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Superconductivity and Superconductivity and superfluiditysuperfluidity in Fermi systemsin Fermi systems

20 orders of magnitude over a century of (low temperature) physi20 orders of magnitude over a century of (low temperature) physicscs

Dilute atomic Fermi gases                Dilute atomic Fermi gases                TTcc ≈≈ 1010--1212 –– 1010-9 eVeV

Liquid  Liquid  33He                                        He                                        TTcc ≈ 1010--77 eVeV

Metals, composite materials              Metals, composite materials              TTcc ≈ 1010--3 3 –– 1010--22 eVeV

Nuclei, neutron stars                         Nuclei, neutron stars                         TTcc ≈ 101055 –– 101066 eVeV

•• QCD color superconductivity               QCD color superconductivity               TTcc ≈ 10107 7 –– 10108 8 eVeV

units (1 eV ≈ 104 K)
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Induced Induced pp--wave wave superfluiditysuperfluidity in asymmetric Fermi gases in asymmetric Fermi gases 
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T=0 thermodynamics in asymmetric Fermi gases at unitarity T=0 thermodynamics in asymmetric Fermi gases at unitarity 
BulgacBulgac and Forbes, condand Forbes, cond--mat/0606043mat/0606043



Induced Induced pp--wave wave superfluiditysuperfluidity in asymmetric Fermi gasesin asymmetric Fermi gases



Green   Green   –– spin upspin up
Yellow  Yellow  –– spin downspin down
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LOFF (1964) solutionLOFF (1964) solution
Pairing gap becomes a spatially varying functionPairing gap becomes a spatially varying function
Translational invariance brokenTranslational invariance broken

MuetherMuether and and SedrakianSedrakian (2002)(2002)
Translational invariant solutionTranslational invariant solution
Rotational invariance brokenRotational invariance broken



SarmaSarma solution (1962)solution (1962)
(similar to nonvanishing seniority in nuclear physics introduced 
by Racah in late 1940’s, some people call it now breached pairing)
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What we suggest!What we suggest!
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BEC regimeBEC regime

all minority (spinall minority (spin--down)down) fermions form fermions form dimersdimers and the and the dimersdimers
organize themselves in a Bose superfluidorganize themselves in a Bose superfluid

the leftover/unthe leftover/un--paired majority (spinpaired majority (spin--up) fermions will form a up) fermions will form a 
Fermi seaFermi sea

the leftover spinthe leftover spin--up fermions and the up fermions and the dimersdimers coexist and, coexist and, 
similarly to the electrons in a solid, the leftover spinsimilarly to the electrons in a solid, the leftover spin--up fermionsup fermions
will experience an attraction  due to exchange of will experience an attraction  due to exchange of BogoliubovBogoliubov
phonons of the  Bose superfluidphonons of the  Bose superfluid



MeanMean--field energy densityfield energy density
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Induced interaction between the unInduced interaction between the un--paired spinpaired spin--up fermionsup fermions
((BardeenBardeen, , BaymBaym, Pines, 1967) , Pines, 1967) 
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pp--wave induced interactionwave induced interaction
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Pairing gapPairing gap
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pp--wave gapwave gap

BulgacBulgac, , BedaqueBedaque, Fonseca, cond, Fonseca, cond--mat/030602mat/030602
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BCS regime:BCS regime:

The same mechanism works for the minority/spin-down component
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To summarize:To summarize:
•• at weak coupling at weak coupling (a<0) the(a<0) the gaps are smaller than sgaps are smaller than s--wave gap, wave gap, 
and this mechanism does not destabilize LOFFand this mechanism does not destabilize LOFF
•• may became large at unitaritymay became large at unitarity
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In a trap:In a trap:



T=0 thermodynamics in asymmetric Fermi gases at unitarityT=0 thermodynamics in asymmetric Fermi gases at unitarity



What we think is going on:What we think is going on:

At unitarity the equation of state of a twoAt unitarity the equation of state of a two--component fermion system is subject to component fermion system is subject to 
rather tight theoretical constraints, which lead to well definedrather tight theoretical constraints, which lead to well defined predictions for thepredictions for the
spatial density profiles in traps and the grand canonical phase spatial density profiles in traps and the grand canonical phase diagram is:  diagram is:  

In the grand canonical ensemble there are only two In the grand canonical ensemble there are only two dimensionfulldimensionfull quantitiesquantities



We use both microWe use both micro--canonical and grand canonical ensemblescanonical and grand canonical ensembles
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The functions The functions g(xg(x) and ) and h(yh(y) determine fully the thermodynamic properties and ) determine fully the thermodynamic properties and 
only a few details are relevantonly a few details are relevant

[ ] [ ]

[ ]

[ ] [ ]

[ ]

3/2

3/2

2/3

2/3

( ) ( ) '( )

( ) '( )

( ) ( ) '( )

( ) '( )

a a
a

b a
b

a a
a

b a
b

P
n h y h y yh y

P
n h y h y

E
n g x g x xg x

n
E

n g x g x
n

β µ
µ

β µ
µ

µ α

µ α

∂
= = −
∂
∂

= =
∂

∂
= = −
∂
∂

= =
∂



Both Both g(xg(x) and ) and h(yh(y) are convex functions of their argument.) are convex functions of their argument.
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Bounds given by GFMCBounds given by GFMC
NonNon--trivial regions exist!trivial regions exist!

Bounds from the energy required to Bounds from the energy required to 
add a single spinadd a single spin--down particle to a fullydown particle to a fully
polarized Fermi  sea of spinpolarized Fermi  sea of spin--up particlesup particles



Estimate of the energy required to add a spinEstimate of the energy required to add a spin--down particle to a fully polarized Fermidown particle to a fully polarized Fermi
Sea of spinSea of spin--up particlesup particles
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Now put the system in a trapNow put the system in a trap

[ ] [ ]

[ ]

, ,

3/2

3/2

( )
( ) ( ),          ( )

( )

2

( ) ( ) ( ( )) ( ( )) ( ) '( ( ))

( ) ( ) ( ( )) '( ( ))

b
a b a b

a

a b

a a

b a

r
r V r y r

r

n r r h y r h y r y r h y r

n r r h y r h y r

µµ λ
µ

µ λ λ

β µ

β µ

−

= − =

= −

= −

=

GG G G
G

G G G G G G

G G G G



•• blueblue -- P = 0 regionP = 0 region
•• green   green   -- 0 < P < 1 region0 < P < 1 region
•• red       red       -- P= 1 regionP= 1 region



Column densitiesColumn densities

NormalNormal

SuperfluidSuperfluid

ZweirleinZweirlein et al.et al. condcond--mat/0605258mat/0605258



Column densitiesColumn densities

ZweirleinZweirlein et al.et al. condcond--mat/0605258mat/0605258



Shin Shin et al.et al. condcond--mat/0606432mat/0606432
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Experimental data from Experimental data from ZwierleinZwierlein et al. et al. condcond--mat/0605258mat/0605258



Main conclusions:Main conclusions:

•• At T=0 a two component fermion system is always superfluid, irAt T=0 a two component fermion system is always superfluid, irrespective of the respective of the 
imbalance and a number of unusual phases should exists.imbalance and a number of unusual phases should exists.

•• At T=0 and unitarity an asymmetric Fermi gas has nonAt T=0 and unitarity an asymmetric Fermi gas has non--trivial partially polarized trivial partially polarized 
phasesphases


