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Subjecting a massive two-dimensional Dirac material to a vortex light beam provides a mechanism
for the photo-induction of multiply quantized vortices. Using Floquet theory, we show that elec-
tronic vortices, characterized by their total angular momentum, are exclusive to circularly polarized
vortex beams. The equations for the driven system at the one photon-resonance are mapped to the
Bogoliubov–de Gennes equations of s-wave superconductors with multiply quantized vortices. This
mapping provides valuable analytical tools for the analysis of the system’s spectral properties.

Dynamical control of materials’ properties and phases
through time-periodic modulations is a powerful tool for
accessing, controlling, and generating quantum states
of matter. This approach, known as Floquet engineer-
ing [1, 2], has become an active field of research as
it provides non-thermal pathways to properties’ con-
trol through light-matter interactions [3–5]. Irradiation
of solids gives rise to non-perturbative photon-dressed
bands and quasiparticle excitations. The formation of
Floquet–photon-dressed–bands has been observed on the
surface of topological insulators via time-resolved and
angle-resolved photoemission spectroscopy [6–8]. Addi-
tionally, the formation of light-induced topological gaps
has been measured through the anomalous Hall conduc-
tance in graphene [9].

Optical tuning of phases of matter has been conven-
tionally realized by light’s intensity, frequency, and po-
larization variations [1–5]. However, these factors do not
explore the full versatility light has to offer for the con-
trol of quantum matter. Additional degrees of tunability
can arise from the spatial control of optical beams. Vor-
tex light beams (VLBs) are examples of such sources of
radiation [10, 11]. These beams carry an orbital angu-
lar momentum (OAM) in addition to the intrinsic spin
angular momentum resulting from their circular polariza-
tion [12, 13]. Recently, experiments investigating VLB-
matter coupling in solids have detected OAM induced
electric signals in GaAs [14], OAM dependent photocur-
rents in WTe2 photodetectors [15], and an OAM en-
hanced photovoltaic effect in MoS2 [16].

In this paper, we demonstrate the photo-induction of
multiply quantized vortices in two-dimensional massive
Dirac materials. Utilizing Floquet theory, we show that a
VLB-driven massive Dirac material hosts multiply quan-
tized vortex states characterized by their total angular
momentum if and only if the VLB is circularly polarized.
Moreover, we show that the Floquet-Hamiltonian equa-
tions governing the driven system can be mapped, in the
one-photon resonance regime, to Bogoliubov–de Gennes
equations for s-wave superconductors or fermionic super-
fluids under applied magnetic flux manifesting multiply
quantized vortices [17], which allows insights into the

FIG. 1. (a) Schematic representation of CP (τ) monochro-
matic (ℏΩ) VLB carrying OAM (ℓ) and amplitude E0 nor-
mally incident to a massive Dirac material characterized by
a length scale R. (b)-(c) Two-band Floquet model. The hole
band (V-band) is dressed with one photon and intersects the

electron band (C-band) at ℏvF|km| =
√

(ℏΩ/2)2 −M2. The
hybridization at ±km opens dynamical gaps. (d) Spin config-
urations of Floquet states in the photon-dressed bands in (c).

connection between these seemingly unrelated systems.
The mechanism for vortex generation in matter via

light-driving can be illustrated in a simple form by con-
sidering a material hosting massive Dirac-like quasipar-
ticles subjected to a monochromatic VLB which is de-
scribed by the spatio-temporal Hamiltonian

H(r, t) = vFσ · p+Mσz + evFA(r, t) · σ . (1)

Here, vF is the quasielectron’s Fermi velocity, 2M is
the electronic bandgap, e > 0 is the electron charge,
and σ is a vector of Pauli matrices acting on the elec-
tronic spin. The vector potential describing the VLB is
A(r, t) = A(r)Re[ei(Ωt−ℓθ)εη], where θ is the azimuthal
angle and Ω is the light’s frequency. εη = x̂+ e−iη ŷ and
η ∈ [0, 2π) determine the light’s polarization, e.g., by
varying η from 0 to π/2 we tune the polarization from
linear to circular. VLBs are characterized by a spatial
dependence A(r) that vanishes at r = 0 for non-zero val-
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ues of OAM ℓ, ensuring its vortex structure [10–12], as
seen in Fig. 1 (a). We also consider a paraxial beam [11]
with a characteristic length ξ which is smaller than the
length scale R defining the system, Fig. 1 (a). The am-
plitude of the beam varies smoothly and saturates for
radii beyond ξ to A0 = E0/Ω where E0 is the ampli-
tude of the light’s electric field component. We also as-
sume that the amplitude of the envelope function of typ-
ical Laguerre-Gaussian VLBs [11] falls beyond the sam-
ple edges. Hence, a convenient parametrization of the
r-dependence of the beam is A(r) = A0 tanh(r/ξ).

The time periodicity of H(r, t) in Eq. (1) grants
the time-dependent Schrödinger Equation, [H(r, t) −
iℏ∂t]ψ̂(r, t) = 0, solutions of the form ψ̂n(r, t) =

e−iϵnt/ℏϕ̂n(r) through Floquet theory [18], where the

spinor ψ̂T
n (r) = [ψn,↑(r), ψn,↓(r)], n ∈ Z labels the

Floquet modes and ϵn is the quasienergy modulo ℏΩ.
The periodicity of the Floquet states ϕ̂n(r, t + 2π/Ω) =

ϕ̂n(r, t) facilitates their Fourier series representation

ϕ̂n(r, t) =
∑∞

m=−∞ eimΩtϕ̂mn (r), allowing the expan-
sion of the conventional Hilbert space to the Floquet
space [19]. In the Floquet space basis, ϕ̂Tn (r) =

[. . . , ϕ̂1n(r), ϕ̂
0
n(r), ϕ̂

−1
n (r), . . . ], the Floquet Hamiltonian

HF = H(r, t) − iℏ∂t is time-independent and takes the
block-tridiagonal form

HF
mm′(r) = [H0(r) +mℏΩ]δm,m′ +

∑
ς=±

Hς(r)δm,m′−ς .

(2)
H0(r) is the t-independent part of Eq. (1), and we define,
Hς(r) = v†

ς (r)·σς , v
†
ς = Ã(r)eiςℓθ(1−iςe−iςη, 1+iςe−iςη),

2Ã(r) = evFA(r), σ
†
ς = (σ−ς , σς), and 2σς = σx + iςσy.

Under monochromatic driving the electronic bands are
photon-dressed and form Floquet bands. The Floquet
quasienergy spectrum can thus be understood by over-
laying replicas of the equilibrium Hamiltonian that are
shifted by integer multiples of ℏΩ. The relative strength
of the driving frequency to the gap-size of the material
defines three main driving regimes: Off-resonance, below-
resonance, and resonant (on/above resonance)[1, 2].

A massive Dirac material can be driven off-resonance
for ℏΩ ≫ W where W is the material’s bandwidth, and
hence, states in the conduction and valence bands do
not couple. In this case, we can find an effective 2 × 2
Hamiltonian, using the van Vleck high-frequency approx-
imation [20], that describes the stroboscopic evolution
of the system at each period [21, 22]. Up to first or-
der in (ℏΩ)−1 this effective Hamiltonian is Hv

eff(r) =

H0(r) − 4Ã2(r) sin(η)σz/(ℏΩ). Hence, the effect of off-
resonant VLB irradiation is the induction of a mass that
depends on the distance from the vortex center, reach-
ing maximum and minimum values as the polarization
varies from linear to circular. The light-induced mass
term originates from virtual photon processes in which
every photon is absorbed and emitted [2, 21], nullifying
the OAM transferred to the quasielectrons. Therefore,

the light-induced perturbation in this regime is OAM in-
dependent and does not create in-gap vortex states.
In the resonant regime, however, overlapping Floquet

replicas hybridize and gaps open at the location of bands’
crossings in the Floquet spectrum [23]. Consequently,
unlike the off-resonant regime where no new spectral
gaps are generated, the resonant driving regime, defined
by 2M < ℏΩ < W , allows for the formation of light-
induced gaps. For instance, as seen in Figs. 1 (b) and (c),
when a massive Dirac material is subjected to a space-
homogenous CP light, the one-photon-dressed valence
band intersects the conduction band at momenta ±km
and a gap opens at the one-photon resonance, ℏΩ/2 (edge
of Floquet Brillouin zone). Due to the strong band renor-
malization which results from electron-hole hybridization
through the absorption of one photon, we can anticipate
that the OAM carried by the VLB will have striking con-
sequences on the light-induced states of the system.
To capture the VLB induced spectral proprieties and

characterize the states near the one-photon resonance
ℏΩ/2, we consider an approximate two-band Floquet
Hamiltonian [22–25] that consists of the one and zero
photon sectors of the full Floquet Hamiltonian in Eq. (2):

HF
eff(r) =

[
H0(r) +

ℏΩ
2

]
α0 +

∑
ς

Hς(r)ας . (3)

Here, the Pauli matrices α act on the m = (1, 0) Flo-
quet subspace. This Hamiltonian accurately captures
the system’s properties for a light-matter coupling g =
evFA0/(ℏΩ) ≪ 1 where additional anti-crossings do not
impact the quasienergy spectrum [22–26].
The angular and radial dependence of the effective

Floquet Hamiltonian suggests the existence of a con-
served generalized total angular momentum operator. To
find its expression, we recall that at equilibrium, the
angular momentum defined by Jeq

z = Lz + σz/2 is a
symmetry of H0(r) [Eq. (2)]. Here, Lz = −iℏ∂θ, ac-
counts for the z-component of the orbital angular mo-
mentum in real space, with eigenvalue ℓe, and σz/2
for the intrinsic spin angular momentum [27–29]. It
is easy to verify that Jeq

z α0 is not a symmetry of the
projected Floquet Hamiltonian, as this operator does
not account for the orbital and spin contributions in-
troduced by the VLB. Consequently, one must extend
the definition of the angular momentum operator J F

z ,
to the Floquet space. To find it we consider the gen-
eral ansatz J F

z = Lz + h(η, ℓ)σzα0/2 + f(η, ℓ)σ0αz/2,
where h(η, ℓ) and f(η, ℓ) are arbitrary functions of the
light’s polarization η and the OAM ℓ. Requiring that
[J F

z , H
F
1,0(r)] = 0, we find that the function h(η, ℓ) = 1

while the function f(η, ℓ) must simultaneously satisfy
(f−ℓ+τ)(1±ie±iτη) = 0, where τ = ±1. These equations
are satisfied concomitantly for η = τπ/2 and f = ℓ + τ .
As a consequence, there exists a total angular momen-
tum operator that is conserved by the projected Floquet
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Hamiltonian if and only if the VLB is circularly polarized
(CP). This operator is given by

J F
z = Lz +

σzα0

2
+ (ℓ+ τ)

σ0αz

2
, (4)

where τ determines the circular polarization handedness.
Because, J F

z is a symmetry of the non-perturbative Flo-
quet Hamiltonian in Eq. (2) as we show in [26], the ex-
pression given in Eq. (4) is the m = (1, 0) projection of
the generalized operator.

These results are in striking contrast with those re-
ported in Refs. [30, 31], where it was found that linearly
polarized VLBs can conserve total angular momentum.
We attribute the discrepancy to the momentum approxi-
mations in the effective Hamiltonian used in these works,
that give a fixed spin direction for all states across the
bands, thus artificially enlarging the system’s symme-
tries. However, as seen in Fig. 1 (d) and Eq. (1), the sys-
tem with and without driving has a non-trivial spin mo-
mentum coupling which constraints its symmetries and
limits the conservation of J F

z to only CP VLBs.

Next, we consider a CP VLB within the one-photon
regime. The spinors of the Hamiltonian in Eq. (3) can be
characterized by their total angular momentum, e.g., for
the nth-Floquet state J F

z ϕ̂n,j(r) = ℏjϕ̂n,j(r), where j =
ℓe− (ℓ+ τ +1)/2, and j ∈ Z (j ∈ Z+1/2) for ℓ even (for
ℓ odd). Using this basis we obtain the radial differential
equations that couple the different spinor components,
m̃+ℏΩ L −

j−
0 Ã−

L +
j−−1 −m̃ Ã∗

+ 0

0 Ã+ m̃ L −
j+

Ã∗
− 0 L +

j+−1 −(m̃+ℏΩ)



ϕ1s
ϕ1s̄
ϕ0s
ϕ0s̄

 = En
j


ϕ1s
ϕ1s̄
ϕ0s
ϕ0s̄


(5)

where m̃ = M − ℏΩ/2, Ã± = Ã(r)(1 ± τ)eiθ(1∓τ)/2,
L ±

ν = −iℏvF(∂r ∓ ν/r), j± = j ± (ℓ + τ ± 1)/2, s =
(↑, n, j) [s̄ = (↓, n, j)], En

j = ϵn,j − ℏΩ/2, and ϵn,j is

the quasienergy of the nth Floquet state with angular
momentum j.

The diagonalization of the radially dependent two-
band Floquet Hamiltonian is typically a numerical task.
Fig. 2 shows examples of quasienergy spectra as a func-
tion of the electron OAM ℓe obtained by numerically solv-
ing Eq. (5) by implementing the Bessel decomposition
method [32]. The same procedure can be applied to full
Hamiltonian as shown in [26]. However, deep insights
could be gained by reducing the four linearly coupled
differential equations to two coupled second order ones.
To do so, we first recall that massive Dirac fermions cou-
ple strongly to a τ -handed CP light while they couple
weakly to τ̄ = −τ due to their chiral nature [33–35].
Hence, in the weak coupling regime, g ≪ 1 and the ratio
between the τ̄ and τ ’s dynamical gap is m̃/ℏΩ, making
the τ̄ gap negligible (∼ gm̃) for ℏΩ ⪆ 2M . Consequently,
we can fix τ = 1, then apply L +

j−−1 to the first equation

FIG. 2. Quasienergy spectrum for a VLB-irradiated mas-
sive Dirac-like material with a gap 2M . The driven sys-
tem’s parameters are ℏΩ = 2.06M , kFξ = 10, ∆0 = 0.01M ,
∆(r) = ∆0 tanh(r/ξ), R = 10ξ, and vF/Ω = 1Å. Panels (a)-
(d) correspond to the spectra for VLBs with OAM ℓ = 0-3,
respectively. The inset of (a) shows the CdGM solution for
ℓ = −1 which is shown in panel (b) inset. The solid red line
shows the fitting to the analytical dispersion of CdGM states.
Insets of (c) and (d) show solutions for OAM ℓ = −2 and −3.

and L −
j+

to the fourth one. Additionally, for light fre-
quencies close but larger than the semiconducting gap,
2m̃/ℏΩ ≪ 1, and for energies in the vicinity of the first
photon resonance, 2En

j /ℏΩ ≪ 1, the coupled equations
reduce to

−ℏ2σz
2m∗

[
∂2r +

∂r
r

− α2

r2
+ k2F − σz

β

r2

]
Ψ̂+σx∆(r)Ψ̂ = E Ψ̂.

(6)
Strikingly, these radial equations can be mapped to
the Bogoliubov–de Gennes equations (BdGEs) for an s-
wave superconductor (SC) or superfluid with an ℓ-flux-
quanta vortex [17, 36–38]. Within this mapping the ratio
R = ℏΩ/(2v2F) plays the role of the effective quasielec-
tron’s mass m∗, while 2Rm̃/ℏ2 takes the place of the
squared Fermi wave vector kF, and Ã(r) corresponds to
the magnitude of the order parameter with vorticity ℓ,
∆(r) = ∆(r)eiℓθ, in the superconductor. Then, the
VLB’s OAM, ℓ plays the role of the flux threading the SC,
α =

√
j2 + ℓ2, β = jℓ, and E = En

j is given in Eq. (5).
Hence, physical properties of the VLB driven massive
Dirac system, such as its bulk spectrum, can be directly
inferred from the BdGEs governing a flux threaded SC
with multiply quantized vortices [17].

In Fig. 2, we show the quasienergy spectrum obtained
from the BdGE mapping, which coincides with the diag-
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onalization of the effective Floquet Hamiltonian [Eq. (5)]
using Bessel decomposition. In order to gain insights
into the nature and symmetries of the bands, we exploit
the correspondence to superconductors further by ana-
lyzing spectra for different values of ℓ. We begin with
the general expression for the total angular momentum
j for τ = 1: j = ℓe − 1 − ℓ/2. If the light’s OAM is
ℓ = 0, in Fig. 2 (a), the bulk of the irradiated system
does not host vortex states at the first photon resonance
as it mimics a SC with no vortices. We also note that
due to the light’s polarization the bulk spectrum satisfies
Ej+1 = E−j+1. When the OAM of the VLB is |ℓ| = 1 as
shown in Fig. 2 (b) (ℓ = 1) and its inset (ℓ = −1), Eq. (6)
maps to the Caroli-de Gennes-Matricon (CdGM) model
for vortex core states in s-wave SCs [39]. Here a single
vortex branch is displayed within the dynamical gap at
ℏΩ/2. The vortex branch energy, E V

ℓe
, exhibits the sym-

metry S1 : E V
j+1+ ℓ

2

= −E V
−j+1+ ℓ

2

which is analogous to

the particle-hole symmetry displayed in the CdGM vor-
tex core states. Moreover, for E ≪ m̃ the vortex branch
disperses linearly, E V

ℓe
= −ℓjω0, as shown in Fig. 2 (a-

inset). The states’ separation is ω0 ∼ ∆0/(kFξ) where
∆0 = gℏΩ/2, kF is given in Eq. (6), and ξ is the light-
vortex saturation width [Fig. 1 (a)].

Like s-wave fermionic superfluids or SCs with multi-
ply quantized vortices with winding number ℓ [17], the
VLB driven system with OAM |ℓ| > 1 displays similar
vortex states. In Fig. 2 (b) (inset) ℓ = 2 (ℓ = −2), two
in-gap vortex states branches are displayed. For energies
close to ℏΩ/2 (E ≪ m̃) the two vortex branches dis-

perse as E
V±
ℓe

≈ −ℓω0(j − ℓ±), where ℓ± ≈ ±kFξ/2. The
maximum separation between the two vortex branches
is ℓ+ − ℓ− ≈ kFξ at ϵ/ℏΩ ≈ 1/2. Moreover, the values
of ℓe and ℓ± are constrained by (2 + ℓ)/2 < ℓe < ±ℓ±,
a range of values that defines the region where the vor-
tex states branches disperse linearly. Beyond these val-
ues they begin to merge with the continuum. Unlike
the case of |ℓ| = 1 the vortex branches for |ℓ| = 2 are
not spectrally symmetric with respect to themselves (i.e.
they do not exhibit symmetry S1). Instead they exhibit

S2 : E
V+

j+1+ ℓ
2

= −E
V−

−j+1+ ℓ
2

. For odd values of VLB’s OAM

the system exhibits an odd number of vortex branches.
Fig. 2 (d), shows vortex branches for |ℓ| = 3. There are

two outer branches E
V±
ℓe

and a central one E V0

ℓe
. For small

quasienergies in the gap, the central branch disperses as
E V0

ℓe
≈ −ℓω0j, while the outer branches’ dispersion is

E
V±
ℓe

≈ −ℓω0(j − ℓ̃±) where ℓ̃± ≈ ±2kFξ/3. The sepa-

ration between the outer branches is ℓ̃+ − ℓ̃− = 4kFξ/3
and it is approximately twice their separation from the
central one. Similar to the vortex branch for |ℓ| = 1 the
central branch exhibits the S1 symmetry with |ℓ| = 3,
while the two outer branches display S2 with |ℓ| = 3.

These results can be generalized for a CP VLB car-
rying even or odd values of |ℓ|. Systems driven with

even values of |ℓ| will display |ℓ|/2 pairs of vortex states
branches within the dynamical gap generated at the edge
of the Floquet Brillouin zone, ℏΩ/2. For quasienergies

with E ≪ m̃, these branches disperse linearly E
Vq

ℓe
≈

−ω0ℓ(j−ℓ±q), where 0 < q ≤ |ℓ|/2 represents the branch
pair number, and ℓ±q ≈ ±(2q − 1)kFξ/|ℓ|. The vortex
states branches’ separation is ℓq − ℓ−q and within a pair
the branches are symmetric with respect to one another.
On the other hand, for a VLB with odd |ℓ|, in addition to
the central vortex branch that linearly disperses as E V0

ℓe
,

there are (|ℓ| − 1)/2 pairs of vortex branches that dis-

perse as E
Vq

ℓe
≈ −ω0ℓ(j − ℓ̃±q) with 0 < q ≤ (|ℓ| − 1)/2,

ℓ̃±q ≈ ±2qkFξ/|ℓ|. The relative separation of the vortex

branches in the pair q is ℓ̃q − ℓ̃−q, and they satisfy the
symmetry S2, while the central branch respects S1.

In conclusion, we have presented a periodic-driving-
based mechanism in Dirac-like materials that realizes
multiply quantized vortex states when irradiated by
VLBs. By means of Floquet theory, we found the con-
ditions the VLB’s parameters must satisfy for the driven
system to host vortices characterized by a conserved to-
tal angular momentum. The emergence of these vortices
is caused by the electron-hole hybridization due to pho-
ton absorption processes with the corresponding OAM
transfer. Consequently, these vortices are not displayed
in the off-resonant driving regime but only under reso-
nant driving. Moreover, due to the VLB’s polarization
constraints, the conservation of total angular momentum
implies that the irradiated system hosts vortex states ex-
clusively when subjected to CP VLBs. We also show
that in the weak light-matter coupling regime and for
driving frequencies larger but comparable to the mate-
rial’s gap, the driven system’s spectrum mimics that of
fermionic superfluids and s-wave superconductors with
multiply quantized vortices. We note that in addition to
the vortex states generated by the CP VLB in the bulk
of the massive Dirac material, the circular polarization
carried by the VLB will also generate topological edge
states [40], that will be discussed in future works.

In Dirac materials with multiple valleys [33], the valley
selective coupling to CP VLBs could obstruct the obser-
vation of the induced vortex states due to the vanishing
gap at the weakly coupled valley. However, thin-films
of topological insulators [35, 41, 42] host a single valley
of massive Dirac fermions at the Γ-point [43, 44], allow-
ing to bypass this hurdle. Hence, this property positions
them as plausible material candidates for the potential
observation of light-induced vortices. We suggest that
probes with atomic-spatial and femtosecond-temporal
resolutions, such as time-resolved lightwave-driven scan-
ning tunnelling spectroscopy [45], may be used to detect
multiply quantized light-induced vortices.

This work is supported by the NSF Grant No. DMR-
2213429 (L.I.M, C.M, and M.M.A).
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