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Superconductivity and superfluidity in Fermi systems
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v"  Dilute atomic Fermi gases T.~ 1012-10°eV
v" Liquid 3He T.~ 107 eV

v Metals, composite materials T.~ 103-102eV
v" Nuclei, neutron stars T.~ 10°-106eV

e QCD color superconductivity T, 107 - 108 eV
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Outline:

» Induced p-wave superfluidity in asymmetric Fermi gases
Bulgac, Forbes, and Schwenk, cond-mat/0602274, PRL in press

» =0 thermodynamics In asymmetric Fermi gases at unitarity
Bulgac and Forbes, cond-mat/0606043



Induced p-wave superfluidity in asymmetric Fermi gases
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LOFF (1964) solution
Pairing gap becomes a spatially varying function
Translational invariance broken

Muether and Sedrakian (2002)
Translational invariant solution
Rotational invariance broken
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FIG. 2: Figures on top: On the left it iz shown the particle occupation number u® for the specie a
in the Sarma phase as eompared with the BCS state {dashed eurve). On vight there is a amplified
plot of the specie a occupation nuwmber for & = ks, Figures on bottoms On left it is shown the
particle occupation number u® for the specie b in the Sarma Phase also compared with the BCS
state (dashed curve). Again we show on right a amplified plot of the specie b sccupation number
for k = ka. We also show the hierarchy between the momenta involved, Pp < ky < kp < ka < Pil.

Sarma 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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Polarization
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Iskin, Sa de Mello, cond-mat/0604184
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cond-mat/0604339
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FIG. 1. (Color online) The dependence of the pairing gaps
in the LOFF phase (upper panel) and the DFS phase (lower
panel) on the asymmetry parameter for several values of the
the total momentum F/kp and deformation parameter de
which are indicated in the panels.

Sedrakian, Mur-Petit, Polls, Muether
Phys. Rev. A 72, 013613 (2005)
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FIG. 4: {Color online) The dependence of the free energy
of the LOFF (upper panel) and the plane-wave DFS phase
{lower panel) on the asymmetry parameter for several values
of the deformation parameter de and the total momentum
P{kp which are indicated in the panels.




What we suggest!

Fully Polarized (one species)

Fermi Gas
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Bulgac, Forbes, Schwenk



BEC regime

» all minority (spin-down) fermions form dimers and the dimers
organize themselves in a Bose superfluid

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

» the leftover spin-up fermions and the dimers coexist and,
similarly to the electrons in a solid, the leftover spin-up fermions
will experience an attraction due to exchange of Bogoliubov
phonons of the Bose superfluid



Mean-field energy density
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Induced interaction between the un-paired spin-up fermions
(Bardeen, Baym, Pines, 1967)
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p-wave induced interaction
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FIG. 1:  The ratio A/ 9 ) a function of
ng/ne, for a fixed boson number density ny = 10** em™
and nya® = 0.064 (solid line) and npa® = 0,037 (dashed line)
respectively. The dots show the value of the gap in the case

" . n 3 e .
of p-wave paring for nya™ = 0,064,

Bulgac, Bedaque, Fonseca, cond-mat/030602

p-wave gap



BCS regime:
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The same mechanism works for the minority/spin-down component
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To summarize:

e at weak coupling (a<0) the gaps are smaller than s-wave gap,
and this mechanism does not destabilize LOFF

* may became large at unitarity

Fully Polarized (one species)
Fermi Gas

—1/(a ¥Msp=0)

In a trap:



T=0 thermodynamics in asymmetric Fermi gases at unitarity



What we think Is going on:

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

Fully Paired (SF)

In the grand canonical ensemble there are only two dimensionfull quantities



We use both micro-canonical and grand canonical ensembles

E(nw nb) = %0! [nag(x)]

2 E(nmnb)

2
P(/uanub) = gﬂ[ﬂah(y)F/Q =un, + un, — E(nmnb) — g




The functions g(x) and h(y) determine fully the thermodynamic properties and
only a few details are relevant




Both g(x) and h(y) are convex functions of their argument.

Non-trivial regions exist!




Estimate of the energy required to add a spin-down particle to a fully polarized Fermi
Sea of spin-up particles

p, = an?g'(0) = an”*Y, = e,

Y, ~ -0.5 < y, = —0.99(15) Non-trivial regions exist!




Now put the system in a trap

Fully Paired (SF)

~ _ Partially Polarized (PP,)
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majority componant

number density difference

- blue - P =0 region
e« green - 0<P <1 region
e red - P=1region




Column densities
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Zweirlein et al. cond-mat/0605258




Column densities

Population imbalance
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Experimental data from Zwierlein et al. cond-mat/0605258



Main conclusions:

« At T=0 a two component fermion system is always superfluid, irrespective of the
Imbalance and a number of unusual phases should exists.

Fully Polarized (one species)

Fermi Gas

» At T=0 and unitarity an asymmetric Fermi gas has non-trivial partially polarized
phases
Fully Paired (SF)

~ . Partially Polarized (PP,




