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Spin-orbital-angular-momentum (SOAM) coupling has been realized in recent experiments of Bose-
Einstein condensates [Chen et al., Phys. Rev. Lett. 121, 113204 (2018) and Zhang et al., Phys. Rev. Lett.
122, 110402 (2019)], where the orbital angular momentum imprinted upon bosons leads to quantized
vortices. For fermions, such an exotic synthetic gauge field can provide fertile ground for fascinating
pairing schemes and rich superfluid phases, which are yet to be explored. Here we demonstrate how SOAM
coupling stabilizes vortices in Fermi superfluids through a unique mechanism that can be viewed as the
angular analog to that of the spin-orbit-coupling-induced Fulde-Ferrell state under a Fermi surface
deformation. Remarkably, the vortex size is comparable with the beam waist of Raman lasers generating
the SOAM coupling, which is typically much larger than previously observed vortices in Fermi superfluids.
With tunable size and core structure, these giant vortex states provide unprecedented experimental access to
topological defects in Fermi superfluids.

DOI: 10.1103/PhysRevLett.125.260407

In the past decade, the experimental implementation of
synthetic spin-orbit coupling (SOC) in cold atoms has
stimulated extensive activities in simulating exotic quan-
tum matter [1–9]. Under a Raman-induced SOC, for
instance, the internal hyperfine spins of an atom are
coupled with the atomic center-of-mass momentum
through a two-photon Raman process, such that the atom
is subject to a non-Abelian synthetic gauge field that
qualitatively modifies the single-particle dispersion, with
nontrivial few- and many-body consequences [10–18].
Recently, an alternative type of synthetic gauge field is
introduced where hyperfine spins are coupled with the
atomic center-of-mass angular momentum [19–25]. Such
a spin-orbital-angular-momentum (SOAM) coupling has
already been experimentally demonstrated in spinor Bose-
Einstein condensates (BECs), under a Raman process
driven by two Laguerre-Gaussian lasers with different
orbital angular momenta [26,27]. While it has been shown
that the SOAM coupling leads to spin-dependent vortex
formation and rich quantum phases in BECs [19–28], its
impact on fermions is yet to be explored. Particularly,
vortices in a SOAM coupled Fermi gas would provide
crucial insight to the underlying superfluid. However,
unlike the SOAM-coupled BEC, SOAM coupling alone
does not induce vortices in a Fermi superfluid, since
fermions in a Cooper pair would acquire opposite orbital-
angular momenta that cancel each other, yielding a
superfluid devoid of vortices.

In this Letter, we demonstrate a unique vortex-forming
scheme for a Fermi superfluid under SOAM coupling. We
show that stable vortices can be generated under experi-
mentally achievable parameters by introducing a moderate
two-photon detuning in the Raman-induced SOAM cou-
pling. The underlying mechanism of the vortex formation is
reminiscent of that of the SOC-induced Fulde-Ferrell
pairing, where Cooper pairs inevitably carry finite
center-of-mass momentum due to the asymmetry of the
SOC-dressed Fermi surface under Zeeman fields [10–16].
An angular analog of the Fulde-Ferrell pairing state,
SOAM-coupling-induced vortices feature Cooper pairs
with quantized angular momenta, and are easier to detect
due to their topological nature. Compared to previously
known cases in Fermi superfluids [29,30], vortices here
are induced by non-Abelian rather than Abelian gauge
fields. The pairing mechanism here is also distinct from
that of Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) states in
a polarized superfluid, as FFLO states do not rely
on Fermi-surface asymmetry and are much less stable
[7,31,32].
As a consequence of this exotic vortex-forming process,

the SOAM-coupling-induced vortices possess fascinating
features. First, these vortices are strikingly large in size,
with the order parameter or density profiles varying on a
length scale comparable to the waist of Raman beams. This
is markedly different from previously studied vortices in
atomic Fermi superfluids, where changes in the vortex-core
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structure predominantly take place within a short length
scale set by the interatomic separation [33,34]. Second, the
vortex core exhibits a large spin imbalance, which
originates from spin-polarized vortex bound states, or
the so-called Caroli–de Gennes–Matricon (CdGM) states
[35], and would serve as an ideal experimental signal. Our
results offer an intriguing way of generating vortices with
tunable size in a Fermi superfluid, and would stimulate
further study of exotic pairing states in a SOAM coupled
Fermi gas.
Model.—We consider a two-component Fermi gas

confined in the two-dimensional x-y plane. The SOAM
coupling is driven by a pair of copropagating Raman beams
carrying different orbital angular momenta −l1ℏ and −l2ℏ
[see Figs. 1(a) and 1(b)]. The two-photon Raman process is
characterized by an inhomogeneous Raman coupling ΩðrÞ
and a phase winding e−2ilθ, where 2l≡ l1 − l2 and we
adopt the polar coordinates r ¼ ðr; θÞ. After a unitary
transformation, the effective single-particle Hamiltonian
becomes [27,36]

Hs ¼ −
ℏ2

2Mr
∂
∂r

�
r
∂
∂r

�
þ ðLz − lℏσzÞ2

2Mr2

þΩðrÞσx þ
δ

2
σz þ VextðrÞ; ð1Þ

whereM is the atom mass, and σi (i ¼ x, y, z) are the Pauli
matrices. The atomic orbital angular momentum
perpendicular to the x-y plane, Lz ¼ −iℏ∂=∂θ, is coupled

to the atomic spin through the SOAM-coupling term
−lℏLzσz=ðMr2Þ. The atoms are subject to an external
potential VextðrÞ, which we take as an isotropic hard-wall
box potential with a radius R.
The Raman coupling ΩðrÞ and two-photon detuning δ

provide effective transverse and longitudinal Zeeman
fields, respectively, which play key roles in stabilizing
vortices. While the Laguerre-Gaussian Raman beams were
used in previous experiments [26,27], their intensities are
suppressed over a considerable region near r ¼ 0, leading
to vanishingly small SOAM-coupling effects in the vicinity
which we find unfavorable for vortex formation. Instead,
we propose to directly image Raman beams with distinct
orbital angular momenta onto atoms, before the beams
propagate into the diffraction far field [36]. The resulting
Raman coupling ΩðrÞ has an overall Gaussian profile, but
with a small core of suppressed intensity whose size can be
2 orders of magnitude smaller than the laser waist [37]. It is
then a good approximation to write the Raman coupling as
ΩðrÞ ¼ Ω0e−2r

2=w2

, with Ω0 the peak intensity and w the
beam waist [36]. Assuming Raman lasers operate at the
tune-out wavelength [27,38,39], we neglect ac Stark shifts.
Considering s-wave contact interactions between differ-

ent spin components, we write the many-body Hamiltonian
as H ¼ H0 þHint, with H0 ¼

R
drΨ†ðrÞHsΨðrÞ,

and Hint ¼ −g
R
drψ†

↑ðrÞψ†
↓ðrÞψ↓ðrÞψ↑ðrÞ. Here ΨðrÞ ¼

½ψ↑ðrÞ;ψ↓ðrÞ�T, with ψσðrÞ (σ ¼ ↑;↓) denoting the field
operators for the two hyperfine spins. The bare interaction
g is renormalized as g ¼ 4πℏ2=½M lnð1þ 2Ec=EBÞ�
[36,40–43], where EB is the two-body binding energy in
the absence of SOAM coupling, and Ec is a large energy
cutoff that does not affect our results.
Single-particle spectrum.—Before moving to the many-

body calculation, we first analyze the single-particle
properties, i.e., the spectrum of Hs, which is helpful for
understanding the mechanism of vortex formation. Because
of the rotational symmetry, the eigen wave function of
Hs can be written as ψmnðrÞ ¼ φmnðrÞΘmðθÞ, where the
angular and radial wave functions are ΘmðθÞ ¼ eimθ=

ffiffiffiffiffiffi
2π

p
and φmnðrÞ, respectively, with quantum numbers m ∈ Z
and n ∈ Zþ. We numerically solve the Schrödinger
equation HsψmnðrÞ ¼ Em;nψmnðrÞ in the basis of the
Bessel functions to determine the energy spectrum Em;n.
This amounts to writing φmnðrÞ ¼ ½f↑mnðrÞ; f↓mnðrÞ�T, and
making the expansion fσmnðrÞ ¼

P
n0 c

ðn0Þ
σmnRn0;m−lτðrÞ,

where Rn;mðrÞ ¼
ffiffiffi
2

p
Jmðαnmr=RÞ=RJmþ1ðαnmÞ, with

τ ¼ þ1ð−1Þ for σ ¼ ↑ð↓Þ. Here JmðxÞ is the Bessel
function of the first kind whose zeros are given by αnm.
In Figs. 1(c) and 1(d), we show the impact of δ. For

δ ¼ 0, an inversion symmetry exists in the eigenspectrum,
leading to a symmetric distribution of eigenenergies with
respect to m ¼ 0, with Em;n ¼ E−m;n. In contrast, for
nonzero δ, the inversion symmetry is broken, with Em;n ≠
E−m;n and hence a deformed Fermi surface in the many-
body setting. For either a small or very large l under fixed

(c) (d)

(a) (b)

FIG. 1. (a) A pair of copropagating Raman beams carrying
different orbital angular momenta (−l1ℏ and −l2ℏ) induce SOAM
coupling in atoms, with a transferred angular momentum
2lℏ ¼ ðl1 − l2Þℏ. (b) Schematic illustration of the level scheme.
(c),(d) Single-particle energy spectra under SOAM coupling for
δ ¼ 0 (c), and δ=EF ¼ 0.4 (d). Black dashed lines denote
potential Fermi surfaces in a many-body setting. The parameters
are l ¼ 3, Ω0=EF ¼ 0.2, kFw ¼ 15, and kFR ¼ 15. Here
the Fermi wave vector kF is defined through the density
n0 ¼ k2F=ð2πÞ of a uniform Fermi gas in the area S ¼ πR2,
and EF ¼ ℏ2k2F=ð2MÞ.
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Zeeman fields, the Fermi-surface deformation is not
significant enough to have an appreciable impact on vortex
formation [36]. We therefore take an intermediate l ¼ 3
throughout the work.
When the attractive interaction is turned on, pairing

should predominantly take place between unlike spins
with the same radial quantum number n to maximize the
overlap of radial wave functions. Thus, for the symmetric
eigenspectrum under δ ¼ 0, it is more favorable for two
fermions with opposite angular quantum numbers (m and
−m) to form a Cooper pair carrying a vanishing total
angular momentum. In contrast, under a finite δ with
asymmetric eigenspectrum, the two fermions in a
Cooper pair may possess different values of jmj, resulting
in a pairing state with a nonzero, quantized angular
momentum, which is nothing but a vortex state. Such a
mechanism for the vortex formation is analogous to that of
the SOC-induced Fulde-Ferrell states, where the interplay
between SOC and Zeeman fields leads to the deformation
of Fermi surfaces with broken inversion symmetry in the
momentum space [12–16]. However, a key difference here
is the quantization of the angular momentum, which
gives rise to topological defects in the resulting Fermi
superfluid.
Many-body formalism.—We confirm the analysis above

by solving the many-body problem under the Bogoliubov–
de Gennes (BdG) formalism. The BdG equation is given by
HBdGΦmnðrÞ ¼ ϵmnΦmnðrÞ, with

HBdG ¼

2
666664

K↑ðrÞ ΩðrÞ 0 ΔðrÞ
ΩðrÞ K↓ðrÞ −ΔðrÞ 0

0 −Δ�ðrÞ −K�
↑ðrÞ −ΩðrÞ

Δ�ðrÞ 0 −ΩðrÞ −K�
↓ðrÞ

3
777775
: ð2Þ

Here ΦmnðrÞ¼ ½u↑mn;u↓mn;v↑mn;v↓mn�T, with uσmn and
vσmn being the Bogoliubov coefficients, and KσðrÞ¼
−ðℏ2=2MÞfð1=rÞð∂=∂rÞ½rð∂=∂rÞ�þð1=r2Þ½ð∂=∂θÞ−iτl�2g
þτðδ=2Þ−μ. The chemical potential μ is introduced to fix
the total particle number N. The superfluid order parameter
ΔðrÞ ¼ −ghψ↓ðrÞψ↑ðrÞi is determined self-consistently,

ΔðrÞ ¼ g
2

X
mn

½u↑mnv�↓mnϑðϵmnÞ þ u↓mnv�↑mnϑð−ϵmnÞ�; ð3Þ

where ϑðxÞ is the Heaviside step function.
For a vortex state, we have ΔðrÞ ¼ ΔðrÞeiκθ, where the

vorticity κ ∈ Z characterizes the quantized angular momen-
tum and serves as the topological invariant for the vortex

state. We then write uσmn¼
P

n0 c
ðn0Þ
σmnRn0;m−τlðrÞΘmðθÞ, and

vσmn ¼
P

n0 d
ðn0Þ
σmnRn0;mþτl−κðrÞΘm−κðθÞ, so that the BdG

equation becomes a matrix equation for the coefficients

cðn
0Þ

σmn and dðn
0Þ

σmn [36].

With different values of κ ∈ Z, we solve the BdG
equation and the self-consistent equation (3) under the
particle number constraint N ¼ P

σ

R
drnσðrÞ, with density

profiles nσðrÞ ¼ 1
2

P
mn½juσmnj2ϑð−ϵmnÞ þ jvσmnj2ϑðϵmnÞ�.

We then compare the free energies of vortex states with
different κ, the usual superfluid state (κ ¼ 0), and the normal
state (Δ ¼ 0) to determine the ground state.
Phase diagram and vortex structure.—In Fig. 2(a), we

show typical phase diagram of the system in the Ω0–δ
plane. For δ > 0 (δ < 0), vortex states with κ ¼ −1 (κ ¼ 1)
are favored, with phase boundaries unchanged by the sign
of δ. The fact jκj ≠ l indicates that the vortex state here is a
many-body phenomenon. At small Ω0 and δ, the ground
state is a usual superfluid (SF) with a vanishing vorticity
κ ¼ 0. Under sufficiently large Ω0 and/or δ, the free-energy
difference between the SF and normal (N) states becomes
vanishingly small. Since beyond-mean-field fluctuations
tend to stabilize the normal state, for all practical purposes,
we consider the system to be in a normal state when the
free-energy difference is smaller than 10−3EF [12]. More
importantly, between SF and N states, two vortex states
exist. For example, with a fixed Ω0=EF ¼ 1.5 [see
Fig. 2(a)], the ground state is in the SF state under small
detunings δ, and becomes a fully-gapped vortex state (V1)

(a)

(b) (c)

FIG. 2. (a) Phase diagram of a two-dimensional Fermi super-
fluid with SOAM coupling in the Ω0-δ plane.We fix l ¼ 3, and
the interaction strength is chosen as EB=EF ¼ 0.5. The phase
diagram includes the usual superfluid state with κ ¼ 0, the normal
state with Δ ¼ 0, and two vortex states with κ ¼ −1: a fully
gapped vortex state (V1) and a gapless vortex state (V2). (b),(c)
Free energies F of the superfluid (κ ¼ 0; red dashed), vortex
(κ ¼ −1; blue solid) and normal (black dotted) states as functions
of δ, with Ω0=EF ¼ 2 (b) and Ω0=EF ¼ 0.5 (c). The parameters
kFw and kFR are the same as those in Fig. 1.
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beyond a critical value of δ. Further increase of δ leads to a
gapless vortex state (V2), where the bulk excitation gap
closes.
In Figs. 2(b) and 2(c), we compare free energies of

different states, as the phase diagram is traversed. In
particular, for the case with Ω0 ¼ 0.5EF, the ground state
remains vortexless for finite δ, despite the deformation of
the Fermi surface under SOAM coupling and effective
Zeeman fields. This is due to the quantized nature of
the angular momentum, and is in sharp contrast to the SOC-
induced Fulde-Ferrell state which necessarily acquires a
finite, continuously varying center-of-mass momentum in
the presence of SOC and Zeeman fields [10–16].
In Fig. 3, we show the energy spectrum ϵmn, the order

parameter ΔðrÞ, and the density profiles in the SF state
[Figs. 3(a) and 3(b)], the V1 state [Figs. 3(c) and 3(d)], and
the V2 state [Figs. 3(e) and 3(f)]. In the ground state, all
eigenstates with ϵmn < 0 are occupied. Here two important
observations are in order.
First, both the order parameter and density profiles vary

over a length scale set by the laser waist w, leading to a

giant vortex core with tunable size. This is clearly visible
in Fig. 4, where the vortex-core size, characterized by
variations of the order parameter, is comparable to w, the
latter being much larger than k−1F in experiments.
Second, the order parameter ΔðrÞ of either vortex states

vanishes at r ¼ 0, accompanied by a large spin imbalance
near the vortex core. This is in contrast to the SF state,
where the spin population is roughly balanced at r ¼ 0
[Fig. 3(b)]. In Fig. 5(a), we show the densities of the two
spin components at r ¼ 0 as a function of the detuning δ.
The spin imbalance remains small in the SF state at small δ,
but abruptly jumps to a large value once the system is in the
vortex state, suggesting a discontinuous phase transition.

(a) (b)

(c)

(e)

(d)

(f)

FIG. 3. Energy spectra and vortex-core structures for the SF
state with δ=EF ¼ 0.48 [(a),(b)], the V1 state with δ=EF ¼ 0.84
[(c),(d)], and the V2 state with δ=EF ¼ 1.05 [(e),(f)]. In the
energy spectra (a),(c),(e), different eigenstates are color coded
according to the ratio

ffiffiffiffiffiffiffiffi
hr2i

p
=R, with the root-mean-square of the

radius hr2i ¼ P
σ

R
drr2ðjuσmnj2 þ jvσmnj2Þ. The CdGM states

are indicated by black dots in (c). In (b),(d),(f), the blue dash-
dotted correspond to the order parameter profile, and red solid
(dashed) lines are the radial density profiles of the spin-down (up)
atoms, respectively. The radial density is calculated through
nσðrÞ ¼ ð1=2πÞ R dθnσðrÞ. Here we take Ω0=EF ¼ 1.2 and other
parameters are the same as those in Fig. 2.

FIG. 4. Order parameter profiles for kFw ¼ 5 (blue solid),
kFw ¼ 10 (black dashed), and kFw ¼ 15 (red dash-dotted). We
fix δ=EF ¼ 0.84 and kFR ¼ 15, with other parameters the same
as those in Fig. 3.

(a)

(b) (c)

FIG. 5. (a) Densities of the two spin components at the trap
center, nσðr ¼ 0Þ, as a function of the detuning δ. The blue solid
(red dashed) curve denotes the spin-down (spin-up) component.
(b),(c) Local densities of state Dσðr; EÞ for δ=EF ¼ 0.24 (b) and
δ=EF ¼ 0.6 (c). The upper (lower) layer shows the local density
of state of the spin-down (spin-up) component. The red circle in
(c) indicates the occupied CdGM state responsible for the spin
imbalance at r ¼ 0. Here we take Ω0=EF ¼ 2 and other param-
eters are the same as those in Fig. 2.
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To better characterize the large spin polarization at the
vortex core, we calculate the local density of state
Dσðr; EÞ ¼ ð1=2πÞ R dθDσðr; EÞ, which offers spatial
and spectral resolutions of all eigenstates. Here Dσðr;EÞ¼
1
2

P
mn½juσmnj2δðE−ϵmnÞþjvσmnj2δðEþϵmnÞ�. Our results

for the SF and V1 states are shown in Figs. 5(b) and 5(c),
respectively. As indicated by the red circle in Fig. 5(c),
occupied CdGM states with large spin polarization exist in
the excitation gap, which are localized near r ¼ 0 with
depleted pairing order parameter, effectively serving as a
dump for the spin polarization under Zeeman fields. These
CdGM states are directly responsible for the observed large
spin polarization at the vortex core in Fig. 3(d). In the V2
state, despite the closing of the bulk excitation gap, local
spin polarization near the core persists, due to polarized
local states that are smoothly connected to the CdGM states
in the gapped phase [36].
Discussion.—Experimentally, the SOAM-coupling-

induced vortices can be detected through the apparent spin
polarization at vortex cores, which is further facilitated by
their large and tunable size. For instance, with w ∼ 7.5 μm
and l ¼ 3, and under typical parameters of a quasi-two-
dimensional Fermi gas of 6Li atoms with EF ∼ 2πℏ ×
3.4 kHz [44], the parameter window for a stable vortex state
is Ω0 ∼ 2πℏ × ð3.4; 8.5Þ and δ ∼ 2πℏ × ð1.4; 4.1Þ kHz,
which are readily accessible. While we focus on the case
with l ¼ 3, vortex states with jκj > 1may be stabilized under
a larger l [36], where one should then consider the possibility
of multiple vortices. Our work thus offers the prospect of
engineering more exotic vortex states via the SOAM
coupling.
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work is supported by the National Key R&D Program
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Note added.—Recently, a related preprint appeared [45],
where a similar vortex-forming scheme under SOAM
coupling is studied in a different configuration.
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