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Tuning density and spin ordering of degenerate Fermi gases in an optical cavity
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We investigate a spin-degenerate Fermi gas coupled to a high-finesse optical cavity, where the competition
between scalar and vectorial couplings is controlled by the relative polarization angle of the pump and cavity
fields. We find that the phase transition threshold is synergistically determined by the scalar-vectorial coupling
weight and Pauli blocking, with the latter dictating the critical pump lattice depth required for the onset of super-
radiance. For a two-component Fermi gas with opposite spins, the population ratio drives two distinct types of
phase transitions corresponding to real-space phase separation: continuous and discontinuous. Nevertheless, the
boundary of the phase transition remains fundamentally governed by the scalar-vectorial coupling competition.
We clarify the impact of the relative polarization angle on phase transitions of the system; these results also apply
to bosonic systems. Our results provide valuable theoretical insights for future experimental realizations.
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Introduction. The coupling of ultracold quantum gases to
optical cavities provides a powerful platform for studying
many-body physics [1–3]. A prominent example is the super-
radiant self-organization quantum phase transition—realized
in both Bose-Einstein condensates (BECs) and degenerate
Fermi gases—which has been extensively investigated both
experimentally and theoretically [4–9]. In such setups, ef-
fective long-range interactions between atoms are mediated
by two-photon scattering processes between the cavity and
the transverse pump fields, dominating the many-body phases
[10]. Accordingly, extending such hybrid cavity-atom systems
offers profound insights into the critical behavior of open
quantum systems [11–13], nonequilibrium dynamics [14,15],
multicomponent interplay [16–18], and thermodynamic phase
transitions [19,20].

While extensive research has focused on coupling the ex-
ternal degrees of freedom of ultracold gases to optical cavities
via atomic scalar polarizability [21–24], introducing internal
spin degrees of freedom in the presence of an external field
allows the light-matter interaction to be decomposed into
distinct scalar and vectorial components [25]. Although the
superradiant phase transition has been widely explored in
spinor BECs [26–29], its counterpart in spin-dependent de-
generate Fermi gases remains largely elusive [30–33]. In this
Letter, we investigate the fundamental scenario of tuning the
pump-field polarization to control the competition between
these scalar and vectorial couplings, revealing the nontrivial
features of the superradiant phase transition in spin-dependent
fermions. Unlike in bosonic systems, Pauli blocking dictates
that the atomic response to the cavity field is collectively
governed by the entire Fermi sea.

The central objective of our work is to unveil how the
competition between scalar and vectorial couplings reshapes
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self-organized phase transitions in the presence of Fermi
statistics. The Letter is organized as follows. We begin by
introducing our theoretical model and deriving the phase-
transition conditions via mean-field theory. Our analytical
results reveal that the pump polarization tunes the relative
contributions of the scalar and vectorial couplings, while
Fermi statistics dictates the susceptibility required to trigger
the onset of superradiance. Both factors jointly set the phase
transition threshold. Further, we extend the framework to a
two-component Fermi gas with opposite spins. Steady-state
numerical analysis demonstrates that the boundary for real-
space phase separation is strictly anchored by the weight of
the scalar and vectorial atomic polarizabilities, whereas the
order of the phase transition is governed by the population
ratio of two components.

Model. We consider spin-dependent degenerate Fermi
gases confined within a high-finesse optical cavity, and driven
by a transverse pump laser. As shown in Fig. 1, the cavity
field is along the x axis and its polarization is in the x-axis
direction. As the polarization of transverse pump is adjustable,
we define ϕ as a relative polarization angle between the pump
and the cavity fields. Consequently, in the above circumstance
the atom-light interaction contains both scalar and vectorial
parts [25,28]. To proceed, we adiabatically eliminate the ex-
cited states of the atoms because the pump frequency ωp is
far detuned from the atomic transition frequency ωa [34],
resulting in an effective Hamiltonian [35,36],

Ĥeff = −�câ†â +
∫

dr�†
mF

(r)
(
Ĥ0 + ĤI,mF

)
�mF (r), (1)

with

Ĥ0 = p̂2

2m
− V (r), (2)

ĤI,mF = −U (r)â†â − η(r)λmF (eiφmF â† + e−iφmF â). (3)

2469-9926/2026/114(1)/L011302(6) L011302-1 ©2026 American Physical Society

https://orcid.org/0000-0001-7412-3538
https://ror.org/020azk594
https://crossmark.crossref.org/dialog/?doi=10.1103/r41b-5kc2&domain=pdf&date_stamp=2026-07-27
https://doi.org/10.1103/r41b-5kc2


WEI QIN, YUAN-HONG CHEN, AND RENYUAN LIAO PHYSICAL REVIEW A 114, L011302 (2026)

FIG. 1. Schematic of the experimental setup. The degenerate
Fermi gas is positioned at the center of the cavity axis. The high-
finesse optical cavity is oriented along x̂, and the pump laser is
directed along ẑ. The cavity polarization (purple arrow) is taken to
be along ŷ, and the pump polarization (green arrow) makes an angle
ϕ with respect to this direction.

In the above, â† (â) is the creation (annihilation) oper-
ators of photons in the cavity mode, and �†

mF
(�mF ) is

the creation (annihilation) operators of fermionic atoms
with mass m, momentum operator p̂ = −ih̄∇, and magnetic
sublevels mF . �c = ωp − ωc denotes cavity-pump detuning
with the cavity frequency ωc. We have defined the pump
potential V (r) = V0 cos2(kp · r), the cavity field U (r) =
U0 cos2(kc · r), and the coefficient of pump-cavity inter-
ference η(r) = η0 cos(kp · r) cos(kc · r) with η0 = √

V0U0.
The information of ϕ is encoded in the symbols λmF

and φmF : λmF =
√

cos2 ϕ + (αvmF sin ϕ/2αsF )2 and φmF =
arctan(αvmF tan ϕ/2αsF ) see Supplemental Material Ref.
[36]. Here, F = 3/2 is the total angular momentum man-
ifold stemming from the D2 line of a 6Li atom, so mF =
{±3/2,±1/2} is chosen [39]. αs and αv are, respectively, the
scalar and vectorial atomic polarizabilities, and we fix the
value αv/αs = 0.928. The wave vector of the pump beam
is given by kp = k0êz and that of the cavity field is given
by kc = k0êx. For simplicity, we consider the weak-coupling
limit, set h̄ = 1, and choose the recoil energy ER = h̄2k2

0/2m
as the basic energy scale.

Method. The dynamics of the photon operator â is gov-
erned by the Lindblad master equation. Within the mean-field
approach [40], â is replaced by its expectation value α = 〈â〉.
We seek a steady state by the condition ∂tα = 0 and obtain

α ≈ −η0λmF

�̃c
eiφmF �mF . (4)

The cavity losses κ has been neglected in the present case of
the high-finesse cavity, and key features of our result survive
in the weak dissipative limit [4,41]. We have defined the
density order parameter �mF = ∫

drnmF (r)η(r)/η0 and the
shifted detuning �̃c = �c + ∫

drU (r)nmF (r), with nmF (r) =
〈�†

mF
(r)�mF (r)〉.

The partition function within the Euclidean functional
integral formalism is Z = ∫

D[ψ̄mF , ψmF ]e−S , with the

action S = ∫ β

0 dτ
∫

dr[ψ̄mF (∂τ − μmF )ψmF + Heff (ψ̄mF , ψmF )]
adopted from Refs. [42,43]. Here, ψmF (ψ̄mF ) is Grassmann
variables representing the fermionic modes, β = 1/kBT is the

inverse temperate, and μmF is the chemical potential. Ac-
cording to the Landau theory, we calculate the free energy
of the system F = − lnZ/β + μmF NmF around α = 0, to de-
termine the continuous transition between the normal phase
and the superradiant phase. Meanwhile, expanding it up to the
quadratic order in �mF , we obtain, see Supplemental Material
Ref. [36]

F = F0 − η2
0λ

2
mF

�̃c

(
1 + χmF λ2

mF

4

�̃c

)
�2

mF
, (5)

where F0 = −Tr ln G−1
0 /β + μmF NmF is the bare free energy

of fermions with G−1
0 = ∂τ + Ĥ0 − μmF , and the susceptibility

χmF is given by

χmF =
∫

BZ
d2k

∑
i j

n
(
E (i)

k

) ∣∣〈u( j)
k

∣∣η(r)
∣∣u(i)

k

〉∣∣2

E ( j)
k − E (i)

k

. (6)

E (i)
k and |u(i)

k 〉 are the eigenvalues and eigenstates of Ĥ0 in
the ith band, respectively. Here, the Fermi-Dirac distribution
is n(E (i)

k ) = 1/ exp [β(E (i)
k − μmF ) + 1], which becomes the

step function �(E (i)
k − μmF ) when the system is at zero tem-

perature. μmF characterizes the Fermi energy and is implicitly
dependent on the filling fraction νmF ≡ NmF /Nl , where Nl is
the total number of quantum states.

Phase transition conditions. The threshold for the superra-
diant phase transition is identified in Eq. (5) as the point where
the coefficient of �2

mF
changes sign [44,45]. Therefore, the

phase boundary occurs at λ2
mF

= −�̃c/4χmF , and by solving
this equation, the critical relative polarization angle can be
obtained,

ϕcrit = arcsin

√
−�̃c/4χmF − 1

(αvmF /2αsF )2 − 1
. (7)

The value ϕcrit represents the maximum relative polarization
angle for the transition from superradiance to normal phase.
To ensure the existence of a finite ϕcrit , χmF > −�̃c/4 is
required. Physically, the susceptibility χmF characterizes the
tendency of the normal system toward superradiance, While
λmF affects the superradiance through the adjustment of ϕ.

Parameters’ influence. Figure 2(a) presents the rescaled
susceptibility χmF /NmF η2

0 versus the filling factor νmF and the
pump lattice depth V0, which is independent of the Zeeman
states mF . Horizontal dashed lines mark the noninteracting
boson case at the same V0. Data (consistent with Ref. [46])
show that χmF for the Fermi gas has a strong density depen-
dence and it is in stark contrast to bosonic counterpart; The
Fermi-surface (FS) nesting is demonstrated by these peaks
of solid lines, and χmF /NmF η2

0 always displays two peaks
around νmF ≈ 0.5. With increasing V0, fermions cross over
from delocalized to localized behavior, and the positions of
the peaks move toward ν = 0.5. As shown in Fig. 2(d), we
plot the FS of Ĥ0 at the left peak of V0 = 3ER (the blue arrow).
The part of the FS is well nested with the nesting wave vector
Q = ±(kc ± kp).

The inhibitory effect of ϕ on λmF is evident in Fig. 2(c): its
value monotonically decreases with increasing ϕ. The signifi-
cance of mF is manifested in the evolution of λmF . For a fixed
ϕ, the reverse mF state has the same λmF and a larger |mF |
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FIG. 2. (a) Dependence of the rescaled susceptibility χmF /NmF η2
0

on the filling fraction νmF for several pump depths V0/ER. Solid
and dashed curves correspond to the noninteracting Fermi and Bose
cases, respectively. The inflection points observed in the solid lines
are signatures of FS nesting. The blue arrow, located at V0 = 3ER and
νmF ≈ 0.43, denotes the example presented in (d). (b) and (c) Param-
eters φmF and λmF plotted as functions of the relative polarization
angle ϕ. (d) Nesting of the FS for the Hamiltonian Ĥ0 before the
superradiant transition occurs. Black solid line indicates the origi-
nal FS, while light blue dashed curves show the FS is shifted by
Q = ±kp ± kc. Colored arrows denote the nesting wave vectors Q.

has a larger λmF . Moreover, φmF —also encoding both ϕ and
mF —locks the cavity photon phase [see Eq. (4)]. The sign of
mF determines that of φmF , and |φmF | monotonically increases
with increasing ϕ and a larger |mF | corresponds to a larger
φmF [see Fig. 2(b)].

Phase diagrams. We have plotted the phase diagrams in
Fig. 3 for fixed mF = 3/2. The sign of mF is unimportant
and mF = 1/2 merely expands the value of ϕcrit; see Eq. (7).
In Fig. 3(a), for ϕcrit = 0, the system is in the normal phase
due to χmF < −�̃c/4, and for ϕcrit �= 0, the system is in the
superradiant phase when ϕ � ϕcrit. ϕcrit = π/2 indicates that
for larger V0 and finite ν3/2, the system is unable to exit super-
radiance through the suppression arising from λ3/2. Thus, we
find that a minimum V0 is required (green rhombus). Mean-
while, the critical curve of ϕ (solid lines) suggests the χmF is
of strong density dependence. The inset displays the ϕ phase
diagram along the ν3/2 = 0.40 (blue line) and the V0 = 1ER

(red line). The kink represents the value ϕcrit ≈ 0.36π when
ν3/2 = 0.40 and V0 = 1ER.

Effective heating in such fermion-cavity systems is un-
avoidable, and the associated broadening of the FS markedly
reduces susceptibility χmF . Figure 3(b) shows that raising the
temperature flattens the nesting peak and lowers the value
χ3/2. Importantly, the nesting peaks at ν3/2 = 0.5 vanish for
temperatures above T = 0.2ER.

For non-negligible cavity losses κ , the phase diagram curve
is significantly altered [47,48], and nontrivial phenomenon as
limit cycles or chaos may occur [49,50]. The phase diagram of

FIG. 3. (a) Critical relative polarization angle ϕcrit as a function
of pump lattice depth V0/ER and filling fraction νmF . Darker shading
corresponds to ϕcrit approaching π/2; white regions indicate that the
superradiant threshold is not reached. Inset: phase diagrams of ϕ and
(red) νmF at fixed V0 = 1ER and (blue) V0/ER at fixed νmF = 0.40.
The paths are marked by the dashed lines of the same colors in (a).
NP and SR denote the normal and superradiant phases, respectively.
(b) Evolution with temperature T . (c) Impact of cavity losses κ at
T = 0.01ER.

such an open system is governed by determining the stable at-
tractors of the dynamics. However, the extrema of free energy
F in the limit κ → 0 coincide with the dynamical stationary
point, so the system inherits key features from its equilibrium
counterpart [4,41]. When κ �= 0, the hard condition for the
existence of ϕcrit is rewritten as �̃c = −2χmF ±

√
4χ2

mF
− κ2.

As shown in Fig. 3(d), the existence of κ shrinks the boundary
of stability, yet the peaks of FS nesting survives over a range
of κ .

Two-component system with reverse mF . Next, we consider
a Fermi gas in an arbitrary mixture of the mF = 3/2 and
mF = −3/2. Compared to Eqs. (1) and (4), the Hamiltonian
and the average photon number for this situation both acquire
an additional summation over spin states

∑
mF =±3/2 preceding

the atomic terms. In this case of particle number imbalance,
characterized by the ratio nν = ν−3/2/ν3/2, we obtain the
phase diagram in Fig. 4 by minimizing f . The relationship
between free energy and the grand potential satisfies the Leg-
endre transformation [52], and the Helmholz free energy is
written as

f = −β−1
∫

BZ
d2k

∑
mF =± 3

2

(∑
i

ln
[
1 + e−β(ε (i)

k,mF
−μmF )]

+ μmF νmF

)
− δc|α̃|2. (8)

The rescaled cavity field and cavity-pump detuning are given
by α̃2 = U0α

2/4 and δc = 4�c/U0Nl , respectively. Here,
εk,mF are the eigenvalues of the component in Zeeman state
mF , found by diagonalizing the atomic part of

∑
mF

Ĥeff . We
work at a low nonzero temperature to comply with effec-
tive heating, T = 0.01ER. To simplify, we set ν3/2 = 0.45—a
value near the FS nesting peak—which yields a large χ3/2 to
facilitate superradiance.
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FIG. 4. Equilibrium phase diagrams are presented for (a) nν = 1 at ϕ = 0 and (b) the ϕ-nν plane with V0/ER = 1 and δ̃c/ER = −2.7.
(a) The blue and red curves show second-order boundaries separating the normal (NP) and superradiant (SR) phases for nν = 1 and nν = 0.05,
respectively. (b) The blue line is the NP-SR boundary. The vertical red line indicates the component-separation boundary [51] at ϕcrit =
arctan(2αs/αv ). The separation is second order (dashed) for nν < 0.73 and first order (double solid) for nν > 0.77. The inset shows the
photon phase near 0 (π/2) for ϕ < ϕcrit (ϕ > ϕcrit). (c) Instances of (b) at nν = 1 and nν = 0.05. The local minimum of the average photon
number |α̃| (top panel) and the global minimum of the density order parameter �mF /NmF (bottom panel) are plotted vs ϕ. The black dotted
line marks the separation threshold. In the top panel, the red curve (nν = 1) shows two local minima near threshold, characteristic of a
first-order transition, while the blue curve (nν = 0.05) shows a single minimum, characteristic of a second-order transition. In the bottom
panel, the solid line and asterisk correspond to mF and −mF , respectively. The sign of �mF /NmF indicates particle location on odd (+)
and even (−) lattice sites in a checkerboard pattern within the SR phase [4]. At threshold, opposite signs for the two components reveal
real-space phase separation. (d) shows the phase diagram in the ϕ-δ̃c plane for V0/ER = 1 and nν = 1. The black dot indicates the tricritical
point.

Steady-state analysis. See Fig. 4(c); in the superradi-
ant phase the signs of �3/2 and �−3/2 are opposite for
all ϕ ≈ 0.36π . This behavior indicates real-space separa-
tion of the fermion components, accompanied by a cavity
photon phase shift from nearly 0 (phase SR1) to π/2
(phase SR2); see the inset of Fig. 4(b). Furthermore, the
transition changes from second order to first order as nν

increases, and this threshold is located at nν = 0.73. This
can be understood through the equality of the free energy
F (�3/2,�−3/2) = F (�3/2,−�−3/2), which gives a criti-
cal angle ϕcrit = arctan(2αs/αv ) for phase separation, see
Supplemental Material Ref. [36]. For ϕ = 0, the system re-
duces to a spin-independent two-component Fermi gas. The
transition condition is δ̃c = −4

∑
mF

χmF (see Supplemental
Material [36]), and the unstable region is δ̃c < −2

∑
mF

νmF .
Compared with the single-component case [53], these results
are shown in Fig. 4(a).

The threshold for the normal-superradiant transition is
set by the rescaled cavity-pump detuning δ̃c and the
susceptibilities χ±3/2; the relative polarization angle ϕ

tunes the superradiance of the system and determines the
phase separation of the fermion components. Hence, fixing
ϕ = arctan(2αs/αv ) and selecting appropriate values of δ̃c and
χ±3/2, one obtains tricritical points connecting the normal,
SR1, and SR2. For simplicity, we present the phase diagram
for nν = 1 in Fig. 4(d). In this case, two components equally
occupy one site with zero magnetization for ϕ < 0.36π ,
and for ϕ > 0.36π they display an alternating distribution
characteristic of an antiferromagnet. Therefore, the critical
thresholds between zero magnetization and antiferromagnet
phases can be obtain in the mean-field approach [35]: For the
former, the critical effective pump-cavity detuning is found
algebraically δcrit

c = −8χ cos2(φ); for the latter, the critical
effective pump-cavity detuning is instead δcrit

c = −8χ sin2(φ),
where we denote χ±3/2 = χ , see Supplemental Material Ref.
[36]. Retraced to the case of BEC [35,50], the same nature
will remain. Yet, the tricritical point (the threshold of phase

separation) is shifted for finite dissipation, depending on the
number imbalance between two components due to χmF ∝
NmF , see Supplemental Material Ref. [36].

Conclusions and outlook. This work clarifies the role of the
relative polarization angle ϕ in a spin-dependent degenerate
Fermi gas confined in an optical cavity, where the cavity and
pump polarizations are misaligned. The atom-light interac-
tion, governed by ϕ, mediates the balance between scalar and
vectorial contributions, thereby enhancing superradiance for
αv/αs > 1 and suppressing it for αv/αs < 1. We also sys-
tematically characterize the effects of the filling factor νmF ,
cavity detuning �̃c, pump lattice depth V0, finite tempera-
ture T , and cavity dissipation κ on the phase diagram. In a
binary Fermi mixture with opposite spins, real-space phase
separation invariably occurs at ϕ = arctan(2αs/αv ). When the
particle numbers are imbalanced, the transition crosses over
from second order to first order as the ratio nν increases.
These findings are equally applicable to the bosonic case.
While the principle of free-energy minimization can detect the
onset of superradiance [3,54], it is fundamentally inadequate
for describing the long-time steady state of this system, as
the interplay of cavity losses and Pauli blocking can lead
to nonthermal steady states [15,55]. The dissipation-driven
nonequilibrium dynamics, which determines the behavior of
the unstable regions through long-term evolution, has not
been fully explored and will constitute the focus of our
subsequent research. Though mean-field theory is usually a
good approximation in long-range interacting systems [10],
quantum fluctuations can modify the critical exponents [56],
and drive the system to a novel dynamical phase [57] or a
bistability [58]. Extending our model to include additional
interactions represents a natural step toward investigating
stoner ferromagnetism [59,60], strong correlations [61,62],
BCS superconductors [63], non-Hermitian phenomena [64],
and related topics.
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