PHYSICAL REVIEW A 86, 053605 (2012)

Ultracold Fermi gas in a single-mode cavity: Cavity-mediated interaction and BCS-BEC evolution

Xiaoyong Guo,"" Zhongzhou Ren,">! Guangjie Guo,' and Jie Peng'
' Department of Physics, Nanjing University, Nanjing 210093, China
2Center of Theoretical Nuclear Physics, National Laboratory of Heavy-Ion Accelerator, Lanzhou 730000, China
(Received 17 April 2012; revised manuscript received 11 October 2012; published 7 November 2012)

We propose that the evolution of superfluidity from the Bardeen-Cooper-Schrieffer (BCS) regime to the Bose-
Einstein condensation (BEC) regime can be realized using ultracold Fermi gas coupled to a single-mode cavity.
By the functional integral formalism, we derive an effective atom-only action, which mimics the two-component
Fermi gas with tunable two-body interaction. First, we address the features of the cavity-mediated interaction. We
find that the matter-light coupling creates an effective s-wave scattering whose sign and amplitude are controlled
by parameters of the cavity. Second, we discuss the fermionic superfluidity on the mean-field level, including the
order parameter, chemical potential, quasiparticle excitation spectrum, momentum distribution, and dissociation
temperature. It is shown that by varying the atom-cavity detuning, a BCS to BEC crossover occurs. In addition,
the influences of the atomic collaborative effect and external pumping field on the pairing correlation are also

studied.
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I. INTRODUCTION

Ultracold quantum gases are dilute atomic systems trapped
by magnetic or optic fields and cooled to temperatures
of a few tens of nano-Kelvins [1,2]. Due to their superb
tunability and purity, atomic gases become ideal platforms
when we put our fundamental models to the test. A particularly
interesting system of such kind is the superfluid Fermi gas
with a Bardeen-Cooper-Schrieffer (BCS) to Bose-Einstein
condensation (BEC) evolution. The possibility to control the
scattering length and thereby tune the effective attraction
through the technique of Feshbach resonance [3] paves the
way to investigate fermionic superfluidity as a function of
interaction parameter. With the increase of the inverse s-wave
scattering length from negative to positive, the fermionic
superfluidity evolves from a weak-coupling BCS type to a
molecular BEC type. Although the scattering length is diver-
gent at the resonance, the evolution is not a phase transition but
a smooth crossover. The original Hamiltonian with a tunable
attractive interaction was first considered by Leggett [4] and
more quantitative studies were then performed by Nozieres and
Schmitt-Rink (NSR) [5], and also by Sa de Melo [6]. Recent
theoretical works that deal with more complicated cases have
addressed the BCS-BEC evolution in systems as diverse as
the anisotropic Fermi superfluid [7-9], relativistic Fermi and
Bose-Fermi mixtures [10,11], Fermi gases with population and
mass imbalance [12—14], disordered Fermi gases [15,16], and
spin-orbit coupled Fermi gases [17,18]. The new findings are
interesting and exciting. For instance, in the p-wave scattering
case the BCS-BEC evolution turns into a quantum phase
transition [7], and a topological phase transition arises when
the spin-orbit coupling is taken into account [17]. Following
state-of-the-art experimental techniques, some of these works
have been verified in laboratories [19-21].

Besides the Feshbach resonance, there are quite different
ways to introduce a tunable interaction between atoms, say
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by the cavity quantum electrodynamics (CQED). As an
intersection of quantum optics and atomic physics, quantum
gases coupled with an optical cavity have recently attracted a
great deal of attention [22-24]. In this paper, we consider
a system of two-level Fermi atoms strongly coupled with
an optical cavity. Here the internal states of fermions are
labeled as pseudospins, by analogy with the situation in
superconductors. We omit the direct collision of fermions
and treat them as noninteracting particles. The system also
couples with the environmental degrees of freedom, which
produce the pumping and dissipation channels. In recent
works [25-27], a Bosonic version of this model has been
investigated. It is shown that if the pump laser has sufficient
intensity (typically much greater than the cavity decay rate),
one instability arises: the atoms crystallize at either the even
or odd antinodes of the cavity mode. In our study, we do
not intend to address the self-organization of atoms. Instead,
the pumping laser intensity is assumed to be sufficiently
low to avoid the self-organization threshold. We demonstrate
that the cavity field induces a pairwise interaction between
fermions with opposite pseudospins. When the cavity mode is
red-detuned from the atomic resonance, the cavity-mediated
interaction (CMI) becomes attractive rather than repulsive,
and thus triggers a pairing instability. We treat the atom-cavity
coupling strength and the cavity decay rate as free parameters.
Then, varying the atom-cavity detuning drives the superfluidity
of the pairing field from the BEC type to the BCS type. In
experiments, such a tunable detuning can be realized by using
a two-mirror optomechanical cavity with one fixed and one
movable end mirror. The position of the movable end mirror
determines the photon frequencies, which directly affect the
atom-cavity detuning [28-30]. In the subsequent section, we
introduce the model Hamiltonian and implement the path
integral approach to derive an effective action for atoms. In Sec.
III, a mean-field description is developed. We solve the model
at zero temperature discussing the ground-state properties.
The chemical potential, order parameter, excitation spectrum,
and momentum distribution are presented at this stage. Then
the model is solved for the pair-breaking energy scales. We
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also compare our results with that obtained from microcavity
polaritons. Finally, a summary is given in Sec. IV.

II. MODEL

Let us consider an ensemble of two-level fermions coupled
to a single-mode optical cavity. The cavity is transversely
pumped by two counterpropagating laser fields of intensity
Q (Rabi frequency). These lasers create a one-dimensional
optical lattice, and confine the atoms in a single antinode of this
lattice to form a pancakelike cloud. For a very narrow pancake
thickness, atoms would feel a constant pumping intensity. The
cavity also couples to an environmental reservoir with a rate
of y, which provides a dissipation channel for the intracavity
photons. The physical realization of our model is schematically
depicted in Fig. 1. In the absence of the Feshbach resonance,
the fermions are not allowed to have s-wave scattering by the
Pauli principle. Hence, we omit the contact collision between
atoms. In a frame rotating at the pumping laser frequency
wy, the physics of the system is governed by the Hamiltonian
(h=kp=1)

v?2 t
H= /dr[WI(r) (—% — u) ¥ () + Y (r)

VZ
X (—% —pn+ AA) 1%(1')}
+Aala+i / dr[y ()Y, (r)(g(r)a + 2) — H.c.]

+ Y AAlA+y ) (a'Ac+ Ala). (1)
€ €

Here, ¥4 ,(r) is the annihilation operator of fermions with
pseudospins 4 or | which denote the internal energy levels
separated by transition frequency A4 = wgq — wp; p is the
chemical potential of fermions; a is the annihilation operator
of cavity photons with resonant frequency A, = w. — wr;
g(r) = g&(r), where g is the atom-photon coupling constant
and E(r) is the mode function of the cavity field; and A, is the
annihilation operator of € mode of the environmental reservoir.
In Eq. (1), we have made the rotating wave approximation
(RWA) to drop the energy and momentum nonconserving
terms, which correspond to the virtual particle excitations.

Tansverse pump laser

ump antinodal she

'
Atomic cloud

Fixed end mirror ﬁ

FIG. 1. Schematic diagram of the experimental realization of our
model. The optomechanical cavity with one fixed and one movable
end mirror is transversely pumped by two counterpropagating lasers,
which create a one-dimensional optical lattice. Atoms are confined at
the antinode of this lattice, and form a pancakelike cloud.

Movable end miror
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In the weak coupling regime and for a large detuning A,
a cancellation effect emerges from rapid oscillation of the
counterrotating terms with frequency A4 + A.. Therefore,
the RWA is implemented to disregard these terms. Physically,
the RWA implies that the virtually excited particle is formed
locally and decays almost instantaneously [31]. If the atoms are
localized in particular sites, the Hamiltonian (1) will become
the well known Dicke model, a basic model in quantum optics
[32]. Then we assume that the atomic levels are sufficiently
long lived. In this scenario, the pumping field can balance the
cavity loss as well as the population between the two levels so
as to realizing a pseudospin half system. Certainly, there are
also other ways to make such an assumption valid (e.g., by
coupling the two hyperfine states via the Raman transition).
As a result, one could adopt a quasiequilibrium description to
the thermodynamics of the system. Expressed in the coherent
state path integral, the quantum partition function takes the
form

Z= f Dy, .Yy ) D(a@* a)D(AY, A)e SuSem=Sim =S
2)

with actions
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St = i / drdt[{,(r, )y, (r,7)(g(Ma(t) + Q) — Hel,
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Sa. = [ dr{ 37 A0 + AJAL(D)

+v Z [a*(D)Ac(T) + Aﬁ(t)a(f)]}, (6)

where T = it is the imaginary time.

To proceed, we develop an effective atom-only action by
integrating out the photon fields. These integrations are exactly
performed since the action is entirely linear or quadratic in a
as well as in A, [33]. We first carry out the Gaussian path
integral over environmental degrees of freedom. Each such
integration adds a term to the effective action, and their overall
contribution is as follows [31,34]:

/ D(A7, Ace™" =™, ™)
with
Sa=—7 / drdt' Y np(AJe at a(e), (@)
where ngp(A¢) is the Bose number. In the regime where the
dissipative dynamics dominates the dispersive one, Eq. (8)
might modify the physics in interesting ways. However, in the

present case, the dissipation is dominated by the energy of the
photons (~ A.) and thereby Eq. (8) can be cast into a more
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simpler form via the notion of the Markovian approximation
[35]. In Eq. (8), the system-environment correlation function
is read as G(t — 1) = 2 > np(A)e 2= Because the
spectrum of environment is flat as in usual CQED architec-
tures, the memory effect of the reservoir should be neglected
by assuming that G(t — t’) >~ ix8(t — t’), where k is a
phenomenological cavity decay rate and is a basic parameter
of the cavity. With the virtue of this assumption, Eq. (8) yields

S = —indra*(r)a(r). ©))

S = [ drdz|v 3 v? I 5 —
at—/ r r[m(r,r)( . —%—u)m(r,rwwr,r)( e~ 5

iw,(T—1")

1
/ drdrdrdt’ Ze—
B —iw, + A,
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Combining Egs. (4) and (9), the action that depends on (a,a*)
can be written as

St = fdra*(t)(af + A —i)a(t) + Sin. (10)

Next, we carry out the functional integral (also Gaussian)
over (a,a™), thus arriving at an action entirely in terms of the
atomic degrees of freedom. Such an atom-only action has the
form

2

—n+ Aa>¢¢(r,f)]

EXOEE)Y | ()Y, D), (0, 7)Y ()

+ifdrdr[@(r,r)m(r,r)sz — QY (r, )Yy (r,7)]. (11)

Within the RWA, terms that conserve the total momenta have the major contribution to the partition function. To take only these
terms into account, it is convenient to transform the quartic interaction in Eq. (11) from the coordinate space to the momentum

space. A straightforward Fourier transformation gives

tw”(r )

—Z/drdr Z_l o A

where vectors {k i =1,

then perform the summation over {k3 k4} yielding

—Z/drdr

eiwn(r—r’)

_lwn + A

Iull V)5 OV L (O, (@Y (@ )87 + k1 — k28 — k3 — ka). 12)

.,4) represent momenta of fermlons and [ is the wave vector of the smgle mode cav1ty field. Wlth the
condition of the momentum conservatlon (.e., k2 + k4 = k1 + k’;) we can denote kl =p— l kz

p,k3—p +l andk4—p,

P OV (7 (). (13)

Notice that the effective atom-atom interaction now becomes local in sgace Moreover, for the detuning | A | larger than the other

relevant energy scales, the summation over w, is approximated as
coordinate space, Eq. (11) reduces to the following simpler form:

peRve: 8(tr — 1’). Gathering these results and backing to the

. V2 _ V2
5) = / drdr[wr,r)(af — M)Wr,r) + wr,r)(af S Aa)wr,r)}

2

A,
N Aﬁ f drdT|EPY (5,007 (6.0 (0,0 (1 T)

+
+i/drdr[$¢(r,t)1/f¢(r,t)§2 — QY (0P (r,7)]. (14)

In the above equation, the CMI has a form of the s-wave
scattering, whose magnitude and sign can be manipulated
by the physical parameters of cavity. We also note that for
A, > 0 the interaction is repulsive. In this case, the system is
trivial since the effect of CMI is nothing but collision. With
such repulsion the atoms cannot bond with each other into
pairs. However, if the cavity resonant frequency is red-detuned
from the pumping laser (i.e., A, < 0) the pairwise interaction
becomes attractive rather than repulsive. In this circumstances,

the action (14) mimics the action of two-component Fermi
gas with the Feshbach resonance. Therefore it is quite natural
to surmise that a pairing instability will show up and the
superfluidity of these pairs will evolve with the intensity of
the attraction. We leave this important issue momentarily
and discuss it later with the solutions of the mean-field
equation.

Introducing the usual Hubbard-Stratonovich field ¢(r,7),
which couples to ¥4, and under the Nambu spinor basis
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U = (Yy,%,, %, 917, Eq. (14) yields
A? + 2 R
SeHZ[dl‘d |<;>|2 /drdr\I/G’lkll, (15)
g’A

where
—0: + ¥ + 1+ Qo,
$E* o,

—¢Eo;

—1 2
G = —0; — v—u Qo

(16)

is the inverse Nambu propagator. Here, o, and o, are the Pauli
matrices. After integrating out the fermions (W, V), we obtain
an action for pairing field alone, that is,

AZ 2
Sk = /drdt#
g°A

In Egs. (16) and (17), the external laser field has been
tuned on resonance with the atomic transition, w4 = wy, and
A = w. — w4 represents the atom-cavity detuning. So far,
Egs. (14) and (17) are the main results of our functional integral
treatment. In the following section, we subject the action (17)
to a saddle-point analysis. This will address the possibility
of observing the superfluidity of the fermion pairs and the
BCS-BEC evolution when the parameters of cavity are varied.

6> —trln G~ (17)

III. MEAN-FIELD DESCRIPTION

In this section, we develop a mean-field description to
investigate the superfluidity of pairs forged by the CMI. When
we replace the field ¢(r,7) by its static and homogeneous
counterpart ¢, a saddle-point action, S.(¢o), is attained.
We then proceed by minimizing the saddle-point action to
obtain the order parameter equation. For the action (17), the
saddle-point equation assumes the form

88 A2+ «k? 86!
_eff = #(ﬁo —trG =
S¢po g7 1A| ¢
A straightforward calculation of the trace term in Eq. (18)
provides that
— =12(,12 2 =12 _
(SG __TZ4¢O|‘-‘| (wn+ép+|¢0“|

A1
8o s det G,

=0. (18)

12P?)

’

trG

(19)
with
detG, ) = (iwn)* = 2(&2 + 1Q1* + 9o B (iwn)?
+ (5 — 21QP%¢, + 2|p0EI’E)
+1Q* — 216 BRI + 19E[*).  (20)
In Egs. (19) and (20), we have transformed to a frequency-
momentum space where w, = (2n + 1)z T stands for the
fermionic Matsubara frequency and &, = p*/2m — p is the
kinetic energy minus the chemical potential. The singular-

ities of G,,, p can be worked out explicitly. These singu-
larities represent the quasiparticle excitation energy, E, =

+(v Ef, + |0 E|* £ |K2]), where the factors = in front of the
bracket correspond to the particle and hole branches. After
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straightforwardly calculating the Matsubara summation, we
arrive at an order parameter equation of familiar form

A? + k2
- =B — - f
g2|A| | | ZZEO[

where E0 VSZ +|poBI%, f(z) = 1/(exp(f3z)+ 1) is the

Fermi functlon and EjE E? >+ g E 2 4 |Q| are the par-
ticle branches of E,. For a smgle mode cavity, the intensity
distribution in frequency space can be written as |E|? =
k2 /(k* + A?), which is broadened by «? and peaked at around
A = 0. Save for Eq. (21), an additional equation relating the
fermion number to the temperature and chemical potential
is required. Taking the derivative of the saddle-point action
S.(¢o) with respect to w, and using n = =T3S/ (¢o)/O 1,
we have

=y

p

FED+FENL @D

g” 1— FEED + f(E] (22)

In the following two subsections, we explore the impact
of the CMI on the unitary Fermi gas by solving Eqs. (21)
and (22).

A. Zero-temperature solution

At zero temperature there are four parameters remaining:
the dimensionless atom-cavity detuning |A|/«, the collabo-
rative factor { = ng?/«?, the pumping field Rabi frequency
|Q2|/Kk, and the relative energy scale A = er/k. Here, ep =
p% /2m is the Fermi energy with the Fermi momentum
pr. We also note that for 8 — oo, the terms dependent
on the pumping field intensity |S2| disappear in both the
order parameter and number equations. As a result, the
pair-breaking effect of the pumping laser has no influence on
the zero-temperature properties of the condensate. The scales
of parameters used for the numerical solutions of Egs. (21)
and (22) can be obtained from the following considerations.
For an experimentally realizable optomechanical cavity with
one movable end mirror, the cavity decay rate is comparable
with coupling constant, ¥ ~ g, and both may have the order
of 10°s~! [36]. For an ensemble of °Li atoms, a typical
value of the Fermi energy may be &y = 4.9 x 1072° J that
is quoted directly from Zwierlein et al. [37]. Thereby, for the
Planck constant 1 = 6.626 x 1073* J x s, the relative energy
scale will have the order of A ~ 107!, In the following we
will show that to obtain the superfluidity, values of detuning
|A|/k should belong to the interval (10,100), and in which the
condition |A| > « is well satisfied. We plot the reduced order
parameter |¢p|/er and the dimensionless chemical potential
w/er (inset) as a function of the detuning |A|/k, for ¢ = 10°
in Fig. 2(a) and ¢ = 10* in Fig.2(b). The relative energy
scale is fixed to be A = 0.1 throughout the paper. In the
studies of ultracold Fermi gases with the Feshbach resonance,
a scattering parameter (scattering length) is introduced to
regulate the ultraviolet divergence in the saddle-point equation.
However for the present case where the coupling strength
does not play the role of control parameter, one needs to
truncate the momentum integral at a finite value to avoid the
ultraviolet divergence [10]. To fully taken into account the
low temperature and long wave length properties, the cutoff
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momentum p, is chosen to be of the order of 100pr in Egs. (21)
and (22).

In Fig. 2(a) it is shown that |¢y| first increases and then
decreases to zero with increasing |A|. The maximum value
of |¢o| is reached at around |A|/k = 20 (solid line). This
nonmonotonous behavior reflects a complicated dependence
of order parameter on the atom-cavity detuning. The existence
of nonvanishing order parameter means that the fermion pairs
created by CMI are condensed into a coherent state (i.e.,
fermionic superfluid). We also note that as |A| increases,
the chemical potential grows and smoothly evolves from
negative to positive. This is the signature of the evolution
between BEC- and BCS-type superfluid. Moreover, when
|A|/k > 40 (solid line), the order parameter vanishes and
the chemical potential tends to . Therefore, we identify the
small detuning regime (|A|/x < 30) as the strong-coupling
BEC limit and the large detuning regime (|A|/« > 40) as the
opposite weak-coupling BCS limit. The dependence of our
numerical results on cutoff momentum p. is also demonstrated
in Fig. 2. We note that values of p. do not affect the system
in any qualitative way. Therefore we shall use p. = 100pF in
the following discussions. Before going on, the two limiting
cases can be addressed analytically. As anticipated, the number
equation fixes the chemical potential, u = e, at the weak
coupling limit. Then the solution of saddle-point equation
is ¢o/er ~ (A /K)eXp(—%(%f), where ¢ = p%/2m is the
kinetic energy and we have assumed that the density of
states v(e) is roughly constant v = v(ep). In the strong
coupling limit, we use pu < 0 to solve Eq. (22) yielding
the result |ppE| ~ \/(ac +2|u])? — (s, — n/ver)?, where &,
is the cutoff energy for the integral in Eq. (22). Limiting
analytical expressions tell us that in the BCS limit, the order
parameter vanishes nearly exponentially with the increase of
detuning, while it remains a finite value proportional to |u| in
the opposite BEC limit. As a matter of fact, these features are
just what we read from Fig. 2.

180 T T T
150 B
120 E
59}
£ 9 ‘ -
go 20 40 60 80 100
o A/
60 —— p=100p,
30 “oops0p
N p,.=200p,
0 .
1 " 1 " 1 " 1 "
20 40 60 80 100
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To understand the underlying physics of these results,
one needs to recall that the cavity photon plays the role of
medium to generate and propagate the effective interaction for
atoms. The picture is similar to the usual BCS superconductors
where the electron-phonon scattering creates the attractive
interaction. A large atom-cavity detuning has a detrimental
effect on the process of atoms emitting photons into the
cavity mode, same as in CMI. For the cavity mode nearly
resonant with the atomic transition, CMI is strong enough to
forge diatomic molecular. When the opposite is true, the weak
attraction will bound atoms into Cooper pairs. With the further
increasing of detuning, the pairs disassociate into atoms.
Beyond a certain detuning (say, 40« ), the superfluid ordering
is likely to be lost and we have a free Fermi gas which is
characterized by © = ¢p. The amplitude of the order parameter
and the domain of superfluidity are all enlarged by a greater
collaborative factor, ; = 10*, as shown in Fig. 2(b). Notice that
the BEC region is also bigger than the previous case, and the
BCS to BEC evolution takes place at around |A |/« =~ 70 (solid
line). These consequences are somewhat expected because
CMI has been enhanced by a large matter-light coupling along
with a small cavity decay rate. Therefore, the pair-breaking
effect of detuning can be suppressed by the collaborative effect.

At zero temperature, the pumping field intensity |€2| is
irrelevant. The particle branch of the excitation spectrum,
E;),, and the momentum distribution, n, = [1 — E_%,] /2, have

important roles in the thermodynamic properties of the BCS-
BEC evolution. In Fig. 3, we demonstrate Eg /er and n,

as a function of |p| = +/p; + p; (in units of pr) for both
¢ =10% and ¢ = 10* cases. Here, the cutoff momentum is
pe = 100pr and the BEC side is shown as dashed line
for |A|/k = 10, whereas the solid line represents the BCS
side for |A|/k = 10?. We find a nonanalytic behavior of Eg
when ¢ = 0. There is a gapless spectrum in the BCS region
and a fully gapped spectrum in the opposite BEC region
(see the upper left in Fig. 3). The quasiparticle excitation

700 T T T

] T T T
——p =100 0 S
600 | PP |
-mo p~S0p Wt
c 3 S_ -4
500 F ....... . i
p=200p, 6
5] 8 3
o 400F 0 ; -
= /:10 50 60 70 80 90 100]
= 300} AU 1A .
200 : .
100 2,2 4
ng /x=10
0 Il N Il N Il N Il N
20 40 60 80 100
|A/x

(b)

FIG. 2. The reduced order parameter |¢|/&r and dimensionless chemical potential /¢ (inset) as a function of the detuning |A|/k at zero
temperature, for (a) ¢ = 10° and (b) ¢ = 10*. Here, the relative energy scale is given to be A = 0.1, and the cutoff momentum p, is taken as
pe = 100pF (solid line), p. = 150pr (dashed line), and p. = 200pg (dotted line).
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FIG. 3. Plots for Eg/é‘[: and n, as a function of |p| = ./ p? + p?
(in units of pp) at zero temperature, for { = 103 in the top row and
¢ = 10* in the bottom row. Here, the BEC case is shown as a dashed
line for |A|/k = 10, while the solid line represents the BCS case for
|A|/k = 10°. The relative energy scale is given to be A = 0.1, and
the cutoff momentum is p, = 100pf.

spectrum is gapless unless the conditions ¢p = 0 and & = ep
are both satisfied [38]. To fulfill the second condition, the
system has to reside in the BCS regime where pu > 0, and
therefore the spectrum is always gapped in the BEC side.
For the nonzero angular momentum superfluid (say, p-wave
superfluid), the quasiparticle excitation spectrum may be
gapless in the BCS side since the order parameter is angular
dependent, which possesses zero points in momentum space
[8]. However, the order parameter is isotropic in our model,
thus a gapless spectrum in the BCS side means the vanishing
of pairing field rather than encountering a zero point. Hence,
the BCS-BEC evolution in our model is not a phase transition
but a crossover. This statement shall be seen clearly in the
momentum distribution. A comparison between the BEC and
BCS cases in the second column of Fig. 3 shows that as the
detuning decreases the Fermi distribution with locus §, =0
is deformed, and 7, broadens in the BEC side. We can infer
that since the CMI is enhanced by the small detuning, two
atoms with opposite momenta become more tightly bound.
As a result, the fermions with larger momentum will likely
participate in the formation of bound states. Without any
qualitative changes in momentum distribution, we conclude
that the evolution is a crossover. From the bottom row of Fig. 3,
it turns out that a stronger collaborative effect has no influence
on the BEC side. Nevertheless, as we already mentioned, it
is helpful in the formation of bound pairs. Consequently, the
departure of n, from the Fermi distribution becomes more
obvious and fully gapped quasiparticle spectrums in both sides
are obtained. The conclusions we read from Fig. 3 are in
agreement with those in Fig. 2.

B. Disassociation temperature

We are now in a position to explore the pair-breaking
temperature scale, Ty;s, defined as the temperature at which
some fixed fraction of the bound pairs are dissociated. To
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this end, Egs. (21) and (22) are solved with vanishing order
parameter |¢o| = 0. Different from the previous case, the
pumping field intensity |€2| is involved in the calculations.
Similar with the usual BCS theory, we get that Tys/ep ~
exp(—ﬁ(%)% (i.e., Tyis decreases exponentially in the BCS
limit). Nevertheless, in the BEC regime with a negative
chemical potential i < 0, the number equation yields that
cosh(%)exp(zU”Tms) = cosh(%li’:'). Because 2%5 > #d.s in
the BEC limit, the hyperbolic functions can be divided
out from both sides of the above equation. This provides
that exp( 2v”Td,,) =~ 1. To satisfy such a limiting condition, a
temperature scale of Ty without upper boundary is required.
In fact, the apparent divergence of Ty;s in the strong coupling
limit is an artifact of the mean-field analysis. Physically, Tg;s
represents the dissociation energy of the pair rather than the
temperature at which the coherence is established. There is a
regime of temperature above the condensation temperature
where the gas still remains as a strongly interacting soup
with pairing correlations (often called preformed pairs in the
literature [39]).

In Fig. 4, we show the direct numerical solution of Tgis/eF
and p./ep (inset) as a function of |A|/k for ¢ =107 in
Fig. 4(a) and ¢ = 10* in Fig. 4(b). Here, the cutoff momentum
is p. = 100pg. The pumping field intensities are set to be
|22/k? = 0.1 (solid line) and |2|?/«x? = 0 (dashed line). The
aim is to see how the symmetry-breaking effect of the pumping
field affects the results. In Fig. 4, a monotonic dependence of
Tais on |A|/k is revealed: with the increase of |A|/k, Ty
decreases to zero for the case of |Q2|?/k? = 0.1 while staying
at a nonvanishing value for the case of |Q2|?/k? = 0. The
disassociation temperature tends to zero meaning that all pairs
disassemble to constituent fermions at the finite temperature.
Tais goes to a very high value at BEC limit owing to paring
correlations above the condensation temperature. We also note
that the symmetry breaking effect of the pumping field indeed
suppresses the pairing correlation, but the preformed pairs
are not fully destroyed since only weak pumping intensity is
involved. In the inset of Fig. 4, the dependence of u. on A is
qualitatively coincident with the zero-temperature solutions,
and the emergence of BCS-BEC crossover is accompanied by
the sharp decrease of Ty;s. For ¢ = 10*, fermions are in favor
of being associated into a bound state. Therefore, the value of
Tis is higher than the previous case, and the crossover takes
place at a larger value of |A|/k.

It is clearly demonstrated that the atom-cavity detuning
and the collaborative factor influence the system in different
ways, and that the former plays a major role in shaping
and determining the superfluidity of fermions. Our numer-
ical calculations are supported well by the corresponding
analytical considerations. In experiments, the phenomena
presented above can be observed by measuring the momentum
distribution [40].

C. Comparison with polariton systems

In the past, the investigations of the polariton condensation
in solid as well as in microcavity systems have attracted
enormous attention [41]. As a coupled matter-light system,
polaritons are quasiparticles resulting from strong cou-
pling between localized excitons (electronic excitations) and
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FIG. 4. The disassociation temperature Ty /& and critical chemical potential 1. /e (inset) with increasing detuning |A|/k for (a) ¢ = 103
and (b) ¢ = 10*. Here, the relative energy scale is given to be A = 0.1, the cutoff momentum is p, = 100p, and the pumping field intensities

are |Q2)?/k? = 0.1 (solid line) and |Q|?> /x> = 0 (dashed line).

photons [42]. In a recent work [43], a BCS-BEC crossover
of the polariton condensate is predicted. At low excitation
densities the condensation temperature 7. behaves like point
bosons, while T, approaches the BCS-like mean-field result
at higher excitation densities. Notice that the mean-field
equations (21) and (22), derived for an atomic system, have a
common form for those two distinguishable coupled matter-
light systems. Therefore, it is of interest to compare our system
to the polariton one studied in [43]. The absence of a direct
pairwise scattering indicates that the strength of the effective
interaction is entirely due to CMI. In our model, the intensity
of CMI depends on the atom-cavity detuning, and the fermion
pairs are the object that undergoes the condensation and BEC-
BCS crossover. The sign of chemical potential changes when
the crossover takes place. For polariton condensate, however,
the behavior of T, determines which type of the superfluidity
belongs. The density dependence of T is due to the changing
coupling strength and occupation of two-level excitons with
changing chemical potential. Moreover for localized excitons,
the density of states is a § function, whereas for interacting
atomic gas it is nonzero for all energies greater than zero.
An immediate consequence is the different interpretation of
the mean-field equations. In our model, the number equation
(22) alone fixes the chemical potential in the BCS side,
and in the opposite BEC limit the roles of Egs. (21) and
(22) are reversed. This means that in the Fermi gases the
temperature and the chemical potential are neatly separated.
For localized fermions, the chemical potential lies below the
band of fermions, and so the density is controlled by the
tail of the Fermi distribution. As a result, the temperature
and the chemical potential are not so clearly separated. In
addition, for polaritons formed in zero-dimensional cavity,
the mean-field theory gives the condensation temperature
at both the BCS and BEC sides. For atomic systems, the
mean-field approximation on the BEC side gives just the dis-
association energy of molecules rather than the condensation
temperature.

IV. CONCLUSION

In summary, we have investigated the system consisting of
a two-component free Fermi gas coupled with a single-mode
cavity. We also consider the environmental degrees of freedom,
which provide the dissipation and pumping channels. We
have found that when the dispersive dynamics dominates
(JAc|/x > 1), the matter-light coupling generates a single in-
stability to s-wave pairing between atoms of different internal
states (i.e., opposite pseudospins). The value and sign of such
interaction can be controlled by the cavity geometry. Using
coherent state path integral formalism, we develop a mean-
field theory to describe our model, and explore the properties
and impacts of the CMI. We have shown that when the cavity
mode is red-detuned from the atomic resonance, the CMI
becomes attractive, and thus it triggers a pairing mechanism
of fermions with opposite momenta and pseudospins. In this
case, intracavity photons play the role of phonons to induce
the attraction as in the usual superconductors. Ground-state
(T = 0) solution indicates that for a certain collaborative
factor, the superfluidity of bounded pairs can occur. By varying
the atom-cavity detuning, the superfluidity evolves between
the BCS and BEC limits. The strong coupling BEC regime
is found when the detuning is small. However, in the large
detuning case, we obtain the weak coupling BCS regime.
Although the quasiparticle excitation energy may be gapless
in the BCS side while fully gapped in the BEC side, the
evolution is still a smooth crossover. For the vanishing order
parameter, we compute the temperature scale of pair breaking
(i.e., the disassociation temperature Tg;s). The disassociation
temperature shows a monotonically decreasing behavior with
the increasing detuning, and no upper boundary found in the
BEC limit means that only at very high temperatures do the
molecules dissociate into atoms. The pairing correlation is
suppressed by the symmetry-breaking effect of the pumping
laser, but it survives in certain regimes because we only
consider the weak pumping intensity |2|?/x? < 1. Moreover,
we also find that the atom-cavity detuning and the collaborative
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effect play contrary roles. The former tends to break the pairs
and the latter favors of tightly bounded states.

The present paper is an extension of the concept of
quantum simulators by using cavity to create controllable
interaction. The CMI captures the essential physics of the
Feshbach resonance, making this system a promising alterative
candidate for observing BEC-BCS crossover. Theoretically
the physical realization of our model may work, but with
state-of-the-art experimental techniques there could be some
difficulties. We expect that such a proposal will be realized
with the development of modern experimental techniques. The
mean-field calculation in the present paper can be improved by
incorporating Gaussian pair fluctuations. Moreover, it would
be of considerable interest to extend our model, for example,
by including the nonequilibrium pumping and dissipation.
This could be done using the real time Schwinger-Keldysh

PHYSICAL REVIEW A 86, 053605 (2012)

functional integral formalism [44], and it is worthy to explore
in the future.
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