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ABSTRACT: Raman optical activity (ROA) conventionally detects differences in

Raman scattering associated with opposite circular-polarization states o, providing Q r
a sensitive probe of molecular chirality. Here we show that a different handedness &f ‘
of light can drive ROA: the wavefront handedness encoded in the topological

charge | of a focused optical vortex. Instead of using photons carrying spin angular
momentum o, the response is controlled by photons carrying orbital angular
momentum [7, with the sign of | defining the optical handedness. We develop a
nonparaxial theory of ROA with Laguerre—Gaussian beams and show that the

I(+0) > I(—0)

Maxwell-consistent focused field allows a linearly polarized vortex beam to
produce a topological-charge-dependent ROA signal from an isotropic ensemble of
independent, randomly oriented chiral molecules, as in a gas or dilute solution. The response contains both electric-dipole—
magnetic-dipole and electric-dipole—electric-quadrupole interference terms, establishing optical orbital angular momentum as a

control parameter for chiral Raman spectroscopy.

hirality is a central structural property of molecules and
materials, with consequences across stereochemistry,
chemical recognition, photochemistry, biomolecular structure,
and pharmaceutical function. A chiral system is not super-
posable on its mirror image, and this broken mirror symmetry
allows left- and right-handed optical fields to interact
differently with opposite molecular enantiomers."” Chiroptical
spectroscopies exploit this principle by detecting differential
optical responses that depend on molecular handedness.”~>
Among these methods, Raman optical activity (ROA) i
especially powerful because it combines the chemical
specificity of vibrational Raman scattering with sensitivity to
molecular chirality. ROA measures a small difference in Raman
intensity associated with opposite circular-polarization states of
the incident and/or scattered light, and therefore provides
vibrationally resolved information on absolute configuration,
conformation, solvation, supramolecular organization, and
biomolecular structure.®
Recent developments have renewed interest in ROA as both
a molecular spectroscopy and a platform for enhanced chiral
light-matter interactions. Circular-polarization-resolved ROA
has been highlighted as a route to information-rich chiral
vibrational spectroscopy of molecules, crystals, and nano-
structured materials.” At the same time, resonance ROA and
surface-enhanced ROA have been pursued to overcome the
intrinsically weak magnitude of conventional ROA signals, with
recent studies emphasizing signal amplification, chiral
plasmonic substrates, and chirality transfer in complex
molecular and nanophotonic systems.*'® These advances
show that ROA is no longer limited to conventional molecular
solutions, but is increasingly connected to nanophotonic
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platforms and engineered optical fields. Nevertheless, the
standard theoretical description remains anchored in plane-
wave or Gaussian beam illumination, where optical activity is
usually controlled by the pseudoscalar helicity o of circular
polarization.

Structured light'” offers a different route to chiral optical
control."®"” Instead of using only the spin angular momentum
associated with circular polarization, structured beams allow
the phase, amplitude, and polarization distributions of light to
be engineered. Optical vortex beams are a particularly
important example.”””" Optical vortex beams carry an
azimuthal phase factor exp(il¢), where the integer topological
charge | determines the handedness and magnitude of the
helical wavefront and endows each photon with orbital angular
momentum [7 in the direction of propagation. The sign of lis a
pseudoscalar degree of freedom: reversing [ reverses the
handedness of the optical vortex, independent of the state of
polarization (Figure 1). It has been shown that the chirality
associated with [ can lead to new chiroptical techniques,
enhanced chiroptical signals, and access to otherwise hidden
structural information."” Vortex beams are therefore natural
candidates for chiroptical spectroscopy beyond conventional
circular dichroism and circular ROA.
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Figure 1. Handedness and spatial structure of Laguerre—Gaussian modes. (a) Independent handedness associated with circular polarization ¢ and
the helicoidal wavefront of an optical vortex. The latter arises from the azimuthal factor exp(il¢) in the scalar spatial mode Vi €q 2, with reflection
reversing the corresponding signs, 6 &> —o and I — —1. (b) Normalized waist-plane intensities Il‘//,},l2 for the indicated combinations of [ and p; insets
show arg(l//lp). The radial mode function fV'% in eq 3 determines the central vortex and p radial nodes, while exp(il¢)) determines the azimuthal

phase winding. Each intensity is normalized independently.

The chiral electromagnetic structure of vortex beams is
especially rich outside the simplest paraxial limit. Tight
focusing, longitudinal fields, radial structure, spin-orbit
coupling, and the sign of the topological charge can all reshape
local optical chirality and spin densities."'***** These effects
are absent, or strongly suppressed, in ideal plane waves. They
suggest that the chiral response of matter can be controlled not
only through the handedness of polarization o, but also
through the topology I and spatial gradients of the optical field.
This distinction is crucial for Raman scattering, where the
molecular response contains not only electric-dipole—electric-
dipole terms but also the electric-dipole—magnetic-dipole and
electric-dipole—electric-quadrupole interference terms that
generate ROA.

A previous theory specifically of Raman optical activity
showed that optical vortex beams can generate a topological-
charge-dependent ROA signal in chiral molecules.”* This ROA
effect was also considered within a broader treatment of OAM-
dependent optical activity.””*° The earlier ROA theory
established that the handedness of a molecular Raman signal
need not be controlled solely by the spin angular momentum
of circularly polarized light, but can also depend on the orbital
handedness of the optical wavefront. However, the treatment
was confined to the paraxial, effectively transverse regime. In
that limit, the vortex dependence enters through transverse
field gradients in the electric-dipole—electric-quadrupole
interaction, and the resulting signal is proportional to ol. It
therefore still requires circular polarization and does not
provide a purely topological ROA mechanism; moreover, the
electric-dipole—magnetic-dipole channel remains hidden.

Here, we show that this is not the full story. In the
nonparaxial regime relevant to focused vortex beams, the
higher-order longitudinal and transverse field corrections
generate a topological-charge-dependent ROA signal even for
linearly polarized input, which would give no conventional
ROA response in a plane-wave description. The signal is odd in
the vortex charge and contains both electric-dipole—magnetic-
dipole and electric-dipole—electric-quadrupole interference

terms, making optical topological charge a control parameter
for molecular ROA distinct from polarization helicity.

This extends ROA beyond the conventional circular-
polarization paradigm. The theory predicts detection-resolved
vortex ROA signals that disappear for ordinary plane-wave or
Gaussian illumination, providing a clear experimental signature
of topology-enabled chiral Raman scattering. More broadly, it
establishes focused optical vortex beams as a route to
multipolar control in molecular chiroptical spectroscopies.

We describe the Raman process using the standard
molecular quantum electrodynamics formulation, in which
the electromagnetic field is quantized and the molecule is
represented by its multipolar transition moments.””” For a
molecule & located at R, the interaction Hamiltonian, to the
order required for Raman optical activity, may be written as

H, (&) = _ﬂi(f)Ei(Rg) - mi(f)Bi(Rg) - Qi}-(f)vjEi(Rg)
e (1)

where p, m;, and Q; are the molecular electric-dipole,
magnetic-dipole, and electric-quadrupole operators, respec-
tively. The first term gives the ordinary E1E1 Raman
amplitude, while the EIM1 and E1E2 interference terms give
the chiral Raman optical activity contribution."”” Here E1, M1,
and E2 denote electric-dipole, magnetic-dipole, and electric-
quadrupole light—matter interactions, respectively. Thus, E1IE1
is the ordinary Raman amplitude with two electric-dipole
interactions, whereas E1IM1 and E1E2 contain one electric-
dipole interaction and one magnetic-dipole or electric-
quadrupole interaction. ROA is produced by interference of
E1E1 with these mixed amplitudes. The incident radiation is
taken to be a focused Laguerre—Gaussian (LG) mode
propagating in the z direction, where (r, ¢, z) are cylindrical
coordinates. We write the scalar LG factor as

v (x) = f1E(r, 2) explikz + )] 2)

where | € Z is the topological charge and p € N is the radial
index. The radial mode function is
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Figure 2. Generation of a longitudinal electric-field component by focusing an x-polarized LG{ vortex beam. In the paraxial limit (left), the field is
transverse to the propagation direction, E & E, = XE,, and therefore appears linearly polarized in both the xy and xz projections. The transverse
intensity |E,|* has the characteristic annular distribution of the | = 1 mode, whereas IE,I* is negligible. Focusing redirects the constituent
wavevectors from k to k” and rotates their associated electric fields from E to E'. Enforcing the transversality condition, V-E = 0, gives the leading-
order longitudinal component in eq 20. To leading nonparaxial order, the xy projection remains linearly polarized, whereas the relative amplitude
and phase of E, and E, produce spatially varying elliptical polarization in the xz plane. Red and blue distinguish opposite local polarization
handedness. The transverse and longitudinal component intensities are independently normalized and are shown schematically. An analogous

longitudinal magnetic-field component follows from V-B = 0, such that B, ~ iVJ_-Bl. The schematic illustrates the dominant geometrical

consequence of focusing: the longitudinal field required by transversality. The smaller O(€*) transverse correction is included in the theory but
omitted from the schematic for clarity.

flllp (r, 2) = 2p! Wo [\/51’ )lell 2’ B, = Kyp SN ¢+ i cos ¢
LG \/ﬂwoz(p + 1N wz)\w(z) ] 7| w(z) 4 ©

These follow from 0, = cos ¢ 9, — " sin ¢ 9, and 0, = sin ¢
0, + 1! cos ¢ 0, together with the azimuthal phase factor
exp(ilgp). Hence

2

kr
2R - p+ 1+ I)C(z)]}

2
exp(—w:—(z)] expqi
3) Vi, = (Qu% + B9y, (7)

where w, is the beam waist, w(z) is the beam radius, R(z) is

The longitudinal derivative is written as
the wavefront radius of curvature, {(z) is the Gouy phase, L, is &

a generalized Laguerre polynomial, and W is a scalar spatial oy, = (ik + 6le)'//1 , 5le — O(kez) ()
mode function, i.e., a solution to the paraxial wave equation in i i
cylindrical coordinates, not the electromagnetic scalar where € = (kwy)™ < 1 is the dimensionless paraxiality

potential. In Coulomb gauge for the source-free monochro-
matic mode, @ = 0 and the positive-frequency vector potential
has the same spatial dependence, with A®) = E®)/(iw). The
calculation is formulated directly in terms of the electric and
magnetic field operators, retained consistentlzf through O(e?)
in the paraxiality parameter defined below.'®**

It is useful to introduce the logarithmic radial derivative

]

1 9
}’mp(”; Z) - f]ljlcp ar
1] 2r ikr 4r LZI:rl1[2r2/w2(z)]
=T aa Tt T M 2,2

r wi(z) R wi() L2r/w(2)]
(4)
with the final Laguerre polynomial term taken to vanish for p =

0. The transverse derivatives of the scalar LG mode are written
in terms of two gradient factors,

il
le = My, €08 ¢ — - sin ¢ (s)

10684

parameter.”® Physically, € measures the strength of focusing: €
— 0 is the paraxial limit, whereas increasing € corresponds to a
tighter beam waist and larger longitudinal and higher-order
transverse field components. The notation O(¢") denotes a
contribution that scales as €" relative to the leading transverse
field. We therefore define the leading scalar-mode gradient
factor

T = Q—lpﬁ + Bpf’ + ikZ (9)

with the O(€?) longitudinal-envelope correction retained in the
complete field-gradient tensor introduced below.
The incident transverse Jones state is

t=ax+ 9, u=ixt=—-px+ay, la® +Ip’*=1
(10)

Retaining the Maxwell-consistent field through O(e?), the
electric and magnetic operators are written compactly as

E;(r) = Z Q[elp(r)y/lp(r)alp — Hc]
k,lp (11)
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J. Phys. Chem. Lett. 2026, 17, 10682—10690

920z Jequiides 61 uo jsenb Aq ypd'G|zz009 Helodl s08/e6£96£89/28901/L€/ . | #pd-8jonie/pojod(/bio soe sqnd wouy papeojumoq


https://pubs.acs.org/doi/10.1021/acs.jpclett.6c02215?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.6c02215?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.6c02215?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.6c02215?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.6c02215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

Q
BLG(r) = Z T[blp(l‘)l//lp(l‘)alp — H.c]
k,Lp (12)

where ay, is the photon annihilation operator and H.c. denotes
the Hermitian conjugate. The full dimensionless local field
factors in eqs 11 and 12 are given by

i
e, =t+ Eslpz + eiz,

b,

i T
Ip =u+ lepZ + blpz’

(13)

where the second-order transverse amplitudes are defined by

vy = Taltlv,  wpby = Toluly, (149

The operator 7, including its scalar-envelope and vectorial
parts, is given explicitly in the Supporting Information. The
longitudinal factors are

SIP = aQ—lp + ﬁPIP’ RIP = aPlP - ﬁQ—lp (15)
The normalization factor is
1/2
fick
P
ZEOVAm,p (16)

where V is the quantization volume and Ay, fixes the mode
normalization.

The electric-quadrupole interaction requires the gradient of
the complete incident electric field. We therefore define

_ A i, T,
Dy, = Vz(ezp,i’//lp) = [tﬂ; + 262, + ZziLz + Dy’ v,
(17)

where the auxiliary quantities L; and D;"™ are defined by

T. T,
Vl(szp‘//lp) =Ly, Dry,= Vz(elp,zi‘//zp) (18)

The explicit field-gradient components are given in the
Supporting Information. The longitudinal-envelope correction
6Z,, is retained at O(€), although it is even under [ — —I and
therefore does not contribute to the topological-charge
differential derived below.

The hierarchy of field corrections follows directly from the
source-free Maxwell equations. Schematically, the electric field
may be written as

E=E" + EY + EY + .
—— —— ——
L 1L % (19)

Gauss’s law, V-E = 0, then gives to leading nonparaxial order

m_ 1! (0)
E;/ = le.El (20)
so transverse spatial structure necessarily generates the
longitudinal L, field (Figure 2). At the next order, the coupled
source-free Maxwell equations generate the transverse T,
correction. Thus, Ty, L;, and T, are successive components
of the same Maxwell-consistent field rather than independent
additions."****” The same hierarchy applies to the magnetic
field.

With this notation, the Maxwell-consistent field hierarchy is

T,=0(1), L, =0(), T,=0() (21)

The conventional paraxial terms and the nonparaxial
contributions relevant to the present l-odd channel scale as
follows:

EIMI: T,T, ~ O(1), LJL, ~ T,T, ~ O(e?)

E1E2: T,0,T, ~ O(k), KT,T, ~ O(k),

LV Ty ~ T,o,Ty ~ Td,T, ~ O(ke?),
k'T,T, ~ O(K'e®) (22)

The Ty—T, terms are the conventional paraxial ROA
contributions and are generally leading. For the linearly
polarized incident and detected fields used here, however,
they are identically zero. They are also independent of the sign
of I and therefore cannot contribute to the topological-charge
differential.

The field model used here is therefore an analytic Maxwell-
consistent focused LG beam model."® It is not intended to
represent the complete vectorial focal field produced by a
particular high-numerical-aperture objective. In such cases, the
detailed focal distribution depends on the optical system and is
more naturally described by Richards—Wolf or angular-
spectrum methods.’>*" The purpose of the present model is
instead to isolate, within a controlled Lax expansion, the
longitudinal and second-order transverse field terms and
gradients that enter the E1M1 and E1E2 molecular
contractions responsible for the vortex ROA.

We consider scattering from an initial molecular state |E;) to
a final molecular state |E;). Rayleigh scattering is recovered
when E; = E;, whereas Raman scattering corresponds to E;# E,.
The incident radiation mode is a Laguerre—Gaussian vortex
mode specified by wave number k, polarization label 7,
topological charge ], and radial index p. The scattered photon is
detected in a far-field plane-wave mode with wave vector k’
and polarization label #’. The initial and final states of the
molecule—radiation system are therefore

|i> = lEi; n(kl m, I, P)>:
If) = 1Es; (n — 1)(k, n, 1, p), 1(K, 7)), (23)

where 7 is the occupation number of the incident vortex mode
and the molecule is located at r = (r, ¢, z). The incident
electric and magnetic fields are represented by the complete
local factors e;, and by, in eq 13; the Ip labels are suppressed
inside the contractions below. The detected plane-wave factors
are ¢’ and b’ = k’ X e’. In what follows, an overbar denotes
complex conjugation, and repeated Cartesian indices are
summed.

Using the multipolar light—matter Hamiltonian (eq 1), the
E1E1 and E1IMI scattering amplitude is obtained from second-
order perturbation theory as

M},{HG) = —Qzﬁf][”é (r, z) expli(kz + lp — K'-r)]

— 1 — 1 1./ =
X |ee; + ;ei b]-Gl-j + :bi ejGﬁ (24)
where q; is the electric-dipole—electric-dipole Raman tensor
and G; is the electric-dipole—magnetic-dipole optical activity
tensor for the molecular transition IE;) — |E;). The constant Q
contains the single-photon field normalization; for Raman
scattering with k" # k, Q? denotes the product of the incident
and scattered field normalization factors. Since the density of

https://doi.org/10.1021/acs.jpclett.6c02215
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final photon states p; and other global constants are common
to the observables compared below, we work at the level of the
unaveraged squared matrix element for now; the rotational
average is introduced explicitly below:

MR = nQH I (i, z)P[e eat; + —’bG + b eG]

) 1 el /

X ey + —ebGy + _bk?lle}
[ ¢ ¢ (25)
The terms responsible for optical activity are the

interferences between the pure El scattering a-dependent

terms and the mixed EIM1 scattering contributions dependent
on G:

e 2L (1, 2P Rel(8) (e B) (44,6,

+ (E’-e')(eb)(—aMGW
+ (E’-b’)(e-é)(—aMGW

<|Mfi|2>aG =

+ 30’/1;4G/1/4)]

This EIM1 result allows arbitrary incident polarization and is
specialized below to far-field plane-wave detection. In the
plane-wave limit with circularly polarized input it reduces to
the familiar results of Craig and Thirunamachandran' and
Barron.

It is well known’ that electric-quadrupole contributions
to Raman optical activity cannot be neglected. Using the full
gradient tensor Dy defined in eq 17, the E1E1 and E1E2
amplitude is

35-37

M('HA) = .Qz\/_fm‘n (r, z) expli(kz + lp — K'r)]e/

ikjecA ] (28)
The E1E1—EI1E2 interference is therefore

X [eay + AyDy —

Ml = 2Q% 1) (r, 2)P Relz ¢ {A;uDy + ikig,A,,;}]
(29)

Applying the fifth-rank isotropic rotational average®” gives

(Mg )on = QZ 6 2 RelenaAn,Hal 0
where
H, =D,lc.e + cle, + g/(exe), + e, (exe)]
+ i(e'k)(c-€) + i(e-e)[(k' X €)-€]
+ i(e k) (c-e) + i(e"e)(ck) (31)
in which c = e Xe ¢ =¢ Xe,and ¢ =¢ X e. Fora

transverse detected plane wave, €'k’ = 0, so the penultimate
term in eq 31 vanishes identically. The use of the full gradient
tensor D,,; makes eq 31 valid for the complete Ty + L, + T,
incident field retained through O(e?). Its explicit reduction for
the detection geometries considered below is given in the
Supporting Information. The detected scattered intensity is the
energy emitted into the scattered mode per unit time per unit
solid angle. Applying Fermi’s golden rule to the second-order
Raman amplitude and restoring the final photon density of
states gives

+3¢,,Gy,) + (€'-€)(e'b)(~,G,,

pubs.acs.org/JPCL
200
|Mf1|(21G = f”lp( r, Z)lz Re[e eekbla le + e bkela le]
c

(26)

In order to account for an isotropic ensemble of freely
tumbling chiral molecules, we require the rotational average of
eq 26. The isotropically averaged results below apply to
independent, randomly oriented molecules whose Raman
signals add incoherently, as in a gas or dilute solution. Before
rotational averaging, the amplitudes describe a local molecular
emitter at a specified position and orientation. Using standard

32—-34

methods,” the fourth-rank rotational average yields

- 20!/1”@/1”) + (E’e)(b’?)(4(ZMGM4 - ZOCX”GM)
+ 30!1”GM) + (E"_b)(e'e,)(—azlaﬂﬂ + 30!1”(_;/1”)
(27)
dp k’3VN 5
Ik) = = M|
&) =& el (32)

where N is the number of molecules contributing incoherently
to the scattered signal. We define the incident-mode power
scale as

nhc’k
VAm,p2 (33)

inc T

such that the corresponding leading local energy density and
irradiance are I, ly;,| %/c and Imcll//lplz, respectively.

To expose the cleanest I-dependent, o-independent ROA
mechanism, we take linearly polarized input and parallel-
analyzed backscattering:

t=cosyXx+sinyy, u=12Xt,

At

k=-% €=t b=-u (34)
where y denotes the incident linear-polarization azimuth in the
transverse xy plane measured from the x axis. As established by
the order counting above, the conventional T(—T, chiral
contributions vanish in this linear-polarization channel, so the
leading nonzero l-odd response occurs at O(e?). The
topological-charge differential is

ALl =1(+D) - I(-1), 1>0 (35)
For this geometry it is useful to define
g=tV, gJ,=uV (36)

and the two beam factors whose l-odd parts enter the
topological-charge differential,

W, = —— Il 0w, 07,)]

1
U = — Im[(9,9
= ml(00,)7,] (37)
Strictly, W), is odd under | — —I at arbitrary z, whereas Ufjf) as
written is purely l-odd only in the beam-waist plane. The
explicit parallel-channel results below are therefore evaluated at

https://doi.org/10.1021/acs.jpclett.6c02215
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Figure 3. Spatial structure of the two beam-dependent factors controlling the parallel-analyzed vortex ROA signal at the beam waist for w, = 34.
Left: the rotationally symmetric longitudinal factor W),. Right: the second-order transverse factor W , shown for y = 0, whose twofold angular
structure follows cos[2(¢) — ¥) ]. The panels correspond to (I, p) = (+1, 0), (=1, 0), (+1, 1), and (-1, 1) Within each set, all panels are normalized
to a common maximum absolute value. Reversing the topological charge reverses the sign of both distributions, whereas the complete azimuthal

average of Uw vanishes.

= 0. Away from the waist, the wavefront-curvature phase
generally introduces an l-even contribution to Ul(;f), which must
be removed by taking its explicit l-odd projection when
constructing AIl. The first is the L,—L, contribution; the
second arises from interference of T, with the cross-polarized
vectorial part of T,. The co-polarized scalar S, part of the T,
correction does not enter this parallel chiral signal at O(e?),
although it is retained in the complete field and in the

Supporting Information. At the beam waist, writing f,(r) =
flllp (7’, 0) and 8y = flp/flpr

Wi, 0) = 1 ()P g, (")

U0, 8 0) =, 0025, (0) = 1) eos20 — )
(38)

Thus, W is local and polarization-aligned, with zero complete
aznnuthal average.

The full EIM1 contraction is not exhausted by Im(E -B*),
the field pseudoscalar associated with ordinary optical
chirality.”®  Although the T,—T, pair cancels from that
pseudoscalar, the other isotropic Raman contractions activate
a second molecular combination. Electric-quadrupole chiral
responses instead contain explicit field-gradient factors,”* so
the same cancellation does not apply to E1E2. We define

gl = Im[4aMGIm - ZO!MGM]

gROA Im[ aMG m + 3aMGM]
‘?{ROA = Re[e/lm/allo-Amza] (39)

For the channel-specific reductions below, the common factor
|l//1p|2 multiplying the factored contractions is absorbed into

d)E;’;ﬁdd) and ngﬂdd), consistent with the convention used in

the Supporting Information. The resulting mode-weighted
chiral contractions through O(€?) are therefore

l-odd
(Dg,ll )= W,,Groa + Ul(;()gl
(I-odd) _ _k+3K )
Re (}{A Il WP 2 UIP (40)

The full contractions leading to eq 40 are given in the
Supporting Information. Combining the EIMI1 and EI1E2
contributions gives the principal local topological-charge
differential:

af) = M k/4 [ ,Groa + UGl
'~ Torle ROA Ip 91
[kmp - MUl(zf()]ﬂRoA}; >0 (1)

Equation 41 contains all l-odd chiral contributions in this
parallel-analyzed channel through O(€*) and is the key result of
this work. The two beam factors have distinct physical and
spatial origins. The rotationally symmetric factor W), is
generated from the L,—L; contribution in E1IM1 and from
the L,V T, contribution in E1E2. By contrast, W originates
from T, and T, and carries the twofold angular dependence
cos[2(¢p — y)]. Complete azimuthal averaging therefore
removes Uj’, while W), remains. An important feature of eq
41 is that W, has a direct interpretation in terms of the optical
chirality of the incident mode. Up to the conventional overall
frequency and field-normalization prefactor, its topological-
charge-odd part satisfies

[|1/111,|2 Im(e, by)loaa = — W, (42)

Consequently, the rotationally symmetric parts of both chiral
interference mechanisms are proportional to the same optical-
chirality factor: the EIMI contribution contains W,Groa,
whereas the E1E2 contribution contains kW, Aro,. This

common proportionality provides a direct link between the
magnetic-dipole and electric-quadrupole contributions to

https://doi.org/10.1021/acs.jpclett.6c02215
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vortex ROA. Because U,(;,() has zero complete azimuthal
average, this common optical-chirality proportionality becomes
exact for the entire surviving azimuthally averaged Il-odd
response in the present parallel channel. The additional Uf;f)
contributions show, however, that optical chirality alone does
not exhaust the complete local response with focused vortex
beams.

The spatial distributions of the two factors are shown in
Figure 3. Reversing | reverses the sign of both W), and Ul(ff),
while their radial and angular structures are controlled by the
LG mode indices and the incident linear-polarization direction.
The relative contributions of the two factors to the measured
ROA signal are determined by the molecule-specific invariants
Gy Groas and Agg, in eq 41. Although W), survives complete
azimuthal averaging, it also vanishes after uniform radial
collection over the entire transverse plane. Complete,
uniformly weighted transverse-plane collection therefore gives
zero net l-odd signal. A nonzero collected response requires
incomplete or spatially weighted transverse collection. Finite-
aperture, confocal, annular, or spatially resolved Raman
detection can additionally select regions in which the local
differential signal has a common sign.""**

The corresponding radial dependence is shown in Figure 4.
For W), the radial sign changes follow the amplitude-gradient
structure of the LG mode, with increasing p introducing
additional radial lobes and increasing Il shifting the dominant
structure away from the beam axis. The U}’ curves are shown
along ¢ = y, where their angular factor is maximal. Away from
this direction the same radial structure is multiplied by
cos[2(¢ — x) 1.

These spatial properties suggest a direct experimental
implementation using standard Raman-microscopy compo-
nents. LG modes with opposite topological charges can be
generated at fixed power and linear polarization using a spatial
light modulator or vortex phase plates. A chiral solution could
then be measured in backscattering with a parallel analyzer and
spatially resolved detection selecting regions over which the
predicted l-odd signal has a common sign. Repeating the
measurement for opposite enantiomers would provide an
additional control. Raman scattering using vortex beams has
already been demonstrated in quartz and chiral liquid crystals,
while stimulated Raman scattering has been used to detect
optical OAM."¥*** These experiments establish the practical
feasibility of vortex-beam Raman spectroscopy.

If the scattered polarization is not analyzed, the measured
signal is Iy = I, + I, with 6 = cos™'(k’:z) . The complete

unres

local O(€?) result contains additional Ufff)— and cos 2¢-
weighted terms and is given in the Supporting Information.
These terms permit a nonzero local E1E2 response in forward
and backward scattering but vanish under complete azimuthal
averaging. After that average, the E1E2 contribution reduces to

Eunf?s;d) — NIinck/ +

l,aA - 2 2

W kAgon(cos® y — sin® y) sin® 0
120n%,> © "OA

(43)

The factor sin®> € shows that this azimuthally averaged,
polarization-unresolved l-odd E1E2 contribution vanishes in
exact forward and backward scattering and is maximal at 6 = 7/
2. This angular dependence is characteristic of the vortex-
dependent E1E2 channel and is distinct from the more general
angular dependence of conventional plane-wave ROA.”>** The
complete local response through O(e?) also contains Ul(lff)-
weighted terms that need not vanish in the forward or
backward directions.

In conclusion, we have shown that Raman optical activity
can be controlled by the orbital angular momentum of a
focused optical vortex, rather than only by the spin angular
momentum of circularly polarized light. The electromagnetic
field is retained consistently through T, + L; + T,: the
longitudinal L, fields generate the rotationally symmetric W,
contribution, while the O(e*) transverse completion produces
the local Ug) correction. Together with the EIM1 molecular
invariants Gpo, and G, and the E1E2 invariant Ayg,, these
terms give an l-odd Raman response for linearly polarized
input from an isotropic ensemble of chiral molecules.

The measured response is selected by polarization analysis,
scattering angle, spatially selective detection, and the incident
linear polarization. The effect is therefore a polarization-,
geometry-, and spatially resolved multipolar Raman interfer-
ence signal, establishing optical topological charge as a control
parameter for ROA beyond the conventional circular-polar-
ization paradigm.
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