Foo a<0

Important for Many-Body | Interparticle distance 1

Physics: Scattering length  k.a




Feshbach resonances: Tuning the interactions

Energy Energy

\\ Bound State ¢T

, >
Interatomic distance B, Magnetic Field




Large Hadron Collider (LHC)
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Little Fermi Collider (LFC)

A | Fermi gas collides with a T cloud
with resonant interactions

al> - - <Pl

Collision at 100 peV

23 orders of magnitude smaller than LHC

N

Harmonic
Trap

A.T. Sommer, M.J.H. Ku, G. Roati, M.W. Zwierlein, Nature 472, 201 (2011)
First study of spin currents in degenerate Fermi gases: Jin, DeMarco, 2001



Little Fermi Collider

Preparation: Mix, cool, kick, and rush to resonance

Rapid (10 us) probing of spin up and down

Total OD

AR
Difference I

Earlier spin excitation experiments: DeMarco and Jin, PRL 88, 040405 (2002)



Little Fermi Collider (LFC)

Without Interactions

AT. Sommer, M.J.H. Ku, G. Roati, M.W. Zwierlein, Nature 472, 201 (2011)



Evolution without interactions
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Little Fermi Collider (LFC)

With resonant interactions

AT. Sommer, M.J.H. Ku, G. Roati, M.W. Zwierlein, Nature 472, 201 (2011)



1.3 mm

1.3 mm

First collision

Initial 20 ms

Time (1ms per frame)
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Universal Spin Transport

Relaxation of spin current only due toJ 4 collisions

. . 1
Resonant scattering cross section: o ~ k—2

1 1

F
Mean free path: | =— ~ —= interparticle spacing
no Kk

“A perfect liquid”

Spin drag coefficient T, ~nov~ Eké ~E. /h

(c Collision rate) m

2 h
Diffusion constant: D ~ (meanfree path)” %
collision time m

h (100 1m)?

m 1s



Spin Diffusion vs Temperature

Spin current = -D - Spin density gradient

Universal high-T behavior:

100 =
j Quantum Limit of 6.3(3)E
< J Spin Diffusion m
a \_
£ 21
10 =
5.8E -_ﬁi-j___w_; o0 ¥ _/ __
m 2 +
} 2 3 4 567809 2 3 4 567809
1 10
T/Te

A.T. Sommer, M.J.H. Ku, G. Roati, M.W. Zwierlein, Nature 472, 201 (2011)



Can Fermi Gases become
superfluid?



Superconductivity

Electrons are Fermions

Discovery of superconductivity 1911

0.002 /.”
0cO15 ':r
Heike N | |
Kamerlingh-Onnes P%oe @ T4 @m0 45 4%

1911 Fig. 17.



Fermionic Superfluidity
Condensation of Fermion Pairs

- Helium-3 (Lee, Osheroff, Richardson 1971)
- Superconductors: Charged superfluids of electron pairs
Frictionless flow < Resistance-less current

John Bardeen Leon N. Cooper John R. Schrieffer

« Neutron stars
In the core: Quark superfluid



BCS Wavefunction

« Many-body wavefunction for a condensate of Fermion Pairs:

U(ry,....rv) = @(r o[ )X12 - - - @(*N—1 —TN|])XN-1.N
Spatial pair wavefunction Spin wavefunction

Xij = 5110 =11 11))

« Second quantization:
W) = /Hd ri(rr —r2) Ul (r) Ul (ra) ... p(rn—1 —rn) Ul (ry—1)T] (rn) [0)

zkt‘

« Fourier transform: Pair wavefunction: ©(r) =), \1—/]{:
Operators:
p lllj;(r) Zh Cko'

rkr‘

» Pair creation operator: b' = Z gokc};Tc‘L_m
+ Many-body wavefunction: |V), = 0"~ |0)
a fermion pair condensate



V) v is not a Bose condensate

W)y = b7 |0)

« Commutation relations for pair creation/annihilation operators
[Z)T, b“‘} = Z D1 Pkt {(_.’}ﬂ. CJ—#:.L’ (_?L,.]. (_."k,l} = 0 v
b = =0 v

b, bw == Z ol (1 —npy —np)) A1 K
k \/,

Occupation of momentum k&
» pairs do not obey Bose commutation relations, unless 70 << 1

b, b7 Z orl? =1 BEC limit of
tightly bound molecules



BCS Wavefunction

e Introduce coherent state / switch to grand-canonical description:
rJ/4
Ny, 1

N|U) = EE: (:]/ \q;>J - 2{: \jw*\”uy) i ‘_>

l—* el

N e -
p PrCLCLy ) \(_)> CL and CL commute

T

Np @k (,q[ ) 10) because ¢}” = 0

H
e

» Normalization: A = Hh = =11, \/1 + N, |02

- BCS wavefunction: {‘1’B<fs> = H(U-zf + "i'.-’fi-f(ifi,[. ct ki) U)}
k

with vr = /Np @rur  and |ugpl? + |ve]? =




Bosons vs Fermions

\ BEC /

\
\

\ / weak mteractlons

\ /
@\ Fermion pairs

Bosons strong interactions Farmions | 1)
tantybound Farmions  |)

e.g.: eig: . PHRMat @ LI + SLi e.g.: e, 3He, 6Li, 40K

T.~T,




Interatomic interactions

Arh?na

* Mean-field interaction energy: F, . —
m
. . Eve
« Weak or strong interaction? o kra
o

kp = (6m2n)Y3 ~ 1/2000a0
a ~ o0 — 100ag
k Fra E 5%'
« Typically weak interaction

* Superconductors: Electron-Phonon interaction
also weak: fwp 100K =
U

— )

Erp 10000 K

How can we have atom pairs with arbitrarily weak interaction?



Critical Temperature for Fermionic Superfluidity

1, é To/Te )

TC TC ~ TF Conventional SC:  10~...104
Bl Superfluid 3He: 103

0> High-T. SC: 102

\ngh-TC Superfluid: 0.2 )

0 — - ®

Interaction Parameter 1/k-a BCS

Scaled to the density of electrons in solids:
Superconductivity far above room temperature!



Experimental realization
of the
BEC-BCS Crossover



The cooling methods

» Laser cooling
* Evaporative cooling



Techniques: Laser cooling

N /
= =

Hot atomic beam Laser cooled cloud
700 K 100 uK — 1 mK

/. N\

Chu, Cohen-Tannoudiji, Phillips, Pritchard, Ashkin, Lethokov, Hansch,
Schawlow. Wineland ...

.
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Techniques

Magnetic Trapping




Source of ultracold fermions

Cool fermionic lithium-6
using sodium as a refrigerator

107 atoms in BEC (w/o Li) 5 x 107 Li atoms at TE' < 0.3
F

-

Bosons Fermions

Z. Hadzibabic et.al., PRL 91, 160401 (2003)



Preparation of an interacting Fermi system in Lithium-6

Electronic spin: S = %2, Nuclear Spin: 1 =1
-2 (21+1)(2S+1) = 6 hyperfine states

Optical trapping @ 1064 nm

400

200 -

Energy [MHZz]

/

-200 -

-400 |2>
| ImS=—1/2 . |1 >
0 100 200 300
Ma gnetic Field [G] Vaxial = 10-20 Hz
/ . . \ VradiaI: 50_200 HZ
At high fields, states |1> and |2> have Eyap = 0.5-5pK
large and negative scattering length .
— — High T, !
a4, =-21004, ] |High T










Feshbach resonances: Tuning the interactions

To~Tp |
Tune!

Disclaimer: That's a cartoon picture



BEC of Fermion Pairs

(Molecules)
' -
'>T. I'<T. T <<T,

These days: Up to 10 million
condensed molecules

Boulder Nov ‘03
Innsbruck Nov ‘03, Jan '04

Molecule Number Per Unit Length [ 1/mm ]

MIT Nov '03
Paris March '04
Rice, Duke F TN -
1x10 N 8.9 mW
M.W. Zwierlein, C. A. Stan, C. H. Schunck, o- | |
S.M.F. Raupach, S. Gupta, Z. Hadzibabic, 0.0 0.5 1.0

W. Ketterle, Phys. Rev. Lett. 91, 250401 (2003) Position [ mm ]



Observation of Pair Condensates

Radial density [a.u.]

BEC-Side Resonance BCS-Side

(above dissociation
limit for molecules)

o g™
-300 -200 -100 0O 100 200 300 -300 -200 -100 O 100 200 300 -300 -200 -100 O 100 200 300
Position [um] Position [um] Position [um]

Thermal + condensed pairs

First observation: C.A. Regal et al., Phys. Rev. Lett. 92, 040403 (2004)

M.W. Zwierlein, C.A. Stan, C.H. Schunck, S.M.F. Raupach, A.J. Kerman,
W. Ketterle, Phys. Rev. Lett. 92, 120403 (2004).



Condensate Fraction vs Magnetic Field

0.8- .IE
E ®
o ' e
1 @
R R
S E ®
LL : & o
2 0.4 o E
L : o
: s
8 ] i
‘
. — BEG ' BCS
700 800 900 1000

| | > Magnetic Field [G]
al>1
F

M.W. Zwierlein, C.A. Stan, C.H. Schunck, S.M.F. Raupach, A.J. Kerman,
W. Ketterle, Phys. Rev. Lett. 92, 120403 (2004).



How can we show that these
gases are superfluid?



Q uantun,
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Rotating superfluid




Look from top into the bucket




Look from top into the bucket

Abrikosov lattice (honeycomb lattice)



\Vortex Arrays
INn Bosonic Gases / Fluids

Berkeley
(R.E. Packard, 1979)
(J. Dalibard, 2000)
“ Rubidium BEC
Also: Phase engineering
of single vortices in BEC:
JILA (1999)




THE DIRECT OBSERVATION OF INDIVIDUAL FLUX LINES
IN TYPE II SUPERCONDUCTORS

U. ESSMANN and H. TRAUBLE

Institul fiiy Physik am Max-Planck-Institul fiiv Melallforschung, Stullgarl and
Institut fir theovelische und angewandte Physik der Technischen Hochschule Stullgayt

Received 4 April 1967

Neutral superfluids under rotation
F =2mvxw
Coriolis force In rotating frame
N
Superconductors in magnetic field
F=quxB
Lorentz Force

- - o { v, . ‘e’ !
. ; ‘ s . - e Rk
TS 300y Ly TG
& e "y "._" - 5 "'“‘~ 3\ % y

- ¥ ,:_.4 . *5 .,'..).‘._*); R

e
U. Essmann and H. Trauble, Fig. 1. *Perfeet™ triangular lattice of flux lines on the

surface of a lead-4atfindium rod at 1.1°K. The black

PhyS|CS Lette IS A, 24, 526 (1967) dots consist of small cobalt particies which have been

stripped from the surface with a carbon replica.



Spinning a strongly interacting Fermi gas

The rotating bucket experiment
with a strongly interacting
Fermi gas, a million times

thinner than air




Vortex lattices in the BEC-BCS crossover

(Establishes superfluidity and phase coherencej

In gases of fermionic atom pairs

1.6 0 0/
<« 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)




Gallery of

Atomic Bose-Einstein
condensate (sodium)

Molecular Bose-Einstein
condensate (lithium °Li,)

Pairs of fermionic
atoms (lithium-6)




Thermodynamics




%, Bf
>
Classical gas Equation of State (EoS):
P=nk,T
A
Q\
o

Jason asks:
What is the EoS of a strongly interacting Fermi gas?

P(n,T)

Lots of expts.: Thomas, Jin, Salomon, Grimm, Ketterle, Hulet, Mukaiyama, Vale, ...
Influential proposal: Tin-Lun Ho, Qi Zhou, Nature Physics 6, 131 (2010)

G
o



Thermodynamics

Equilibrium Thermodynamics
as baseline for non-equilibrium studies

- Establish Equation of State

Classical gas P =nk,T
Generally need P(n,T)
Or fixing chemical potential P, T)

oP
Or replacing N =— N(e,T)
a'u T,a,...




Thermodynamics of the Unitary Fermi Gas

Spin %2 - Fermi gas at a Feshbach resonance

® Normal state:
® Isita Fermiliquid?
® Are there preformed pairs
(pseudogap regime)?

® Superfluid properties:

® Transition temperature
® Ciritical Entropy
® Energy of the superfluid

A Classical gas

High-T @ 5?

\
Fermi Liquid

9 L
v e

v

Preformed pairs?
Yol

| g
AN

Superfluid
PLL

LowT&&(



Relation to equation of state of a neutron star

Neutron Star

Mass ~ 1.5 times the Sun
~12 miles in diameter

Solid crust
~1 mile thick

Heavy liquid interior
Mostly neutrons,
with other particles

____ Property | Atoms | Neutons __

Spin Pseudospin % Spin %
Interparticle distance n'1/3 1 um 1fm
Density 1013 cm3 103 cm™
Fermi Energy 1ukK=1010eV 1012 K = 150 MeV
Scattering length a freely tunable -19 fm

Both systems lie in universal regime: a>=> n°

small print: neglecting effective range



Measuring the Equation of State

When climbing a mountain, the air gets thinner...
Equation of state = density as a function of height
The inverse works as well!

Density as a function of height - equation of state

Atoms in our trapping potential = air particles in gravitational potential

Hill = Trap edge
70 Meters — 70 Nanokelvin
60 B Normal — 60
50 — — 50
40 — — 40
30 — Superfluid — 30
20 — — 20
10 — — 10
0 Meters 0 Nanokelvin

Valley = Trap center



Equation of State

Equation of state from density distribution in a trap

Potential

Density

\\

/1N

Hy

Local chemical potential

| u(F) =11,V (F)

" Position

Local density
n(V)=n(u, —V,T)

Density profile provides a scan

, .| through the equation of state
Position




Equation of State: Measuring density

Exploiting cylindrical symmetry and careful characterization of trapping potential:

* Experimental n(V)
1 from single profile

N
ol
|

2.0

1.54 \

1.0
0.5+ \
O'0_| ' | ' | ' | '

0.0 0.4 0.8 1.2
V [pK]

Density [1011/cm3]




Equation of State: Measuring pressure

Pressure = weight / unit area of air above you
For atom trappers: replace mg h 2V

Pressure = integrated density over potential
Local pressure

P:TdV'n(\/')

[ 4
)

]

3

°
— L)
)

11

Density [10° /cm

%
v Integral

b

04 08 1.2
V [pK]

o o B = NN
© U1 O U1 O U
| | | | |

O _
o




How to get T?

...Not impossible, but it's very difficult, so...



Don’t! Instead:

o0 %

]

3

e . s 277 %
Local compressibility £ 2095 glope
1 dn = 7y
K=— > g 101 |
n- dv 2 05+ \
0.0- , , : ,

I
0.4 0.8 1.2
V [uK]

O _
o

Compressibility Equation of State
x(n, P)

All other thermodynamic quantities follow!

Mark J. H. Ku, Ariel T. Sommer, Lawrence W. Cheuk, Martin W. Zwierlein
Science 335, 563-567 (2012)




No-fit Equation of State

Normalize compressibility & pressure via known density:

E:ﬁzdgF: de. |5:E
K, du dVv P,

3 1 2
Ky, =— P, =—nee

2 Nep 5

For a scale-invariant system K=K ( 5)




Compressibility Equation of State

Mark J. H. Ku, Ariel T. Sommer, Lawrence W. Cheuk, Martin W. Zwierlein
Science 335, 563-567 (2012)



Compressibility Equation of State

11

Universality at T=0: T.-L. Ho, PRL 92, 090402 (2004)

P
Po_é

Mark J. H. Ku, Ariel T. Sommer, Lawrence W. Cheuk, Martin W. Zwierlein
Science 335, 563-567 (2012)



Compressibility Equation of State

\ O Non-Interacting Fermi Gas

Mark J. H. Ku, Ariel T. Sommer, Lawrence W. Cheuk, Martin W. Zwierlein
Science 335, 563-567 (2012)



Compressibility Equation of State

e Strongly Interacting Fermi Gas

t

t

t . .

' O Non-Interacting Fermi Gas
4

Mark J. H. Ku, Ariel T. Sommer, Lawrence W. Cheuk, Martin W. Zwierlein
Science 335, 563-567 (2012)



Compressibility Equation of State

¢
i

4 . .
‘\ + e Strongly Interacting Fermi Gas
4

\ O Non-Interacting Fermi Gas

\ ¢

\\“ﬁw — Virial Expansion

Mark J. H. Ku, Ariel T. Sommer, Lawrence W. Cheuk, Martin W. Zwierlein
Science 335, 563-567 (2012)



Compressibility Equation of State

¢
|

t : :
B, e Strongly Interacting Fermi Gas
\$ ¢
= I O Non-Interacting Fermi Gas
Ny

\\“ﬁw — Virial Expansion

Mark J. H. Ku, Ariel T. Sommer, Lawrence W. Cheuk, Martin W. Zwierlein
Science 335, 563-567 (2012)



Compressibility Equation of State

x(n, P) - k(Nn, T)

Getting the temperature scale:

d(P/P,) _5TF(P K‘Oj

dT/T:), 2T(P «
T T DN |
—=—exp<—|d :
T 5! pﬁ_l
_ E/

Mark J. H. Ku, Ariel T. Sommer, Lawrence W. Cheuk, Martin W. Zwierlein
Science 335, 563-567 (2012)



Compressibility Equation of State

Compressibility

3 Sudden rise and fall




Heat capacity

= C, d(E/Nk;)  d(PME.) 3T, ( P x,
Nk dT |y, d(T/T.) 2T(P «x,
X 1.5; © ¢ o
Z ()
Q> Unitary Fermi Gas
& 1.0
T
O
s N
3;)_ 05 Direct observation of the
? superfluid transition
! g at T./T =0.167(13) Y
0.0+, . . .
0.0 0.5 1.0 1.5
T/Tg

Scaled to the density of electrons in a solid, superfluidity
would occur far above room temperature




Compressibility, Heat Capacity, Condensates

S N Compressibility

Heat Capacity

?*1'#
~

0 : : e
C o5 . D Direct observation of the 2
, 04 N o superfluid transition
2 02 1} at To/T- = 0.167(13)
ool e e
0.2 0.4 0.6 0.8 1.0 1.2



- Equation of state of a resonant Fermi gas

61 ® MIT experiment

------ Classical Gas
—— Virial expansion

P =nk_T.

ok

o

Ny

Pressure / Fermi Pressure
W

/,«""
0.0 0.5 1.0 15 2.0 25
Temperature / Fermi Temperature

—




- Equation of state of a resonant Fermi gas

® MIT experiment
124 ... Classical Gas
o — G
7 1.0
(7]
®
— o
O 0.8, '
qg) Low T: ~'
L 0.6
5 P=ER A
(:,; 04' an® ',"
(7)) R
®
| - P
o 0.2
0.0

00 01 02 03 04 05
Temperature / Fermi Temperature

New value for &; f — 0376(5) [8]




Compressibility Equation of State

Going back to Density Equation of State
de. T2 d(T/T;)

K =

du  T? d(Bu)

T/Te 2
" T2 1
pu=pu— | dT/Te)E=

T /T,

with B, and T, known at high temperatures



- Equation of state of a resonant Fermi gas

1.2 2 glgsgi)'g?l A 0.71 o
—¢ ] Energy .”

1.0

0.8 !

: L
0.6 T 0. 6 'r
L ,.'l.
f ‘.

Pressure / Fermi Pressure

‘ H : gy
0.2; ‘ ™ 05- y :
0.0 | S ; L
0.0 0.1 0.2 LL] I I s .

- Temperature / Fe m L"n:_' Sl '+ 3 Chemical
- ! R '
= 0.41 3 *_.____.Potentlal

I—IJ = .h — = . -
— Q= g u,
-0 1 .,
] “"ﬁ
' Free . o

0'3'; Energy \+-, R

0.2
00 01 02 03 04

T/T,




- Equation of state of a resonant Fermi gas

p2| % MIT experiment A 0y
% T 25.
& : 1
e | S=Z(E+PV—uN)
< og) 2.0’ T
% 04l :
g 0.2 15
0.0 AED j
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Equation of state of a resonant Fermi gas

A45  Density B 35 Pressure -
4.0 ” - %
3 51
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Mark Ku, Ariel Sommer, Lawrence Cheuk, MWZ, Science 335, 563-567 (2012)
K. Van Houcke, F. Werner, E. Kozik, N. Prokofev, B. Svistunoy,
M. Ku, A. Sommer, L. Cheuk, A. Schirotzek, MWZ, Nature Physics 8, 366 (2012)



Binding Energy of Pairs



A Gedanken experiment

w

What Is the energy cost of removing one fermion
from the superfluid?



Radiofrequency spectroscopy
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Radiofrequency spectroscopy

No interactions

3)
L)

uy

% ho,
@

Molecular Pairing

3)

ha, +E,
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ke,

Photon energy = Zeeman + Binding + Kinetic energy

ho=ha, +E; +2¢




Radiofrequency spectroscopy

Molecular Pairing

Loss in [2>
0.2¢ ha, + E;
' : H/> """" . """"
0.0—%--", —
0150 300" | |y ( )
C.Chin et al. Science, 305, \./
1128 (2004)

Photon energy = Zeeman + Binding + Kinetic energy

ho=ha, +E; +2¢



Radiofrequency spectroscopy

BCS pairing is a many-body affair. Does the picture still hold?

‘3> Energy gain due to pairing (BCS):
ha)0+EB ( )_ SF( )_ Normal( )__g E—F
D . _
I Binding energy per particle:
SE(N+2)-SE(N)  A?
H\> E, = ( ; (N) o 4
=

Photon energy = Zeeman + Quasiparticle + Kinetic energy
ho=hw,+E, —u+eg
A2

Onset at oo = ha)o S|
2F.



Radiofrequency spectroscopy

Spectral intensity (a.u.)

BCS pairing is a many-body affair. Does the picture still hold?

Energy gain due to pairing (BCS):

3. . A°
§E(N) - ESF (N) i ENormal (N) =——Ni=
g El

1.0

SIS —
Binding energy per particle:

2
00 | | | EB:5E(N —I—2)—5E(N):_ A
0 . 2 3 2 2E.

rf energy / Fermi energy

Photon energy = Zeeman + Quasiparticle + Kinetic energy
ho=hw,+E, —u+eg
A2

Onset at oo = ha)o (B
2F.



Radiofrequency spectroscopy

Fermi’s Golden Rule:

2T . 2 .
F(f.,;;) — f Z ‘<f ‘I ‘11]3(]5_;> 0 (7_11:.@‘ — Ef_)
f
Interaction: V=V Z (‘1};,3 Ckt1 + r_;l Cl3
Ilft.

Insert quasiparticle operators: ¢, = wupye + -a:;\.f,-lm
Act on BCS-state: ¢, crt |[Upes) = vk t‘f};,;gfr-'ik,_L Wpcs)

And thus: V| Upcs) = Vi E Ukl py [WBOS)
I‘t’



Radiofrequency spectroscopy

Fermi’s Golden Rule:

Hw) = 27: ; (r|v

Possible final states:

H{i(ﬁw — FEy)

‘DB(::3>

S |

RF Photon provides: 7Q(k) = hwys + Ei + e —

Invert: 7Q(k) = hws + Er + e —p toget e interms of w

Then: O hw — RQ(k)) = L 9% §(e), — e(w))
) dQ? _ &k 1 — 9,,2
But: den Ej; + 1= 2“15

9

. w 72 E‘t AT 2 2
M) = TV ole) 5| = 7NV plen) el |,
h Ui | ep—e(w) e




Radiofrequency spectroscopy

nQ=hw,+E —(u—¢g)

AZ
—— 1 10f quasiparticle
2E, dispersion
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. free
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Radiofrequency spectroscopy

-
F(w) =7 L’TE )(H ) ‘ o) ‘}
p Yo f ¥ e =¢(w)
\_
if in the BCS-limit
2 F
N, = \/ ? + A2 — g — 0.31EF Ol resonance
|Eg| = -2, in the BEC-limit
Explicitely:

_|_
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Connection to tunneling experiments
Final state (metal):

+ ,T\
+
3
—3— =,
+
—&— v
Superconductor T Normal metal
Insulator
Ek
Transfer _ ,
at Fermi
surface k=Kkg A
0 1 2 9
K/ ke @
Onset at: eV == A Source: Tinkham,

Introduction to Superconductivity



Connection to tunneling experiments

Final state empty:
RF Photon ’ ‘
[ RF spectroscopy directly ht

measures the binding energy .

\of fermion pairs (not the gap) y
/ E 1.0 —
05 /| z
A £
= 0.5 —
0.0 E
3 | | \ 0.0 = T I |
0.0 0.5 1.0 0 1 2 3

rf energy / Fermi energy

AZ
BCS limit, onset at: ~ ho—ha, =—2
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Rf Spectra in the BEC-BCS Crossover

BEC Unitarity BCS

(I) | —1150 0 ' -1ISO
* Determine binding energy spectroscopically
* Infer size of the pairs at unitarity:

about half the interparticle spacing

Christian H. Schunck, Yong-il Shin, Andre Schirotzek,
Wolfgang Ketterle, Nature 454, 739 (2008)



Fermions entering Flatland

High-T, Superconductor Stacks of 2D coupled
with stacks of CuO planes fermionic superfluids

* 2D Fermi Gases: A paradigm of condensed matter physics
* Access physics of layered superconductors

* Evolution of Fermion Pairing from 3D to 2D

 Study superfluidity in lower dimensions

Expts on 2D Bose gases: Ketterle, Dalibard, Cornell, Phillipps, Chin
Expts on 2D Fermi gases: Turlapov, Koehl, Thomas, Vale



Making quasi-2D Fermi gases

* Confine atoms tightly in one direction

until only the ground state is occupied
e Qur setup: 1D lattice (retro-reflected laser beam)
e 2D-ness tuned by lattice depth

C."

e Deep lattice: F_ 0.1, aspect ratio of ~1:1000

/o9

I /vwv

~ l,—-'m..w



Pairing in 1D, 2D, 3D

*In1D
Two particles bind for the slightest attraction
*|n 2D
Two particles bind for the slightest attraction
... but binding is exponentially weak
*|n 3D

Pairing requires strong attraction, or many-body physics:
The presence of a Fermi sea (Cooper pairing)



Binding Energy from 3D to 2D (1D lattice)
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Binding Energy from 3D to 2D (1D lattice)




Binding Energy from 3D to 2D (1D lattice)




Binding Energy from 3D to 2D (1D lattice)




Evolution of Fermion Pairing from 3D to 2D

3D . Lattice Depth
] V=2 E;

\ Vo =5 Eg
S ﬁ\\\—‘
S \
S, V, =6 E,
ks ' \
& \
< | V, =10 E,
= |
g AJ‘“\Q‘\‘\*
b I V,=12 E,
| - .
-d V. =19 E
0 R
ZD Eb
| | | | 1 V0=20ER
O 50 100 150 200

RF Offset [kHZz]

A. T. Sommer, L. W. Cheuk, M. J.-H. Ku, W. S. Bakr, M. W. Zwierlein
PRL 108, 045302 (2012) |83 Selected for Viewpoint in Physics, Jan ‘12



'Evolution of Fermion Pairing from 3D to 2D

a) Resonance b) 3D BCS
3D d/a=0 2 E, d/a=-1.2 3E,
SER ’f\\.ﬂ 4ER
6E,
3 5E,
S,
e 10 ER I.
D . oF
2 6,
g 12, :
- — -
O -
e} ] 3 10E
< . 19E, gt f
2D - . 20E, m

I I I I 1 I I I I I 1
0 50 100 150 200 0 20 40 60 80 100
RF Offset [kHZz]



RF spectrum of fermion pairs

-~ m’ o

2
| (@) ~ W (K o)
Density of States: 3D ~ /&
2D  Const.
\/ W — Wy, Interactions in final state:
3D: | (C()) ~ - Langmack, Barth, Zwerger, Braaten
) Phys. Rev. Lett. 108, 060402 (2012)
(- w In*(E' /E
2D- I(C())"‘ ( th) ( b b)

o>  In’((w-E,\)/E)+7°



Logarithmic Corrections in 2D Spectra

2D nature of interactions strongly influence “naive” spectra

0.16; ® MIT Rf spectrum at 690 G, 18 Eg

2
—— Fit 6(o—wy,)/®
0.121 —— Fit including log-corrections

Transferred fraction [a.u.]

0.08
0.041
0.004,
0 50 100 150 200 250 300
RF offset [kHZ]

O(w—w,) In*(E, /E,)

| m
Pair (a)) a)2 In2((a)_ Eb)/ Ebf ) _|_7Z_2



~ Logarithmic Corrections in 2D Spectra

2D nature of interactions strongly influence “naive” spectra

0.14 ® MIT Rf spectrum at 690 G, 18 E

2
0.12- —— Fit 6(o—wy,)/@ with gauss. convolution

— Fit including log-corrections
with gaussian convolution

0.10-
0.08-
0.06-
0.04-
0.02;
0.00-

Transferred fraction [a.u.]

0 50 100 150 200 250 300
B RF offset [kHZ]

2 f
O(w—w,) In*(E, /E,)

| m
Pair (a)) a)2 In2((a)_ Eb)/ Ebf ) _|_7Z_2




'Evolution of Fermion Pairing from 3D to 2D

On Resonance
(in harmonic trap): EB,th i 0.24472602

'f* Resonance

—— d/a=0

3D BCS
d/a=-1.2

3D BCS
d/a=-2.7

3D 4 5 0 )p

Vo/Er

A. T. Sommer, L. W. Cheuk, M. J.-H. Ku, W. S. Bakr, M. W. Zwierlein
PRL 108, 045302 (2012) |23 Selected for Viewpoint in Physics, Jan ‘12



Deep 2D regime
Comparison with mean-field BEC-BCS in 2D

Prediction: Randeria et al. (1989)
0.5 - Many-body bound state energy
= 2-body bound state energy
0.4
3 0.3-
A
~
0
L 0.2
I
I
0.1+ I
I
00 | | i | | |
-04 -0.2 0.0 0.2 0.4
3D BCS l./a 3D BEC

A. T. Sommer, L. W. Cheuk, M. J.-H. Ku, W. S. Bakr, M. W. Zwierlein
PRL 108, 045302 (2012) |24 Selected for Viewpoint in Physics, Jan “12



Deep 2D regime
Comparison with mean-field BEC-BCS in 2D

Prediction: Randeria et al. (1989)
Many-body bound state energy
= 2-body bound state energy

2 1.0 _m—bﬂm ‘ o —
P
Ll
5 0.54
LLl
0.0 2D BETC StrTonq CoupIian T2D BCS ]
-1.0 -0.5 0.0 0.5 1.0
In(k-a,p)

Only small deviation observed between many-body
and 2-body bound-state energy
Same conclusion in M. Koehl group: Feld et al., Nature 480, 75 (2011)

A.T. Sommer, L. W. Cheuk, M. J.-H. Ku, W. S. Bakr, M. W. Zwierlein
PRL 108, 045302 (2012) |B2 Selected for Viewpoint in Physics, Jan ‘12



Spin-Orbit Coupled Fermi Gases



Spin-Orbit Coupling

Motivation:
* Possible Ingredient for Topological - L
Phases of Matter 502
* Induces p- (and higher-order) partial 04
wave interactions + p-wave pairing 02( ?AF{) i1

* Topological Superconductors:
— Majorana Edge States

Measure (|012034>+112134>)/V2

Topological protection > .\2 s
- Quantum computation with Majorana Br;; \
fermions (Kitaev) LR
\J VY
Create |012034>

M.Z. Hasan and C.L. Kan
RMP 82, 3045 (2010)



Spin-Orbit Coupling

Raman transition:
Couple different spin (hyperfine) states
Doppler effect causes momentum-dependent coupling

Laser1 Fermion Laser?2

=) o> 4

v, —VIA v, +VIA

Laser 2

Laser 1

N,, D+Aq ) Pioneering work with bosons:

lan Spielman, NIST
H‘, P) Recent work with fermions:
Zhang et al., Shanxi



The spin-orbit Hamiltonian

« The SO Hamiltonian

P’k gup
2m h

B®) — a(ky, —k.,0) B — B(ky. ks, 0)
e 1D SO Hamiltonian

H = S . (BY) + BW + B)

el 0 he)
H = + 2ako, + =0, + e
2m 2 2

O—ilf

Laserl Fermion Laser2

- m) o> ¢
4, P +70) v

* v, —VIA v, +VIA
7. P)



The spin-orbit gap

H
E/Ex
1.0}
0.8|
0.6}
0.43-
02|
0.0l

-0.2

R k? ) hQlp
2 J/{: z — U~ :
5 + 20k0, + 5o + 5

O—ilf

o

15

10 05 00 05

Laser 2



- Coupling Spin and Momentum via Raman

R

TP |4 p+7k)

Vary detuning
Short pulse

-l -y
~

—_ - e IS

ee also: Zhang et al.
~arxXiv:1204.1887




Coupling Spin and Momentum via Raman
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Rabi Oscillations of Spin-Momentum Coupled States
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Rabi Oscillations of Spin-Momentum Coupled States
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Rabi Oscillations of Spin-Momentum Coupled States
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Rabi Oscillations of Spin-Momentum Coupled States
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Rabi Oscillations of Spin-Momentum Coupled States
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Raman Dressing

* When SO coupling is ramped slowly:
— Spin composition follows effective magnetic field
— Process is reversible
— By changing detuning, dress either into upper band or lower band

0.0 -

t (ms)

o = & = 10
-1.0 00 1.0 20
q/Q



Raman Dressing

* When SO coupling is ramped slowly:
— Spin composition follows effective magnetic field
— Process is reversible
— By changing detuning, dress either into upper band or lower band
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Raman Dressing

* When SO coupling is ramped slowly:
— Spin composition follows effective magnetic field
— Process is reversible
— By changing detuning, dress either into upper band or lower band
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Raman Dressing

* When SO coupling is ramped slowly:
— Spin composition follows effective magnetic field
— Process is reversible
— By changing detuning, dress either into upper band or lower band
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Raman Dressing

* When SO coupling is ramped slowly:
— Spin composition follows effective magnetic field
— Process is reversible
— By changing detuning, dress either into upper band or lower band
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Raman Dressing

* When SO coupling is ramped slowly:
— Spin composition follows effective magnetic field
— Process is reversible
— By changing detuning, dress either into upper band or lower band
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Raman Dressing

* When SO coupling is ramped slowly:
— Spin composition follows effective magnetic field
— Process is reversible
— By changing detuning, dress either into upper band or lower band
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Raman Dressing

* When SO coupling is ramped slowly:
— Spin composition follows effective magnetic field
— Process is reversible
— By changing detuning, dress either into upper band or lower band

0.0 \7
N N\
)]

E

\V/

-1.0 0.0 1.0 2.0
q/Q



Raman Dressing

* When SO coupling is ramped slowly:
— Spin composition follows effective magnetic field
— Process is reversible
— By changing detuning, dress either into upper band or lower band
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Raman Dressing

* When SO coupling is ramped slowly:
— Spin composition follows effective magnetic field
— Process is reversible
— By changing detuning, dress either into upper band or lower band
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Raman Dressing

* When SO coupling is ramped slowly:
— Spin composition follows effective magnetic field
— Process is reversible
— By changing detuning, dress either into upper band or lower band
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Raman Dressing

* When SO coupling is ramped slowly:
— Spin composition follows effective magnetic field
— Process is reversible
— By changing detuning, dress either into upper band or lower band
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Raman Dressing

* When SO coupling is ramped slowly:
— Spin composition follows effective magnetic field
— Process is reversible
— By changing detuning, dress either into upper band or lower band
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Spin-injection spectroscopy

How to characterize Hamiltonian?
— Can topology be measured?
Condensed matter: transport, (spin-)ARPES, STM ...

Cold atom analog: momentum resolved RF (Jin, Koehl)
(=photoemission spectroscopy)

Photoemission Spectroscopy probes dispersion E(k)



Spin-injection spectroscopy

* Spin-injection spectroscopy
— Measures E(k) and spin texture.
— Start from reservoir states: [Tz V)5

— Transfer into SO coupled system
with RF pulse

E/Er

— Project into free space, give TOF

— Spin-selective imaging gives
spin/momentum

— Reconstruct E(k) along with

“color” of band 4



Spin-injection spectroscopy




Spin-injection spectroscopy
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Spin-injection spectroscopy

E/Er
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Spin-injection spectroscopy

E/Er
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Spin-injection spectroscopy

E/Er
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Spin-injection spectroscopy
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Spin-injection spectroscopy

E/Er
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D

irect Observation of the Spin-Orbit Gap
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Creating a spinful lattice

 With both Raman and RF, we obtain a spin-orbit coupled lattice
(see Jiménez-Garcia et al., arXiv:1201.6630 (2012))




Creating a spinful lattice

* With both Raman and RF, we obtain a spin-orbit coupled lattice
(see Jiménez-Garcia et al., arXiv:1201.6630 (2012))

Repeated scheme:

Qrr Qrr

I, k) [, k+Q)



Creating a spinful lattice

repeated scheme




Creating a spinful lattice

anerate point inside spin orbit gap




Creating a spinful lattice

dgap opens between 2" and 3" band

VYV




Creating a spinful lattice

r RF, gap between lowest bands




Spin-injection spectroscopy
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Spin-injection spectroscopy

\\\/ Increasing Raman Intensit
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Spin-injection spectroscopy
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Spin-injection spectroscopy
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Spin-injection spectroscopy of spinful lattice

% Increasing Raman Intensity
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Spin-injection spectroscopy of spinful lattice

Increasing Raman Intensity
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Spin-injection spectroscopy of spinful lattice

Increasing Raman Intensity
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Spin-injection spectroscopy of spinful lattice
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Determination of Spinful Band Structure
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Spin-orbit Coupling of a Fermi sea

L/
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Spin-Orbit coupled Fermi selﬁﬁoves to the left, ar}ucﬁo the right

With extensions of these techniques:
Topological insulators, edge states
With interactions:

Topological superfluids, majorana fermions?
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Fermions and Bosons
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