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An optical detection scheme based on electromagnetically induced transparency is proposed to investigate
the nature of Fermi pairing in a trapped strongly interacting two-component atomic Fermi gas with
population imbalance. We show that valuable information can be acquired from the in situ probe
absorption spectrum to identify different phases existing in the system.
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1. Introduction

The experimental realization of ultracold degenerate atomic
Fermi gas, together with the unprecedented control over the in-
teratomic interaction by the means of Feshbach resonance, have
provided a powerful playground for the study of pairing and su-
perfluidity. For a two-component Fermi gas with equal population,
the pairing mechanism have been well understood since the pio-
neering work of Bardeen, Cooper and Schrieffer (BCS) [1]. On the
other hand, many recent investigations focused on polarized Fermi
gas with imbalanced spin populations, which is expected to shed
light on many different fields of physics, for example, magnetized
superconductors and QCD [2].

For a polarized Fermi gas, population imbalance together with
the resonant strong interaction have introduced a few non-BCS ex-
otic superfluid phases into the system such as the inhomogeneous
Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state [3] with non-zero-
momentum pairing and the breached-pair (BP) state [4] in which
the particles are paired except for a finite region of momentum
shell. Polarized Fermi gas is predicted to exhibit a far richer phase
diagram than the equal spin case [5-12] and have been realized
in experiment [13-17]. In the presence of the trap, due to the ef-
fective chemical potentials become space-dependent, spatial phase
separation will take place. An important question is how to unam-
biguously differentiate these different phases.

In previous experiment, people use phase-contrast imaging
technique to map the phase diagram of a polarized Fermi gas [18].
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In this detection scheme, by appropriately choosing the probe fre-
quency, the probe light dispersively interacts with the two atomic
components simultaneously and results in a phase shift propor-
tional to the density difference between the two atomic compo-
nents. They use the discontinuity in the spin polarization pro-
file as the signature for phase transition, which can only indicate
the first-order superfluid-to-normal phase transition. The higher-
order phase transitions, such as that between the BCS superfluid
and BP phase, is of at least third-order nature and cannot be de-
tected.

In order to clearly identify different superfluid phases, one
will have to go beyond first-order density-density correlation to
gain pairing information. This is the idea lies at the heart of
early proposals on the optical detection of BCS phase transition
[19-21] as well as other methods used to study strongly interact-
ing atomic Fermi gases such as the spatial noise correlations [22],
the momentum-resolved stimulated Raman technique [23-25] and
radio-frequency (RF) spectroscopy [26-30].

In this work we discuss the application of an alternative de-
tection scheme based on electromagnetically induced transparency
(EIT), which was proposed recently for the detection of BCS pair-
ing [31], to detect various phases in a trapped polarized Fermi gas.
The probe absorption spectrum for different quantum phases in
the system is studied. We demonstrate that, the probe spectra will
display unique properties for different phases, which can serve as
the proof for unambiguous phase discrimination.

Compared to the previous detection methods (absorption imag-
ing or phase-contrast imaging), only one additional control light
field is required for the EIT-based detection scheme. In the
meanwhile, it is principally non-destructive and does not induce
much heating of the atomic sample, which makes the continuous
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Fig. 1. (Color online.) Phase detection scheme for trapped two-component Fermi gas
with population imbalance. (a) We consider the two light fields to be copropagating
and input in the +z direction at z;;. The output intensity at z,, can be detected
with a CCD camera. The coupling beam is cw. (b) The level configuration for the
6Li atoms near the Feshbach resonance point Bg = 690 G. The probe light couples
the atoms of the lowest level (|1)) to the electronically excited state |e), while the
coupling light couples the |e) with the ground-state sublevel |g).

measurements possible without the need to prepare the atomic
sample repeatedly.

The Letter is organized as follows: In Section 2, we illustrate the
basic idea of the detection scheme and the Hamiltonian describing
the system will be given. The response of the gas to the probe light
is derived in Section 3, the probe spectra for a few typical different
phases will be speculated in detail. In Section 4, we provide the
numerical examples that showcase the reliability of our detection
scheme both at zero and finite temperature. Finally, a summary is
given in Section 5.

2. Model and Hamiltonian

The detection scheme is illustrated in Fig. 1. To be more spe-
cific, we consider the case of ®Li, atoms are initially prepared
in the ground-state manifold |4) and ||), which correspond to
the ground-state manifold |F = 1/2, mg = 1/2) and |F = 3/2,
mr = —3/2) respectively, just the same case as [26,32]. The two
atomic components are resonantly coupled to each other via Fes-
hbach resonance. In the case of broad Feshbach resonance, the
molecular population can be safely neglected and the atomic sys-
tem is described by the single-channel model. We assume atoms
with spin 1 to be the majority component. A weak probe field
with linear polarization parallel to the magnetic field drives the
transition between |1) and the electronically excited state |e),
whereas a strong control field with o_ polarization couples |e)
with another initially empty ground state manifold |g) (|F =3/2,
mr = 3/2)). The light field is characterized by the Rabi frequency
2p(c) expli(Kp(c) - T — wp(e)t)] with wave-vector Ky and frequency
wp(c)- We assume that the two lasers are in the co-propagation
configuration so that the wave-vectors of the two laser fields re-
main essentially the same and are denoted as Kk;. In the essence of
local density approximation (LDA), we assume the chemical poten-
tial to be coordinate-dependent and treat the system as homoge-
neous at each position. Let ax; be the annihilation operator for a
particle of state i with momentum K, in the rotating-wave approx-
imation the Hamiltonian reads
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where el/w = € — Mo, With € = k%/2m (m is the atomic mass
and h = 1) and u, being the chemical potential for the spin
o component. Under LDA we have w4 = e +h, py = ur —h,
Uy = u — V(r), where V(r) is the trap potential, and u, h are
the chemical potential at the trap center and the chemical po-
tential difference, respectively. 81y = wp — wey and §1c = W — Weg
are single-photon detunings, 8, = §1p — 81¢ is the two-photon de-
tuning, with w;j; being the atomic transition frequency between
level i and j. The pairing gap A at zero temperature is given by
As = —U Y {d_x 0k 1)/V, where U =4ma/m is the bare back-
ground scattering rate with the s-wave scattering length a and V
is the quantization volume. At finite temperature A should be un-
derstood as the total gap with A% = A7 + A%, where A is the
pseudogap coming from the contribution of noncondensed Cooper
pairs [40]. Without loss of the essential physics, we have ignored
the Hartree potential term in the atomic Hamiltonian (2).

Similar to [31], for the sake of simplicity, we have neglected
the collisions involving states |g) and |e) in Hamiltonian (1). This
is made possible by appropriately choosing the pairing states. For
the specific case considered in Fig. 1, in which the pairing states
are just the same as those adopted in [26,32], at the resonance po-
sition of By =690 G, one can expect that the final state scattering
length is small and it is a safe treatment to ignore the collision
interactions of |g) (|e)) with either of the pairing state.

In typical EIT, the probe field is much weaker than the con-
trol field (£2p <« £2¢), the depletion of ground-state atoms is small.
So we can assume that during the detection process, the atoms
are kept in the state determined by Hamiltonian (2) alone. The
ground state of (2) have been investigated in detail [6-10], where
a few different phases can exist and one may cross several differ-
ent phases from the trap center to the edge.

In order to gain physical insights, we introduce two internal
dressed states |[+) and |—) and define the corresponding field op-
erators by the canonical transformation @y = dy 4 and by — =

&T_k’ |- Here G 4 and &ik’ | are the quasiparticle operators defined
in the usual Bogoliubov transformation
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The grand Hamiltonian (1) now becomes
0 AT AT
H= Z Ek+05k’+01k,+ + Ek_Olk’_Olky_
k
’ AT / Y S
+ (€1y — 31p) g e + (€4 4 — 82) 0y 4l g
o

~f R URS2p (ot N
_ 7(ak+kLyeak’g +hc) - — (ak+kbeoekﬂr +h.c.)
Vi&2p  t N
- (ak+kbeak,_ +hc)|, (5)

where Eyxi = £(Ex F h). The physical picture emerges from this
Hamiltonian is that, the state |+) has the energy dispersion Ey4+
and coupled to the excited state with an effective Rabi frequency
ug$2p (vi$2p). In the dressed state picture, our model becomes a
double A system. We'll take advantage of the unique spectroscopic
features of this double EIT for phase detection, as will be discussed
in detail in the following section.



Download English Version:

https://daneshyari.com/en/article/1862939

Download Persian Version:

https://daneshyari.com/article/1862939

Daneshyari.com


https://daneshyari.com/en/article/1862939
https://daneshyari.com/article/1862939
https://daneshyari.com

