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Qutline

® Background
® Spectral Densities

® Gaps and Pseudogaps

® Pseudogap in Polarized gases

® RF Spectroscopy

® What modes drive superfluidity?




Spectral Density

If | add a particle with momentum k, what energy does it have!
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Free

Interacting
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Shift: AE average potential seen by atoms

Broadening: £~ Heisenberg

0t

Analogy: shine light through a cavity filled with atoms
Cavity mode shifted and broadened




Dispersion




Dispersion

C k/ky

Zero (low) T:

Atoms at Fermi surface have nowhere to scatter
Spectral density has delta-function peak
“Fermi Liquid”




Dispersion

High energies:
Scattering cross-sections become small

Nowon: h=1 E — w




Pairing

Two ways to add particle:

Simply add the particle

7,




Pairing

Two ways to add particle:

Simply add the particle

7,

Add pair + remove a particle

E =FE; — E; = (Ey — ) — (k*/2m — p)

= u—k*/2m

(condensate)




Pairing

N N

k k

States Hybridize Weight states with overlap

with free-particles
(coherence factors)




Spectral Gap

k

Other systems with gaps:
Semiconductors/insulator, Charge/Spin Density Waves,




Above Tc

(Using NSR -- qualitatively generic)
Physics: non-condensed pairs in nhormal state



Minimal model

Of\/‘\

> = it (no self-consistency)

ie. fully treat 2-body problem
many-body effects only enter through Pauli principle

A, k) =Tm (-}~ Dy, k))

Sy(w, k) = / d=T')(2,k)/(2m(w — 2)) Formally derive:

Aw + e,k + )] + 9w+ )] Gaussian fluctuations
about normal state

= (47h*/m)/(a" " + O(w, k))

0=/ (;:)1

{“fgmﬂ_f’i/“ . m} Includes “Hartree”
w

T ! 2
- 6l<:/2—|—q - 6k:/2—q k

Reduces problem to a set of integrals



Pseudogap

® |dea: pairing is not limited to superfluid phase
BCS-BEC Crossover

BEC

T/Tr

S— BCS

esmall pairs *large pairs
eform at high superfluid *appear at transition
temperature —1//~cfa

Bose-Einstein Condensation
of a gas of pairs

Uncondensed pairs: gap-like feature J

(interaction strength)

Bardeen-Cooper-Schreifer instability
of the Fermi surface

E/Ep



Ristory

Charge Density Wave:

(density wave + interactions = periodic potential = gap)

Fluctuation Effects at a Peierls Transition
P. A. Lee, T. M. Rice, and P. W. Anderson*

PRL 31,462 (1973)

Adding fluctuations: 3
suppresses T

Vestiges of gap remain

(pseudogap) \

Qualitatively: Same phenomenon

Density of States

v




High Temperature Superconductors:
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Binding energy (meV) Dopant Concentration x

Sato, T., L. T. Yokoya, Y. Naitoh, T. Takahashi, K. Yamada,
and Y. Endoh, 1999, Phys. Rev. Lett. 83, 2254.

Also: spin susceptibility, Nernst effect,...

Damascelli, Hussain, Shen,
Rev. Mod. Phys. 75,473 (2003)

May not have anything to do with superconductivity




Extreme BEC limit

Fermion chemical potential: ¢ <0

ie. all atoms are paired

Pair binding energy: Ep > kT

Spectrum in normal state has two branches:

Density of state at Fermi energy:

“Gap”™: exponentially small
binding energy

breaking pairs




Extreme BEC limit

Fermion chemical potential: ¢ <0

Pair binding energy:

Eg > k7T

Spectrum in normal state has two branches:

Moves down l

~_|

A

4 * kyd

Moves up
as one moves towards BCS

A




After bands cross

Physics: pairs in nhormal state give two excitation branches



Polarized Gases

Motivations:

® |nvestigate Low Temperature Normal State

e FFLO

® |nterplay between Superconductivity and

Magnetism

Experimental Phase T
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Pseudogag

—

No condensed Bosons (normal)
No non-condensed Bosons (T=0)

Normal

Temperature (T/T_;)
©
|

N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
|
\
N

Superfuuid What happens to pseudogap?

Unstable

0.2 _ _ Parameters: Temp, Polarization, Interactions
Spin polarization




Basic Result

Unpolarized Polarized
High temperature ~ Low temperature




Basic Result

Unpolarized Polarized
Low temperature




Basic Result

Polarized
Low temperature

1 0 \1 y

Pseudogap shifts




Basic Result

Polarized
Low temperature

Fermi Liquid



Basic ldea

Minority Species

method |:add particle

k2
W= 5~ =

Majority Species
method |:add particle

k2
W = o 1

method 2:add pair + hole

o= (Bi) — (o

gap (pseudogap)

~— lifted above
/ Fermi surface

method 2: add pair + hole

o= BrT) ~ (o~ )

gap (pseudogap)

pushed below
Fermi surface

cf.“breached pairs” -- Liu



Detection

RF Spectroscopy:
c | Assuming:
° no atoms in 3
°* no interactions with 3
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Transition rate maps
spectrum

Aar

~1000-, . | | I(w) /dgk Gy (kyw — egcb))

S. Gupta, Z. Hadzibabic, M.W. Zwierlein, C.A. Stan, K. Dieckmann,
C.H. Schunck, E.G.M. van Kempen, B.].Verhaar, W. Ketterle,
Science, 300, 1723 (2003)

(Problem |: non-interacting assumption is bad)
(Problem 2:inhomogeneous broadening)

(transfer from a to b)
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' |: Spectral Density

I(w) x /d3k Go(k,w — e,(cb))



Graphical argument
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|: Spectral Density

2: Fermi function

I(w) o / kG (
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Graphical argument
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|: Spectral Density

2: Fermi function

3: Shift axes

(remove U from
Hamiltonian)

I(w) / PkGS(k,w —



Graphical argument

|: Spectral Density
| 2:Fermi function

| 3:Shift axes

(remove U from
Hamiltonian)

4: Fermi’s Golden Rule

I(w) / PkGS(k,w —



Graphical argument

T

N

Most prominent features:
deep in Fermi sea




Graphical argument

-
Eond

Most prominent features:
deep in Fermi sea




~ Graphical argument

Em

Diffuse welght

I(w) /d3k GS(k,w — e,(cb))



Direct measurement

Momentum Resolution:

b = = L] L
L} m u
R N E ol
am

Stewart, Gaebler; and |in,

T Nature 454, 744 (2008)
Image transfered atoms

after time of flight

BEC

N (Normal State)

Single-particle energy (kHz)




Pair spectra

® Question: what modes go unstable at the
superfluid transition!?

2 particle spectral density:
add 2 particles with total momentum k,
what are allowed energies!?

Pair susceptability diverges at transition




Modes that drive transition

BEC

lower T

Im(w/|pul)




Modes that drive transition

Smooth Crossover:
What happens in between?

Im(w/|pul)




Crossover




Polarized




Summary

Pseudogap in Normal state
(from normal pairs)

Moves away from Fermi energy at low T







Subtlety







Closer to spinodal, Fermi
surface lies inside pseudogap




“Midgap” sharpening




High polarization limit

(Chevy, Combescot, Zwierlein,...)

One downspin wavefunction

¢0a1(0) + Z qbkqaj(q)aJ%(k)aT(k + q)
kq




Language

¢¢
“Preformed Pairs” - > Order Parameter
Fluctuations”™

Pair condensate

(Vr1hy) <

Non-condensed
pairs

(W plp1))) «




