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Nonlinear Vortex Dichroism in Chiral Molecules

Luke Cheeseman and Kayn A. Forbes*

The recent discovery that linearly polarized light with a helical wavefront can
exhibit vortex dichroism (also referred to as helical dichroism) has opened up
new horizons in chiroptical spectroscopy with structured chiral light. Recent ex-
periments have now pushed optical activity with vortex beams into the regime
of nonlinear optics. Here the theory of two-photon absorption (TPA) of focused
optical vortices by chiral molecules: nonlinear vortex dichroism (NVD) is pre-
sented. It is discovered that highly distinct features arise in the case of TPA with
focused vortex beams, including the ability to probe chiral molecular structure
not accessible to current methods and that the differential rate of TPA is signifi-
cantly influenced by the orientation of the state of linear polarization. This study
provides strong evidence that combining nonlinear optical activity with struc-
tured light provides new and improved routes to studying molecular chirality.

1. Introduction

An object is chiral if it cannot be superimposed onto its mirror
image. In the microscopic world, a molecule is chiral if it lacks
any inversion, mirror reflection or other rotation-reflection sym-
metry elements in its relevant point group, coming in left- and
right-handed forms known as enantiomers. Light may also be
chiral (see Figure 1). The simplest and most known example of
this is the helical rotation of the electric field vector of a circu-
larly polarized plane wave: it can twist to the left 𝜎 = 1 or to the
right 𝜎 = −1 as it propagates through space (𝜎 is often referred to
as the helicity). It is well-established that chiral molecules and
nanostructures show a differential response toward the hand-
edness of circularly polarized light in light-matter interactions:
this discrimination is known as natural optical activity.[1,2] In-
teracting chiral molecules with chiral light underpins chirop-
tical spectroscopy[1,3,4] and allows for the determination of the
absolute configuration of chiral molecules using purely optical
methods. Given that almost all biological molecules are chiral
and over 50% of pharmaceutical drugs are too, the importance
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of being able to determine the absolute
configuration of chiral molecules cannot
be overstated. The use of circularly po-
larized light to discriminate enantiomers
is routinely carried out in experiments
based on absorption (dichroism), scatter-
ing (e.g. Raman and Rayleigh), and op-
tical rotation. Such chiral spectroscopy,
or chiroptical spectroscopy, has grown
into a very well-established research field
with widespread applications in chem-
ical systems,[1,5,6] biomolecules,[7–14] and
artificial plasmonic nanostructures and
metamaterials.[13,15–20]

Beyond polarization, chirality can be
also manifest in other degrees of free-
dom of light such as the spatial distribu-
tion of phase in structured light beams.

A Laguerre-Gaussian (LG) optical vortex mode is a common ex-
ample of a structured light beam with a helical wavefront (sur-
face of constant phase) due to its azimuthal phase eiℓϕ, where ϕ

denotes the azimuthal angle around the beam profile and ℓ is
the topological charge, a pseudoscalar which can take on both
positive and negative integer values (see Figure 1). For ℓ > 0 the
helical wavefront twists to the left, ℓ < 0 wavefronts twist to the
right (ℓ = 0 corresponds to a Gaussian mode). Since pioneering
work in the early 90s showing these beams carry orbital angular
momentum (OAM) of ℓℏ per photon, optical vortices have been
extensively studied predominantly due to their diversity of ap-
plication across distinct areas such as optical manipulation, mi-
croscopy, optical communications, and quantum information to
name a few.[21–23]

An emerging area of research that brings together chiropti-
cal spectroscopy and structured light uses the chirality associ-
ated with the wavefront handedness (sign of ℓ) of optical vor-
tices to produce optical activity. The motivation for this is twofold:
first, compared to circularly polarized light 𝜎 = ±1, the topolog-
ical charge can take on arbitrarily large values 𝓁 ∈ ℤ, in princi-
ple leading to larger chiral light-matter interactions; and second,
chiral effects can manifest without the need for circular polariza-
tion (in fact even unpolarized optical vortices can produce optical
activity).[24] Crucial to being able to engage the chirality of opti-
cal vortices in light-matter interactions is a beam which is tightly
focused, bringing the chirality of the wavefront (a global prop-
erty of the beam which scales with the beam waist) to similar
dimensions as the chiral material being probed. Spatial confine-
ment of the vortex beam through focusing leads to a decreasing
beam waist-to-wavelength ratio, a breakdown of the paraxial ap-
proximation, and the generation of significant longitudinal elec-
tromagnetic fields (electromagnetic field components parallel to
the direction of propagation) which give rise to the associated
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Figure 1. Chiral structures of polarization (arrows) and wavefront (coloured surface of constant phase) in paraxial electromagnetic beams propagating
in the z-direction: left-hand column Gaussian beam (ℓ = 0); middle and right-hand column LG optical vortex ℓ ≠ 0. The sign of two pseudoscalars 𝜎

and ℓ determine the handedness of the polarization state and wavefront, respectively. In the optics convention 𝜎, ℓ > 0 are left-handed and 𝜎, ℓ < 0
right-handed. For linearly-polarized light 𝜎 = 0 and the polarization structure is not chiral. As can be seen from the left-hand column, Gaussian beams
have a chiral structure due to a non-zero value of 𝜎, i.e. a degree of ellipticity, being maximum for circular polarization 𝜎 ± 1, but their wavefront is
achiral. The middle and right-hand columns highlight the much richer possibilities with optical vortex beams with their chiral wavefront, including the
fact such beams are still chiral even when linearly-polarized and also the distinct interplay between wavefront and polarization handedness, e.g. 𝜎 = 1,
ℓ = 1 has a completely different structure to 𝜎 = −1, ℓ = 1.

optical activity.[25,26] Such beam focusing is a common feature of
laser microscale analysis.

Numerous studies have recently emerged showcasing the abil-
ity of vortex chirality to probe material chirality (see reviews).[27,28]

Novel forms of optical activity depending on the topologi-
cal charge include vortex dichroism (VD) during one-photon
absorption[29,30] - note, this is sometimes referred to as helical
dichroism (HD) by some authors - and vortex-dependent differ-
ential scattering.[31–33] Such studies have highlighted the capabil-
ity of structured light to produce more sensitive and incisive tech-
niques in chiral spectroscopy, sparking a surge in research activ-
ity aimed at expanding the range of new chiroptical techniques
exploiting vortex chirality.[27,28] Cutting edge experiments have
broken into the nonlinear regime, involving vortex-dependent
nonlinear chiroptical methods studying organometallic com-
plexes, crystalline solids, and enantiomeric solutions.[34–37] In-
spired by these experiments, here we detail the theory of nonlin-
ear VD (i.e. two-photon absorption (TPA)) of tightly-focused LG
beams by an isotropic assembly of chiral molecules. We discover
highly distinct and novel features of nonlinear optical activity us-
ing the chirality of structured light, including vortex-dependent

absorption for input linearly-polarized beams, access to struc-
tural information not available to standard techniques, and the
advantages provided by tailorable excitation sources.

2. Two-Photon Absorption Rate for Chiral
Molecules Irradiated by a Focused Vortex Beam

In the theory of molecular quantum electrodynamics
(MQED)[2,38–40] the coupling between light and molecules
may be represented by the Power–Zienau–Woolley (PZW) inter-
action Hamiltonian Hint, which for a molecule 𝜉 positioned at R𝜉

is given by:

Hint(𝜉) = −𝝁(𝜉) ⋅ E(R𝜉) − m(𝜉) ⋅ B(R𝜉) +⋯h.o.t. (1)

where 𝝁(𝜉)(m(𝜉)) is the electric (magnetic) transition dipole
moment operator and E(R𝜉)(B(R𝜉)) is the electric (magnetic)
field operator evaluated at R𝜉 . It is well-established that nat-
ural optical activity manifests through the interferences be-
tween electric-dipole coupling (E1) with magnetic-dipole (M1)
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and electric quadrupole (E2), E1M1 and E1E2, respectively.[1,2]

Furthermore, in an isotropic (randomly oriented) ensemble the
E1E2 contributions vanish in both one-photon and two-photon
dichroism,[41] and so in this paper we concentrate solely on the
E1M1 mechanism. Nevertheless, E1E2 terms do contribute in
oriented or anisotropic chiral materials and these contributions
to nonlinear VD are calculated and discussed in the Supporting
Information.[42] The electric field and magnetic field mode expan-
sions for an LG beam propagating along z, are given in cylindrical
coordinates (r, ϕ, z) as refs. [26, 43]:

ELG(r) =
∑
k,𝓁,p

Ω
[(

𝛼x̂ + 𝛽ŷ + ẑ i
k

{
𝛼

(
𝛾 cos𝜙 − i𝓁

r
sin𝜙

)

+𝛽
(
𝛾 sin𝜙 + i𝓁

r
cos𝜙

)})
× fLG a|𝓁|,p ei(kz+𝓁𝜙) − H.c

]
(2)

and

BLG(r) =
∑
k,𝓁,p

Ω
c

[(
𝛼ŷ − 𝛽 x̂ + ẑ i

k

{
𝛼

(
𝛾 sin𝜙 + i𝓁

r
cos𝜙

)

−𝛽
(
𝛾 cos𝜙 − i𝓁

r
sin𝜙

)})
× fLG a|𝓁|,p ei(kz+𝓁𝜙) − H.c

]
(3)

In the above equations a|ℓ|, p is the annihilation operator; ℓ is
the aforementioned topological charge; p is the radial index of
LG beams p ∈ ℕ. The topological charge has received signifi-
cantly more attention than the radial index and very often p = 0
beams are studied. The radial index does have a significant influ-
ence on the amplitude distribution, most clearly seen by the fact
there exists p + 1 concentric rings of intensity in a LG mode;[44] k
is the wavenumber; c is the speed of light; 𝛼 and 𝛽 are the, in gen-
eral, complex Jones coefficients restricted to |𝛼|2 + |𝛽|2 = 1; Ω =

i
(
ℏck∕2𝜀0VA2|𝓁|,p

)1∕2
is a normalization constant for the mode

expansion where ϵ0 is the vacuum permittivity; V is the quantiza-
tion volume; A|ℓ|, p is a constant for LG modes;[45] the radial distri-
bution function fLG of the LG modes at z = 0 is given by fLG(r) =
C|𝓁|

p

w0

(√
2r

w0

)|𝓁|
exp

(
−r2

w2
0

)
L|𝓁|

p ; 𝛾 = 𝜕fLG(r)

𝜕r
= |𝓁|

r
− 2r

w2
0

− 4r
w2

0

L|𝓁|+1
p−1

L|𝓁|
p

; w0 is

the beam waist, C|𝓁|
p is a constant[44] and L|𝓁|

p is the associated

Laguerre polynomial of order p which has an argument
[ 2r2

w2
0

]
;

H.c denotes the Hermitian conjugate (the terms attached to the
raising operator a†). Note the electromagnetic field operators
are time-independent as per the Schrödinger picture of quan-
tum mechanics,[2] nonetheless the perturbation on the molecules
from the electromagnetic fields which depends harmonically on
time is accounted for in the ensuing time-dependent perturba-
tion theory and Fermi rate rule (see below).[46]

A paraxial beam of light propagating along z has transverse
electromagnetic field components in the xy-plane, i.e. its polar-
ization state is 2D. For example, the x̂ and ŷ-dependent terms in
Equation (2) represent the 2D polarization state of the electric
field. Such paraxial light, with transverse electromagnetic fields,
is well understood and described by the four Stokes parameters.
Under focusing, electromagnetic beams become non-paraxial
and acquire a longitudinal component in the direction of propa-
gation (the ẑ-dependent terms in Equations 2 and 3), the magni-
tude of which grows with a tighter focus relative to the transverse

components.[47,48] The fields are now polarized in three dimen-
sions and we refer to the light as being 3D polarized,[49] described
by nine Stokes parameters.

Let an incident monochromatic LG beam of n photons prop-
agating along z be focused on to a system of N molecules
in the ground state. The initial non-degenerate state is given
by ||n(k, 𝜂,𝓁, p)⟩∏N

𝜉
||Eo(𝜉)⟩. The final state after the absorption

of two photons is an N-fold degenerate state corresponding
to the N ways of choosing the molecule to be excited, e.g.||(n − 2)(k, 𝜂,𝓁, p)⟩ ||Em(𝜉)⟩∏N

𝜉
′
≠𝜉

||Eo(𝜉
′ )
⟩

.[2] Following the estab-
lished method of calculating the matrix element MFI for TPA us-
ing second-order time-dependent perturbation theory:[2,50]

MFI =
∑

R

⟨F|Hint |R⟩ ⟨R|Hint |I⟩
EI − ER

=

[
f 2
LG e2i(kz+𝓁𝜙)

√
n(n − 1)

(
ℏk

2A2|𝓁|,pV𝜖0

)

×

{
1
2

ceiej𝛼
mo
ij (𝜔,𝜔) + eibjG

mo
ij (𝜔,𝜔) + 1

2
c−1bibj𝜒

mo
ij (𝜔,𝜔)

}]
(4)

where the Einstein summation convention for repeated indices
is assumed. Hint is given by Equation (1) and the electromag-
netic field operators Equations (2) and (3) for a LG beam have
been used (a step-by-step derivation is provided in [42]). In 4 a
summation is taken over all strongly allowed intermediate states|R⟩ (with molecular energy Er): the selection rules to which this
applies are governed by the polarizability tensor 𝛼mo

ij and mixed
electric-magnetic Gmo

ij and purely magnetic 𝜒mo
ij analogues. The

general form of these tensors can be found in refs. [38, 42]. The
vector properties of the electromagnetic field, e and b, (in suffix
notation ei and bi) in Equation (4) are:

e = 𝛼x̂ + 𝛽ŷ + ẑ i
k

(
𝛼

{
𝛾 cos(𝜙) − i𝓁

r
sin(𝜙)

}
+𝛽

{
𝛾 sin(𝜙) + i𝓁

r
cos(𝜙)

})
(5)

and

b = 𝛼ŷ − 𝛽x̂ + ẑ i
k

(
𝛼

{
𝛾 sin(𝜙) + i𝓁

r
cos(𝜙)

}
−𝛽

{
𝛾 cos(𝜙) − i𝓁

r
sin(𝜙)

})
(6)

The TPA rate for an assembly of N absorbing molecules fol-
lows directly from Fermi’s golden rule,[2] i.e. the rate of absorp-
tion is Γ = N2𝜋|MFI|

2𝜌/ℏ. The chiroptical contribution to the
TPA rate in an isotropic chiral medium comes from the inter-
ference between the electric field coupling to the polarizability
tensor 𝛼 (even parity) and the electromagnetic field coupling
to the electric-magnetic analogue G (odd parity): ‘𝛼G’ coupling
(odd parity) which is only supported by chiral molecules.[51] This
contribution thus contains the fourth-rank molecular tensor
𝛼ijḠkl and is determined to be:

Γ𝛼G = N𝜋𝜌

ℏ

Ī2g(2)

2c3𝜖2
0

[
Re(eiejēkb̄l𝛼ijḠkl)

]
f 4
LG (7)
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where we define the mean beam intensity Ī = ⟨n⟩ℏc2k∕A2|𝓁|,pV
and the degree of second-order coherence g(2) = 〈n(n − 1)〉/〈n〉2;
𝜌 is the density of final states. The rate as expressed in Equa-
tion (7) applies to molecules with fixed orientation with respect to
the incoming beam of light. We perform a fourth-rank rotational
average[2] on Equation (7) to account for an isotropic ensemble
of absorbing chiral molecules (e.g. a solution of freely tumbling
chiral molecules):

⟨Γ𝛼G⟩ = Re
N𝜋𝜌 Ī2g(2)

60ℏc3𝜖2
0

f 4
LG

[
(e ⋅ e)(ē ⋅ b̄)

{10
3
𝛼

(0)
𝜆𝜆

Ḡ(0)
𝜋𝜋

− 2𝛼(2)
𝜆𝜋

Ḡ(2)
𝜆𝜋

}

+ (e ⋅ ē)(e ⋅ b̄)6𝛼(2)
𝜆𝜋

Ḡ(2)
𝜆𝜋

]
(8)

This is the final form of the rate expression which follows from
the fourth-rank rotational average followed by a decomposition
of the rank 2 molecular tensors 𝛼 and G into their irreducible
components:[2,52] scalar (weight 0), denoted by a superscript (0),
and traceless (weight 2) by superscript (2). The usefulness of an-
alyzing the result in terms of irreducible components is that se-
lection rules for TPA can be readily derived for a given molecular
point group (we make use of this later) as the weight of an irre-
ducible tensor responsible for a given transition correlates to the
angular momentum of the photon(s) involved in the transition.
The interested reader is referred to reference[53] for an in-depth
irreducible tensor analysis of TPA under plane-wave excitation.
Expanding out the scalar products in Equation (8) leads to a large
expression due to its complete generality with respect to the input
beam 2D state of polarization, i.e. the values of 𝛼 and 𝛽. As stated,
we are concentrating on 2D linearly polarized states in this paper
- the Jones vector coefficients 𝛼 and 𝛽 are real - which gives the
following for two important cases:

2D x-polarized input beam (𝛼 = 1, 𝛽 = 0):

(e ⋅ e)(ē ⋅ b̄) = i𝓁𝛾
k2r

cos 2𝜙 + i
k4

[(𝓁𝛾3

r
+ 𝓁3𝛾

r3

)
(cos4 𝜙 − cos2 𝜙)

]
(9)

(e ⋅ ē)(e ⋅ b̄) = − i𝓁𝛾
k2r

+ i
k4

[(𝓁𝛾3

r
+ 𝓁3𝛾

r3

)
(cos4 𝜙 − cos2 𝜙)

]
(10)

2D y-polarized input beam (𝛼 = 0, 𝛽 = 1):

(e ⋅ e)(ē ⋅ b̄) = − i𝓁𝛾
k2r

cos 2𝜙 + i
k4

[(𝓁𝛾3

r
+ 𝓁3𝛾

r3

)
(cos4 𝜙 − cos2 𝜙)

]
(11)

(e ⋅ ē)(e ⋅ b̄) = − i𝓁𝛾
k2r

+ i
k4

[(𝓁𝛾3

r
+ 𝓁3𝛾

r3

)
(cos4 𝜙 − cos2 𝜙)

]
(12)

The terms dependent on 1/k2d2, where d is either r or w0, come
from the interference of the transverse and longitudinal com-
ponents of the electromagnetic field; those dependent on 1/k4d4

stem purely from the longitudinal field components (and are thus
weaker in general compared to the former).

First and foremost it is obvious that for 2D linearly polar-
ized non-vortex beams ℓ = 0, i.e. a Gaussian beam or a plane-

Table 1. Allowed weights in TPA for vortex ℓ ≠ 0 and fundamental Gaussian
beams ℓ = 0 with either linear or circular (elliptical) polarization under
different focusing conditions.

Paraxial Nonparaxial

𝜎 = 0, ℓ = 0 – –

𝜎 ≠ 0, ℓ = 0 𝛼
(2)
𝜆𝜋

Ḡ(2)
𝜆𝜋

𝛼
(0)
𝜆𝜆

Ḡ(0)
𝜋𝜋 , 𝛼(2)

𝜆𝜋
Ḡ(2)
𝜆𝜋

𝜎 = 0, ℓ ≠ 0 – 𝛼
(0)
𝜆𝜆

Ḡ(0)
𝜋𝜋 , 𝛼(2)

𝜆𝜋
Ḡ(2)
𝜆𝜋

𝜎 ≠ 0, ℓ ≠ 0 𝛼
(2)
𝜆𝜋

Ḡ(2)
𝜆𝜋

𝛼
(0)
𝜆𝜆

Ḡ(0)
𝜋𝜋 , 𝛼(2)

𝜆𝜋
Ḡ(2)
𝜆𝜋

wave, then Equation (8) is zero: for such “unstructured” excita-
tion sources a degree of ellipticity in the 2D polarization is re-
quired to exhibit optical activity. Moreover, in theoretical accounts
the traditional electromagnetic field source would be a circularly
polarized plane wave (i.e. a paraxial electromagnetic field with
no longitudinal components): e = x̂ ± iŷ and b = ŷ ∓ ix̂. Clearly
in such a case e ⋅ e = ē ⋅ b̄ = 0 and these methods cannot access
the structural information provided by the 𝛼(0)

𝜆𝜆
Ḡ(0)

𝜋𝜋 tensor: in con-
trast a focused optical vortex provides unique access to the infor-
mation in both 𝛼

(2)
𝜆𝜋

Ḡ(2)
𝜆𝜋

and 𝛼
(0)
𝜆𝜆

Ḡ(0)
𝜋𝜋 . In fact it is quite clear that for

a single beam, only a focused one with longitudinal components
has the potential to fulfill both (e · e) ≠ 0 and (ē ⋅ b̄) ≠ 0 neces-
sary to engage 𝛼

(0)
𝜆𝜆

Ḡ(0)
𝜋𝜋 . A 2D circularly polarized Gaussian beam

which is focused can achieve this but the coupling to 𝛼
(0)
𝜆𝜆

Ḡ(0)
𝜋𝜋 is of

order 1∕k4w4
0, unlike vortex beams which is 1/k2d2 (see[42] for de-

tails). In single beam TPA with a plane-wave source both weight 0
and weight 2 are in general allowed,[2] the former when the input
beam is linearly polarized (expectation value of angular momen-
tum is zero) and the latter when the input beam is circularly po-
larized (two photons with an angular momentum of 𝜎ℏ each). In
TPA-CD weight 0 is completely inaccessible due to the necessity
of circularly polarized photons: this is not the case in our TPA-
VD which manifests with linearly-polarized light. Moreover, as
shown in Refs. [42, 52], a circularly-polarized Gaussian beam can
access the weight 0 tensor but only if focused (i.e. non-zero lon-
gitudinal field components). This result completely tallies with
the well-known spin-orbit angular momentum conversion which
takes place under the focusing of a circularly-polarized Gaussian
beam.[54–56] The beam before focusing has an expectation value
of spin angular momentum 𝜎ℏ per photon; in the focal plane
this expectation value of spin decreases (the tighter the focus, the
more it does so) and the OAM increases in order to conserve total
angular momentum. Under dipole coupling it is the spin-angular
momentum of light which couples to the electronic degrees of
freedom in molecules, thus under focusing the weight 0 tensor
can drive transitions. These results are summarized in Table 1.

To visualize the spatial distribution of nonlinear VD for input
2D linearly polarized photons the normalized TPA rate Equa-
tion (8) is plotted in the xy-plane at z = 0 (the point of maximum
spatial confinement at which w(z) = w0) in Figures 2 and 3 under
the assumption 𝛼

(0)
𝜆𝜆

Ḡ(0)
𝜋𝜋 = 𝛼

(2)
𝜆𝜋

Ḡ(2)
𝜆𝜋

(see below for further discus-
sion of this). The results for 2D circularly polarized beams can
be found in ref. [42].

Immediately evident is the result that the absorption of vor-
tex photons by chiral molecules is dependent upon the sign of ℓ,
i.e. the wavefront chirality: there is no need for any degree of el-
lipticity in the input beam (i.e. circular/elliptical polarization) to
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Figure 2. In a–h): the normalized absorption rate Equation (8) is plotted
in the xy-plane at z = 0 for left and right vortex handedness; |ℓ| = 1 (a–d), 2
(e–h); p = 0, w0 = 𝜆 = 7.29 × 10−9 m; photons x-polarized in (a),(b),(e),(f)
and y-polarized in (c),(d),(g),(h). In all Figures red indicates an increased
rate of absorption, blue corresponds to a decreased absorption rate.

generate optical activity, specifically a new chiroptical form of
dichroism. In other words nonlinear VD can be defined by
the equation ⟨Γ(𝜎=0)|𝓁| ⟩ − ⟨Γ(𝜎=0)

−|𝓁| ⟩ ≠ 0. An extraordinary property of
nonlinear VD is that the spatial distribution of the absorption rate
is dependent on the orientation of the 2D state of linear polariza-
tion of the input beam (i.e. the longitude position - or azimuth -
on the Poincaré sphere) when vortex handedness ℓ remains con-
stant. This is a new and unexpected effect of vortex chirality that
has only become apparent in the analysis of VD in a nonlinear
absorption process. We are not aware of any other optical activity
which depends upon the orientation of the state of linear polar-
ization of an input beam. Although surprising in this context,
nonlinear light-matter interactions have long been known to ex-
hibit different behavior with respect to the optical state of polar-
ization compared to the linear regime.[57,58] It is clear that the first
term on the right-hand side of Equations (9) and (11) are predom-
inantly responsible for this rotation of the nonlinear VD rate of
absorption, i.e. for a given value of ℓ, 2D-x-polarized LG photons
have a +cos 2ϕ dependence whereas 2D-y-polarized LG photons
have a −cos 2ϕ dependence.

In the cases of ℓ = ±1 there is small on-axis absorption of the
light at the center of the focused beam, even though before fo-
cusing the input beam had an intensity null at the center. The
fact that optical vortices under focusing have a non-zero central
intensity is well-known.[55] From Equations (9)–(12) the pure lon-
gitudinal field terms dependent on 1/k4 have terms with a 1/r4 de-
pendence, which for |ℓ| = 1 are multiplied by a factor of r4 stem-
ming from f 4

LG in the full rate Equation (8) giving contributions
to the rate whose only r-dependence comes from the Gaussian
function, which is thus responsible for the on-axis nonlinear VD.

It is important to notice that each absorption rate profile
takes on both positive and negative signs. This is unlike tradi-
tional CD signals where circular polarization produces an in-
tensity signal of uniform sign for a given handedness (see also
Supporting Information[42] for the nonlinear circular-vortex
dichroism case). This is a characteristic of VD also showcased in
linear interactions[59] which indicates that the size (and number)
of the chiral particles in the assembly is important in all instances
of VD which is reflective of the scale-dependent nature of VD.
Figure 3 highlights the role that increasing the radial index p has
on the spatial distribution. Analogous to linear VD it produces 2p

Figure 3. In a–h): the normalized absorption rate Equation (8) is plotted
in the xy-plane at z = 0 for left and right vortex handedness; |ℓ| = 1 (a–d), 2
(e–h); p = 1, w0 = 𝜆 = 7.29 × 10−9 m; photons x-polarized in (a),(b),(e),(f)
and y-polarized in (c),(d),(g),(h).

Adv. Optical Mater. 2024, 2402151 2402151 (5 of 9) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. The normalized absorption rate Equation (8) is plotted in the xy-plane at z = 0 as a function of 𝜏 = 𝛼
(0)
𝜆𝜆

Ḡ(0)
𝜋𝜋∕𝛼

(2)
𝜆𝜋

Ḡ(2)
𝜆𝜋

for ℓ = 1, p = 0 (i)–(vii);
ℓ = −1, p = 0 (viii)–(xiv); ℓ = 1, p = 1 (xv)–(xxi); and ℓ = −1, p = 1 (xxii)–(xxviii). In all plots the input beam is 2D x-polarized (𝛼 = 1, 𝛽 = 0) and w0 = 𝜆

= 7.29 × 10−9 m.

+ 2 rings of absorbing regions, however unlike linear VD these
rings also rotate with the azimuth (in fact the outer ‘ring’ of the
ℓ = 1 cases highlight this rotation clearly). Another result of in-
creasing p is that the inner rings of absorption become smaller
(i.e. increasing p generates a tighter focus for the central bright
rings), and the on-axis absorption increases.[52] This mirrors pre-
vious results in the linear regime.[26] Increasing the radial index
p increases the gradient of the transverse profile of the field (by
adding in p+ 1 rings of intensity). Longitudinal field components
are proportional to the gradient of the transverse field, which in-
creases as p increases, leading to larger on-axis absorption.

Figures 2 and 3 are for the specific case of 𝛼(0)
𝜆𝜆

Ḡ(0)
𝜋𝜋 = 𝛼

(2)
𝜆𝜋

Ḡ(2)
𝜆𝜋

to give an indicative representation of the spatial distribution of
NVD. The rate Equation (8) is of course strongly influenced by
the values of the polarizability tensors 𝛼 and G and the most gen-
eral situation is 𝛼(0)

𝜆𝜆
Ḡ(0)

𝜋𝜋 ≠ 𝛼
(2)
𝜆𝜋

Ḡ(2)
𝜆𝜋

≠ 0. Quantitative values for the
molecular polarizability tensors for specific chiral molecules re-
quire quantum chemistry calculations far beyond the scope of
this study. Nonetheless, Figure 4 gives an example of how the ra-
tio 𝜏 = 𝛼

(0)
𝜆𝜆

Ḡ(0)
𝜋𝜋∕𝛼

(2)
𝜆𝜋

Ḡ(2)
𝜆𝜋

significantly influences the spatial distri-
bution of NVD for a chiral molecule making transitions to a state
where both weight 0 and weight 2 are allowed, e.g. the transition
to an A state in a chiral molecule belonging to D2. What we see
is that the ratio of 𝜏 = 𝛼

(0)
𝜆𝜆

Ḡ(0)
𝜋𝜋∕𝛼

(2)
𝜆𝜋

Ḡ(2)
𝜆𝜋

, which is a rich source of
molecular information and allows the symmetry of electronic ex-
cited states to be established, significantly influences the spatial
distribution of NVD. Alternatively put, the spatial distribution of
absorption gives a detailed insight into molecular structure and
excited state symmetry through its strong dependence on 𝜏.

Moreover, because certain point groups have irreducible
representations which allow only weight 0 or only weight 2
contributions[60–62] there will be molecular systems which exhibit

𝛼
(0)
𝜆𝜆

Ḡ(0)
𝜋𝜋 = 0, 𝛼(2)

𝜆𝜋
Ḡ(2)

𝜆𝜋
≠ 0 and 𝛼

(0)
𝜆𝜆

Ḡ(0)
𝜋𝜋 ≠ 0, 𝛼(2)

𝜆𝜋
Ḡ(2)

𝜆𝜋
= 0. This behav-

ior, which essentially represents the ratio 𝜏 at the extremes of 0
and ∞, is presented in Figures 5 and 6. As mentioned, a chiral
molecule belonging to D2 making a transition to an A state al-
lows both weight 0 and weight 2 for rank 2 tensors 𝛼

(0)
𝜆𝜆

Ḡ(0)
𝜋𝜋 ≠

0, 𝛼(2)
𝜆𝜋

Ḡ(2)
𝜆𝜋

≠ 0; however a transition to B1, 2, 3 is only allowed by
weight 1 and weight 2 rank 2 tensors 𝛼(0)

𝜆𝜆
Ḡ(0)

𝜋𝜋 = 0, 𝛼(2)
𝜆𝜋

Ḡ(2)
𝜆𝜋

≠ 0. Of
course, with recourse to character tables such combinations can
be found across different point groups and irreducible represen-
tations, the key physics however being that the behavior exhib-
ited in Figures 4–6 should be readily observed and moreover of-
fer insights into chiral molecular structure. Interestingly, chiral
molecules belonging to point groups T, O, and I allow for solely
weight 0 and solely weight 2 contributions.

3. Discussion

The standard method of nonlinear chiroptical spectroscopy
based on absorption is two-photon circular dichroism: the dif-
ferential absorption of circularly polarized photons by chiral
molecules. The first theoretical accounts of TPA-CD came in
1975 from Power[41] and Tinoco,[63] followed two decades later
by a fluorescence-detected experimental realization in 1995.[64]

A number of studies have followed,[65–71] including the first
true experimental observation due to the invention of the dou-
ble L-scan technique.[66] The interest in the method is predom-
inantly twofold: single-photon CD is typically observed in the
near and far UV region whereas TPA-CD uses shorter wave-
lengths which has distinct advantages when studying biologi-
cal systems and drugs that are soluble in organic solvents. Our
TPA-VD mechanism represents the latest addition to a series

Adv. Optical Mater. 2024, 2402151 2402151 (6 of 9) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. In (a–h): the normalized absorption rate Equation (8) is plotted
in the xy-plane at z = 0 for left and right vortex handedness; |ℓ| = 1, p = 0
(a–d), |ℓ| = 1, p = 1 (e–h); w0 = 𝜆 = 7.29 × 10−9 m; photons x-polarized
in (a),(b),(e),(f) and y-polarized in (c),(d),(g),(h). In all plots 𝛼(0)

𝜆𝜋
Ḡ(0)
𝜆𝜋

= 1,

𝛼
(2)
𝜆𝜋

Ḡ(2)
𝜆𝜋

= 0.

of new and powerful methods of elucidating chiral molecular
structure underpinned by absorption. Clearly TPA-VD is signifi-
cantly more tailorable than traditional TPA-CD due to the abil-
ity to select the values of ℓ and p, as well as being highly de-
pendent on the input beam polarization state, even manifest-
ing for linearly-polarized beams 𝜎 = 0. Unique attributes of two-
photon VD compared to traditional two-photon CD include the
fact the technique works with linearly polarized beams, the dif-
ferential effect stemming form the sign of ℓ rather than 𝜎; it is
proportional to ℓ which can be increased in magnitude unlike
𝜎; there is the additional beam parameter p which influences
the absorption rate; the polarizability tensors which inform us
of the molecular structure coupling to the structured beam in
such a way that produces highly distinct spatial distributions of
absorption; and finally the use of a focused vortex enables ac-
cess to structural information - 𝛼(0)

𝜆𝜆
Ḡ(0)

𝜋𝜋 - not accessible to tra-
ditional plane-wave (or paraxial) excitation. As discussed above,
two-photon VD, i.e. NVD, does have similarities to one-photon
VD (or HD), mainly that it manifests for input linearly polar-

ized vortex beams[30] (i.e. not requiring circular polarization as
with non-vortex beams). However, VD or HD does not depend on
the orientation of the state of 2D linear polarization. Importantly,
analogous to one-photon absorption (OPA) versus TPA, VD has
an inherently larger cross-section than NVD due to being a lin-
ear optical process. Just like OPA versus TPA,[72–74] however, the
different selection rules, intensity dependence, and use of longer
wavelengths means that VD will not act to parasitize the NVD
signal.

As a form of nonlinear optical activity, TPA dichroism-based
techniques are only a very small subset of possibilities. Nonlin-
ear optical activity[75] more generally includes techniques based
on harmonic and sum-frequency generation, hyper-Rayleigh and
hyper-Raman scattering as well as an array of techniques in
the ultrafast regime.[76] Whilst established techniques of sec-
ond harmonic generation optical activity (SHG OA)[75,77,78] and
microscopy[79] can indeed manifest with linear polarization states
akin to NVD, in direct contrast to NVD, however, they are strictly
non-resonant, surface effects. To this end, we envisage that the

Figure 6. In (a–h): the normalized absorption rate Equation (8) is plotted
in the xy-plane at z = 0 for left and right vortex handedness; |ℓ| = 1, p = 0
(a–d), |ℓ| = 1, p = 1 (e)-(h); w0 = 𝜆 = 7.29 × 10−9 m; photons x-polarized
in (a),(b),(e),(f) and y-polarized in (c),(d),(g),(h). In all plots 𝛼(0)

𝜆𝜋
Ḡ(0)
𝜆𝜋

= 0,

𝛼
(2)
𝜆𝜋

Ḡ(2)
𝜆𝜋

= 1.
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benefits of the added degrees of control afforded by focused struc-
tured light beams in the resonant effect of NVD we have high-
lighted should manifest in analogous non-resonant SHG OA
phenomena with structured beams, and such studies are cur-
rently underway.

Some cutting-edge nonlinear optical activity techniques re-
ported recently include hyper-Rayleigh optical activity in both
chiral molecules[80] and nanostructures,[81] hyper-Raman opti-
cal activity in plasmonic-molecular composites,[82] and third har-
monic Mie and Rayleigh optical activity.[83,84] The first study of
vortex chirality engaging through nonlinear light-matter inter-
actions was the hyper-Rayleigh and hyper-Raman optical activ-
ity of optical vortex beams.[85] That study was limited to the
electric-dipole electric-quadrupole contributions where it was
concluded that photons possessing a higher OAM (larger value
of ℓ) produce a larger hyper-Rayleigh and hyper-Raman scat-
tering differential. Pioneering experiments by Rouxel et al.[34]

observed significantly increased chiroptical signals in nonlinear
optical activity of an isotropic ensemble of chiral organometal-
lic compounds subject to a linearly polarized vortex beam in
the hard X-ray regime. Similarly, the Bhardwaj group has re-
cently utilized nonlinear interactions of vortex beams with both
chiral and achiral molecules in pursuit of new spectroscopic
techniques.[35–37]

4. Conclusion

Here we have shown that TPA of focused optical vortex beams
leads to a novel form of nonlinear optical activity in chiral
molecules. Chiroptical signals can be produced even when
the beam is linearly polarized before focusing, the differen-
tial absorption being determined by the sign of ℓ of the vor-
tex beam. It is striking that the spatial distribution of absorp-
tion is significantly influenced by the orientation of the state
of linear polarization, a phenomenon we are not aware of oc-
curring in any other form of optical activity previously stud-
ied. Moreover, the use of a focused vortex beam allows ac-
cess to molecular structural information not accessible with
current traditional methods based on paraxial beams or plane-
wave excitation, and is a unique tool to establish the symme-
try of excited electronic states. Extending the application of fo-
cused optical vortex beams into other forms of nonlinear op-
tical activity is certain to produce further spectroscopic tech-
niques with distinct advantages and novelty compared to existing
methods.
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