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ABSTRACT: The discovery of orbital angular momentum
(OAM) in light established a new degree of freedom by which
to control not only its ﬂow but also its interaction with matter.
Here, we show that by shaping extremely subwavelength
polariton modes, for example by imbuing plasmon and phonon
polaritons with OAM, we engineer which transitions are allowed
or forbidden in electronic systems such as atoms, molecules, and
artiﬁcial atoms. Crucial to the feasibility of these engineered
selection rules is the access to conventionally forbidden
transitions aﬀorded by subwavelength polaritons. We also ﬁnd
that the position of the absorbing atom provides a surprisingly
rich parameter for controlling which absorption processes
dominate over others. Additional tunability can be achieved by altering the polaritonic properties of the substrate, for
example by tuning the carrier density in graphene, potentially enabling electronic control over selection rules. Our ﬁndings are
best suited to OAM-carrying polaritonic modes that can be created in graphene, monolayer conductors, thin metallic ﬁlms, and
thin ﬁlms of polar dielectrics such as boron nitride. By building on these ﬁndings we foresee the complete engineering of
spectroscopic selection rules through the many degrees of freedom in the shape of optical ﬁelds.
KEYWORDS: spectroscopy, light−matter interaction, orbital angular momentum, 2D materials, graphene
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mismatch between the electronic and photonic modes leads to
a very small interaction that is beyond what can be observed in
most experiments. Such a prediction has been corroborated in
several theoretical studies13−16 and is now taken as a basic fact.17
This length scale mismatch between the electron and photon
makes the relevant transitions so slow that they are considered
“forbidden”. It follows that in order to achieve control over
transitions with OAM, one needs ﬁrst to ﬁnd a way to access
these forbidden transitions.
It has been shown that it is possible to controllably transfer
angular momentum of up to 2ℏ in systems of cold trapped
ions,18 where the trapping ensures suﬃcient interaction time to
enable transitions despite the length scale mismatch. However,
new approaches may be necessary to extend these ideas to
transitions that are much slower, such as higher-order multipolar
transitions and also multiphoton transitions. In such an
approach, it is absolutely necessary to bridge the disparate
length scales of the electronic system and photon.
Recent discoveries in polariton physics, ranging from surface
plasmon polaritons (SPPs) in graphene,19−22 to surface phonon
polaritons (SPhPs) in polar dielectric ﬁlms,23−25 may provide
the answer as a result of their extremely short wavelengths,

he discovery that light can possess orbital angular
momentum (OAM)1 besides its intrinsic spin value of ℏ
has brought forth a new degree of freedom for the photon. By
engineering the shape of optical modes, a wide variety of new
applications has been developed including angular manipulation
of objects,2 angular velocity measurement,3 higher bandwidth
communication using novel multiplexing techniques4,5 (already
with on-chip implementations6), quantum information systems,7 quantum memory,8 and sources of entangled light,9
which are beneﬁcial to quantum cryptography implementations.10,11
These results open the door for another important application
of shaped optical modes: tailoring the interactions between
electrons and photons by enhancing or suppressing electronic
transitions. For example, when imbuing an optical mode with
OAM, one expects novel selection rules based on conservation
of angular momentum. This would provide a rich new degree of
freedom for spectroscopy and many other studies where optical
excitation is relied on for studying and controlling matter.
Unfortunately, such control over electronic transitions is not
expected to be experimentally accessible because “the eﬀective
cross section of the atom is extremely small [compared to the
wavelength of light]; so the helical phase front [of an OAMcarrying beam of light] is locally indistinguishable from an
inclined plane wave”.12 In other words, the length scale
© 2018 American Chemical Society
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predicted to potentially be as small as just a few nanometers. For
example, plasmon and phonon polaritons found in materials
such as graphene,19−22,26−28 monolayer silver,29 beryllium,30
silicon carbide,31 and hexagonal boron nitride (hBN)32−34 can
have wavelengths 100−350 times shorter than the wavelength of
a far-ﬁeld photon at the same frequency.
Conﬁning light with either the above materials or nanostructured conventional plasmonic materials is known to
strongly enhance the strength of light−matter interactions
with nearby emitters and hence the spontaneous emission rates
of nearby dipoles.35,36 Several recent studies have also shown
that conventionally forbidden transitions such as quadrupole
transitions could be greatly enhanced using highly conﬁned
plasmonic ﬁelds in nanostructured geometries such as nanoparticles,37−41 nanoparticle arrays,42,43, nanowires44,45 and
quantum wells.46 It was then shown that via the extreme
conﬁnement of light in 2D plasmonic and phonon-polaritonic
materials, an even greater range of interactions, such as
extremely high-order multipolar emission, multiphoton spontaneous emission, and spin-ﬂip emission could become fast or
even dominant compared to typically allowed transitions in
many atomic emitters.47,48
Despite these many studies, no previous work has
demonstrated the possibility of deterministically engineering the
spatial prof ile of a polaritonic mode to subsequently engineer which
electronic transitions do or do not happen. For example, could one
imprint OAM onto a plasmonic mode in order to turn on an
electronic transition consistent with that OAM or to turn oﬀ a
transition inconsistent with that OAM? More generally, could
one apply this concept to more complex electronic states with
less symmetry by matching the shape of the optical ﬁeld to that
of the electronic orbital, strongly enhancing (or suppressing)
emission or absorption?
In this paper we show that by shaping the polaritonic modes of
a system we raise the possibility of tailoring the selection rules
for absorption and stimulated emission, using OAM-carrying
modes as an example. We show that these modes enable new
selection rules based on the conservation of angular momentum,
providing a new scheme for the eﬃcient control of electronic
transitions in atomic systems. We can use OAM-carrying
polaritons to allow conventionally forbidden transitions to be
fast and dominant, and we can use OAM-carrying polaritons to
forbid conventionally allowed transitions. We further ﬁnd that
tuning the placement of the absorber and the dispersion of the
polaritons provides a means to study many diﬀerent electronic
processes in a controllable way. Our results are applicable to not
only OAM-carrying light but also any form of optical ﬁeld
shaping. Thus, the scheme we propose in this work may open the
door to controlling electronic selection rules with the immense
number of degrees of freedom in general shaped optical ﬁelds. In
the long run, combining this technique with ultrafast pulse
technology can provide precise spatiotemporal control over the
electronic degrees of freedom in myriad systems.

Figure 1. Illustration of a polaritonic vortex and its interaction with an
atomic system. An electronic system, such as an atom (in white), is
placed near the center of an OAM-carrying polaritonic vortex mode
(pictured with OAM = 3ℏ), exciting transitions consistent with
selection rules based on conservation of angular momentum. The
strength and phase of the z-component of the electric ﬁeld of the vortex
mode are represented by the color’s opacity and hue, respectively. The
dark purple background corresponds to the substrate that hosts the
vortex mode. By generating many parallel OAM-carrying polaritonic
modes one can enhance the resulting signal.

atomic system to be hydrogen. Although we use hydrogen as a
particular example, the physics we demonstrate in this work can
be readily extended to many other atomic and molecular
systems, particularly those with spherical or axial symmetry. The
OAM-carrying polariton mode, typically called a vortex or vortex
mode, can be constructed from the superposition of incoming
plane wave polaritonic modes whose phase diﬀerence is
proportional to the incoming angle as
Eq , m(ρ , z) = E0

∫0

2π

dα i(qρcos(ϕ − α) − ωt ) q ̂ + iz ̂ −qz iαm
e
e e
2π
2

⇒ Ez ∝ Jm (qρ)eimϕe−qz (z > 0)
(1)

where Eq,m(ρ, z) is the electric ﬁeld proﬁle of the mode, Jm is the
Bessel function of order m, ρ = {ρ, ϕ} are the in-plane distance
and angle, z and ẑ are the out-of-plane position and direction
respectively, α is the angle of the incoming plane wave polariton
in direction q̂, q its wavenumber, ω its angular frequency, and E0
its amplitude.
The most important parameters in our analysis are the
conﬁnement factor of the vortex and its OAM. The conﬁnement
factor η measures how small the wavelength of the mode is
relative to the wavelength of a free space photon of the same
frequency and is deﬁned by η = qc/ω. The OAM of the mode is
given by ℏm where m is the phase winding of the vortex. For
example, in Figure 1, we show the phase proﬁle of vortex modes
with an OAM of 3ℏ. Throughout the text, we assume that the
polariton vortex is created in a 2D plasmonic material with
Drude dispersion. We arrive at quantitatively similar results for
ﬁnite thickness substrates and other dispersion relations, such as
those of phonon polaritons, provided that the conﬁnement
factors are the same. This is explained in detail in the Supporting
Information (SI).

■

RESULTS
We start our analysis by considering the simplest scenario: an
atom placed inside an OAM-carrying polariton mode such that
the atom is concentric with the mode’s center. This is illustrated
schematically in the top left of Figure 1. Taking advantage of
recent experimental results showing the ability to generate
highly conﬁned vortex polaritons,49−52 we assume one can
generate such modes and focus on the study of their interaction
with an atom-like system. For concreteness we consider the
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Figure 2. Selection rules in the absorption of OAM-carrying SP(h)P modes. Calculation of the absorption rate due to a plane wave SP(h)P (a) and an
OAM-carrying vortex SP(h)P (b−e) for diﬀerent transitions in the family (5, 0, 0) → (6, 3, Δm) for two diﬀerent values of conﬁnement factor η, 2
(half-ﬁlled) and 250 (ﬁlled), with the atom taken to be 20 nm away from the surface. The vortex modes impose selection rules on the electronic
transitions, while the increase in conﬁnement factor leads to an enhancement of the absorption rate by a factor of ∼1011. The examples of η = 2 show
that, although free-space OAM-carrying modes could in principle impose the same selection rules, the diﬀerence in length scales between the polariton
and the atom results in absorption rates too small for experimental observation. The absorption rates are normalized by assuming each SP(h)P mode
carries a single photon.

states and mvortex is the phase-winding index of the polariton
vortex mode. This proportionality makes it clear that the
transition rate is zero unless

In Figure 2, we consider the eﬀect of the vortex polariton
modes on the absorption rates of diﬀerent transitions, calculated
to ﬁrst order in perturbation theory. For concreteness, we
consider a set of transitions between principal quantum numbers
5 and 6 (with a transition free-space wavelength of 7.45 μm). In
the example explored in this ﬁgure, we consider the octupole
(E3) transition between the 5s state and the 6f0,1,2,3 states.
Normally such a transition is considered highly forbidden. The
atom is taken to be 20 nm away from the surface of the polaritonsustaining material. In principle, the hydrogenic states can be
nonperturbatively modiﬁed as a result of the van der Waals force
between the atom and the plane of the polaritonic material. The
energies of the states will be modiﬁed on the order of 0.1−0.001
meV53 for an atom 20 nm away from the surface of a conductor,
and the wave functions can be mixed. However, even if this
happens, the cylindrical symmetry of the hydrogenic states is not
modiﬁed and the transitions follow the selection rules that we
arrive at in eq 2. Transitions diﬀering by orbital angular
momentum greater than ℏ will still be forbidden within the
dipole approximation. As a result, we ignore these complications
in this work and use the bare hydrogenic states as well as their
bare energies. In Figure 2(a), we consider the absorption rate of
a plane wave polaritonic mode and observe that transition rates
between diﬀerent Δm states are all nonzero. All transitions are
allowed, and there is no control over the electronic dynamics. In
contrast, when considering the absorption of a vortex mode with
mvortex = 0, 1, 2, 3 in Figure 2(b−e), respectively, only the
transition corresponding to conservation of angular momentum
is nonzero, the remaining transitions have been suppressed.
These selection rules arise naturally in the Fermi’s golden rule
formalism in a cylindrically symmetric system. In this case the
transition rate is proportional to the square of
−i(mf − mi)ϕ imvortexϕ
e
, where ℏmi and ℏmf are the z∫ 2π
0 dϕ e
projected angular momentum of the initial and ﬁnal electron

Δm = mf − mi = m vortex

(2)

This simple equation tells us that diﬀerences in the z-projected
OAM of the electron must be supplied by the vortex, thus
justifying the interpretation of the phase winding as an angular
momentum. The reason that plane waves do not yield the same
level of control is that a plane wave is equivalent to a
superposition of vortices with all possible angular momenta.
Therefore, the angular momentum selection rule is always
satisﬁed for some transition where an electron absorbs a plane
wave. The result of eq 2 relies only on axial symmetry of the
potential that the electron experiences. As a result, the selection
rules of eq 2 are robust to perturbations such as those induced by
van der Waals forces between the emitter and the planar
dielectric slab.
Although eq 2 tells us which transitions are allowed and which
are not, it does not tell us in advance if the allowed transitions
happen quickly enough to be observable. To this end, in Figure
2, we also quantify the rates of diﬀerent electronic transitions
due to the absorption of unshaped (plane wave) polaritons, as in
Figure 2(a), and shaped (vortex) polaritons, as in Figure 2(b−
e). In all cases in this work, we take the intensity of the driving
ﬁeld at the transition frequency to be that associated with a
single polariton (for more details see SI Section III). In both
cases, the absorption rates are a sharp function of conﬁnement.
For a conﬁnement factor of 2, the nonzero E3 transitions rates
are on the order of 1 event per 10 hours, while at a conﬁnement
of 250, the rates are on the order of 1 event per 300 ns (for an
atom 20 nm away from the material’s surface), an 11 order of
magnitude enhancement. As the atom gets even closer to the
surface (for example when the atom is 5 nm away), the rate can
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Figure 3. Robustness of the angular momentum selection rules to atom displacement. Dependence of the single polariton absorption rates of a
displaced individual atom (left column) and uniform atomic distribution (right column) for transitions with initial state (5, 0, 0) and ﬁnal principal
quantum number 6 at a conﬁnement factor of η = 250 and the atom taken to be 20 nm away from the surface. As the rotational symmetry is broken, the
selection rule discussed in Figure 2 is no longer valid and all Δm transitions become allowed. The absorption rates match the selection rule of eq 2 at D
= 0, and for small D this transition always dominates. For larger D, other transitions can become dominant, as the value of J0(qD) decreases and higher
order Bessel terms become comparable. The background color of each plot corresponds to the dominant transition in that regime. The angularmomentum-conserving transitions are highlighted by a thicker line.

which can be indirectly probed by monitoring the ﬂuorescence
of the sample as a result of its interaction with the vortex. An
important requirement of the polariton-sustaining surface is that
its wavelength is comparable to the size of the orbitals of the
atoms. Because of that, optimal materials for creating vortices
include ultrathin ﬁlms of plasmonic (gold, silver) or phononic
(silicon carbide, boron nitride) materials or 2D conductors such
as graphene. Creating the vortices can be done by illuminating
an appropriately shaped grating coupler near the surface.49−52
Of course, the radius of the coupler should be comparable to the
polariton wavelength so that the polariton does not decay
completely when propagating to the center. We assume this
situation throughout the text. Finally, we note that while
polaritonic vortices have been demonstrated in plasmonic
materials such as gold and silver, they have yet to be
demonstrated in graphene or phonon−polariton materials.
Therefore, a ﬁrst and exciting step toward implementing our
proposed scheme is to generate vortices in these materials.
Regarding the choice of absorbing atom, because the results of
Figure 2 are for an atom centered with the vortex, our scheme is
most cleanly implemented on atom-like systems whose
placement can be controlled very well, such as quantum dots.
Another potential advantage of quantum dots is that they can be
made to have mesoscopic sizes, allowing one to match the length
scales of the vortex with the size of the atom-like system more
easily (i.e., a smaller polariton conﬁnement is required). For

increase to nearly 1 event per 500 ps, which would be considered
fast even for (free-space) dipole transitions. These quantitative
results make it evident that angular momentum conservation
alone is insuﬃcient to ensure experimentally accessible selection
rule modiﬁcation: it is also imperative to match the scale of the
atom and photon.
A notable consequence of the results presented in Figure 2 is
that using SP(h)P vortex modes yields highly enhanced and
controllable electronic transitions for arbitrarily large values of
Δm, in contrast to the case with plane wave (unshaped)
polariton modes. In particular, by creating a vortex with a ﬁxed
OAM and placing atoms concentric with that vortex, it is
possible to forbid conventionally allowed dipole transitions (by
making the OAM of the vortex greater than 1) and allow
conventionally forbidden multipole transitions, thus providing a
way to access and control conventionally disallowed transitions
which are normally invisible in spectroscopy.
Before proceeding to further analyze the ability to control
electronic transitions with shaped optical modes, we pause to
discuss some experimental considerations in implementing the
above results. Schematically, an experiment to observe the
eﬀects described in this paper would feature a polaritonsustaining surface, absorbing atoms, and a means to create vortex
modes with diﬀerent angular momenta in the vicinity of these
atoms. The goal is to observe the modiﬁed absorption of the
sample as a function of the angular momentum of the vortex,
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example, for a practicable quantum dot size of 20 nm,54 one
should be able to access and control conventionally forbidden
transitions through the use of vortices of 70 nm wavelength,
which have already been demonstrated on thin silver ﬁlms.49 For
even larger quantum dot sizes, it is conceivable that the same
eﬀects we describe here could be observed by using vortices of
conventional surface plasmons even on thick metallic ﬁlms.
However, while the scheme we propose can be more readily
implemented with artiﬁcial atoms, it would be of appreciable
interest to implement it with the much smaller natural atomic
and molecular systems, whose myriad forbidden multipolar
transitions have been elusive to spectroscopy since its early days.
And while it is potentially possible to ﬁnd polaritons that are
suﬃciently highly conﬁned to be interfaced with atomic and
molecular emitters,47 a challenge in implementing our scheme
arises from the considerable uncertainty in the placement of the
atom. Therefore, we now study the eﬀect of oﬀ-center
displacement of the atom on the prospects for access and
control over forbidden transitions.
When an atom is oﬀ-center from the vortex, as illustrated in
Figure 1, the rotational symmetry around the vortex center is
broken, meaning that angular momentum conservation no
longer holds. More explicitly, the absorption rate of a vortex by
an oﬀ-center atom is no longer related to
−i(mf − mi)ϕ imvortexϕ
∫ 2π
e
but rather
0 dϕ e

∫0

2π

Figure 4. Landscape of dominant transitions for mvortex = 3. For a
hydrogen atom taken to be 20 nm away from the surface, the dominant
process in the family (5, 0, 0) → (6, 3, Δm) is plotted as a function of
the conﬁnement factor η and the displacement of the atomic system D.
For a given vortex mode, the displacement and conﬁnement can be used
to control the dynamics of the electronic system. This is of particular
interest in materials such as graphene, where the conﬁnement factor of
the mode can be electrically tuned, opening the possibility for electrical
control over atomic transitions.

In Figure 3(a−d), we calculate the rates of diﬀerent
absorption transitions between initial state 5s and ﬁnal states
with principal quantum number 6 as a function of atomic
displacement D for varying vortex OAM (increasing from top to
bottom). For zero radial displacement, only angular-momentum-conserving transitions (highlighted by a thicker line) have a
nonzero absorption rate, as dictated by eq 2. As the radial
displacement of the atom is increased, the rate of non-angularmomentum-conserving transitions increases and eventually may
dominate over angular-momentum-conserving transitions.
Although this appears to reduce control over electronic
transitions, because of the oscillatory behavior of the Bessel
function with displacement, there are regimes where one
particular transition (though not necessarily the angularmomentum-conserving one) dominates over all others,
providing a parameter to tune which transition dominates.
These regimes in Figure 3(a−d) are marked using the colored
background, where the colors denote which transitions
dominate. Additionally, a single vortex can be used to “turn
oﬀ” certain absorption transitions because the absorption rate
has nodes where the Bessel function vanishes, as can also be seen
in Figure 3(a−d). This means that, somewhat surprisingly, a
single vortex can actually be used to controllably (through D)
access and study diﬀerent transitions, beyond what angular
momentum conservation dictates. We conclude the analysis of
Figure 3(a−d) by pointing out that this controlled access is yet
again possible only because the rates of transitions calculated in
these ﬁgures are suﬃciently high that these transitions can be
observed. Were the conﬁnement factor 2, the transitions would
be 11 orders of magnitude slower, and this degree of control
using atomic placement would be rendered inaccessible.
The analysis presented in Figure 3(a−d) is pertinent to the
case when a single atom is placed exactly at a radial displacement
D from the center of the vortex, which is expected to wellcharacterize a mesoscopic absorber with a more precise
placement, such as a quantum dot. In Figure 3(e−h), we
consider the case where a population of randomly distributed
absorbing atoms interacts with the polariton vortex. In these
panels, the average rate of absorption of the sample is computed

∞

dϕ e−i(mf − mi)ϕ

∑

Cmϕ0− mvortex e imϕJm − m

vortex

(qD)

m =−∞

where q is the wavenumber of the polariton vortex mode, D is
the radial separation between the atomic and the vortex center,
and Cϕδm0 is a complex number of unit magnitude (|Cϕδm0 | = 1)
dependent on δm = m − mvortex and the angular position of the
atom ϕ0. The full derivation can be found in the SI. As a result,
the rate of absorption of a single polariton vortex (of angular
momentum ℏmvortex) at a distance D for a transition between
states i and f with a change in the z-projected angular
momentum ℏΔm, denoted Γmvortex(i → f, D), becomes
Γmvortex(i → f, D) = JΔ2 m − m

vortex

(qD)ΓΔm(i → f, 0)

(3)

where ΓΔm(i → f, 0) is the rate of absorption of a single vortex
polariton when the atom is aligned with the vortex mode of
OAM ℏΔm. Note that for D = 0 (centered atom) the rate is only
nonzero when the transition satisﬁes Δm = mvortex, in agreement
with eq 2. Eq 3 is physically consistent with an analogous result
that has been obtained in the context of the absorption of farﬁeld twisted light by atomic systems.55
Eq 3, while a rather simple result, contains much interesting
physics, which Figures 3 and 4 intend to summarize. The most
obvious consequence of eq 3 is that when the atom is oﬀ-center
relative to the vortex (D ≠ 0), the nonzero value of the Bessel
function, JΔm−m vortex(qD), allows for transitions that were
forbidden when D = 0. Since the argument of the Bessel
function in eq 3 is qD, the strength of the diﬀerent absorption
processes varies at the length scale of the wavelength of the
vortex mode and not the size of the atom. This means that the
interaction is robust to misalignments of nanometers or even
tens of nanometers and is not sensitive to ﬂuctuations on the
atomic scale. For the remainder of this section, we shall refer to
the originally allowed transitions for D = 0 as angularmomentum-conserving, and the originally disallowed ones as
non-angular-momentum-conserving.
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as a function of vortex angular momentum and the radius R of
the random uniform distribution of atoms, which experimentally
might be set by the deposition conditions. The eﬀect of the
distribution is to average the results of Figure 3(a−d) over D.
Despite this averaging, R can still be used as a reliable parameter
for tuning the dominant transition in the system, as highlighted
in the changing colored backgrounds in Figure 3(f−h).
Therefore, it still is the case that the radius of the
distribution/sample size can be used to make non-angularmomentum-conserving transitions dominant, thus acting as a
parameter to control the strengths of diﬀerent once-forbidden
transitions.
In Figure 3, we have discussed the eﬀect of the radial
displacement D, but eq 3 tells us that the wavenumber of the
vortex mode serves equally well as a tuning parameter by which
to control which transitions dominate and which ones do not. In
polaritonic platforms such as graphene, it is already possible to
tune the wavenumber of the plasmon at a ﬁxed frequency by
changing the carrier concentration (or equivalently Fermi
energy, EF). The wavenumber depends on the doping level in
2αω ℏω
graphene via q = ϵ c E , where ϵr̅ is the average dielectric

constant surrounding the ﬁlm19,28 and α is the ﬁne-structure
constant. This formula is correct within the Drude model
formalism with some correction typically at larger values of q. In
Figure 4, we explore the consequences of tuning the polariton
wavenumber on controlling forbidden electronic transitions. We
consider the absorption rate of a polariton vortex (for a ﬁxed
OAM of 3ℏ) for diﬀerent transitions (5s → 6fΔm) as a function
of the radial displacement D and the conﬁnement factor η = qc/
ω, which directly modiﬁes the wavenumber q. The colored
regions indicate which transition of this family dominates. As
can be seen, for ﬁxed radial displacement, as the conﬁnement (or
Fermi energy) is tuned, we can choose which transition
dominates. In fact, at a radial displacement of 30 nm, we can
switch between ﬁve diﬀerent transitions by tuning the
conﬁnement factor between 1 and 250. Analogous to Figure
3(e−h), when considering a uniform distribution of absorbers,
the radius of this distribution still provides a good parameter for
controlling the dominant transition, as illustrated in the SI. More
detailed information regarding the rates of these diﬀerent
transitions can also be found in the SI.
Before concluding we note that in order to tune the
conﬁnement factor while keeping the same vortex OAM, one
would need a near-ﬁeld coupling scheme such as a circular
grating where the phase of the emission at diﬀerent points in the
grating is set so that the phase winds mvortex times, irrespectively
of the conﬁnement factor. This ensures that the relative phases
of the in-coupled (plane wave) polaritons are ﬁxed as we vary the
conﬁnement factor of the mode, thus retaining the necessary
interference to build the vortex. One way to potentially achieve
this is by illuminating a circular grating with OAM-carrying farﬁeld photons so that the angular momentum of the light (up to
the polarization angular momentum) is imprinted onto the
grating.

(including non-angular-momentum-conserving ones) can even
be obtained when atoms are randomly distributed in the vortex
through two tuning parameters: polariton dispersion and
distribution size. Due to the nanoscopic volumes and scales
assumed in this work, we expect this method to be of greatest
relevance to controlled experiments involving few emitters, as
exempliﬁed by recent studies.56 The conclusions we arrive at
hold for a wide range of polaritonic materials, whether they be
plasmon, phonon, exciton, or other classes of polaritons.
Finally, we discuss interesting eﬀects of light−matter
interactions with vortex polaritons beyond single-photon
processes. In the SI, we extend our formalism to consider the
case where the atom absorbs two quanta of light, as would be the
case in multiphoton spectroscopy. We ﬁnd that when an atom
(concentric with vortices) absorbs two vortex modes, the
angular momentum selection rule becomes mf − mi = mvortex,1 +
mvortex,2, where ℏ(mf − mi) is the change in z-projected orbital
angular momentum of the electron and ℏmvortex,1, ℏmvortex,2 are
the angular momenta of the two absorbed vortices. Therefore, it
should be possible to tailor the selection rules of multiphoton
spectroscopy through the use of two vortices with potentially
diﬀerent angular momenta. We ﬁnd that the multiphoton
interaction is strong for highly conﬁned vortex modes.
In addition to absorption, we also considered spontaneous
emission of vortex modes by an atom in order to pave the way for
doing near-ﬁeld quantum optics with vortex modes. We ﬁnd that
for emitters interfaced with polaritonic materials sustaining
highly conﬁned modes the spontaneous emission into one
vortex (with high OAM) and into two vortices (with OAM 0 or
±ℏ) can be quite fast. However, one would need an emitter with
a highly m-dependent energy spectrum such that the decay rate
of the emitter depends sharply on the OAM of the emitted
polariton. In such a circumstance, one could have an emitter that
selectively generates a single vortex quantum with a desired
value of OAM or even potentially entangled vortex quanta.
In the long term, the ability to engineer the electronic
transitions in a quantum system, enabled by polaritonic modes,
opens the door for many applications that depend on usually
inaccessible quantum states. Generating these quantum states in
simple table-top settings will lead to novel light-emitting devices
and even lasing technologies, by enabling new decay paths in
quantum systems. At the same time, including OAM-carrying
polariton modes in the toolbox of spectroscopy adds a new
technique with which to probe and investigate electronic
transitions and states, in particular in multielectron systems,
where the large degeneracy of the states is lifted and an even
greater control over the electronic transitions is allowed. In
another direction, exploring stronger ﬁelds in OAM-carrying
polaritons will give us access to regimes of nonperturbative
physics, where the electronic states themselves are being altered.
More generally, we believe this technique holds promising
prospects for using the complete set of degrees of freedom in the
temporal and spatial shaping of optical ﬁelds, for coherent
control and engineering of the electron dynamics in quantum
systems.

DISCUSSION
In summary, we have shown that polaritons with angular
momentum allow for access to and control over absorption
processes as a result of both conservation of angular momentum
and extreme subwavelength conﬁnement. This holds most
readily when the absorbing atom is aligned with the vortex
center. Nevertheless, control over electronic transitions

METHODS
We analyze the light−matter interaction by writing down the
electromagnetic ﬁeld operator in the basis of vortex modes and
then using the resulting interaction Hamiltonian to compute the
rates of various interaction processes between light and matter
using Fermi’s golden rule. The Hamiltonian and corresponding
ﬁeld operators are given below as

̅r

F

■

■

3069

DOI: 10.1021/acsphotonics.8b00325
ACS Photonics 2018, 5, 3064−3072

ACS Photonics

Article

analytical and numerical calculations. H.B., M.S., and I.K.
supervised the research. All authors contributed to the
manuscript preparation and revision.

H = Hele + HSP(h)P + Hint with
Hint =

e
e2 2
A where
(A · p + p · A ) +
2me
2me
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(4)

where Hele is the Hamiltonian of the electron, HSP(h)P is the
Hamiltonian of the SP(h)P modes, and Hint is the interaction
Hamiltonian between the electron and SP(h)Ps. me and e are the
mass and charge of the electron, ϵ0 the vacuum permittivity, ϵr̅
the average relative permittivity of the dielectric above and
below the interface, and L the quantization length of the system.
A corresponds to the vector potential operator and it is written as
an expansion over dimensionless modes of the vector potential
Fq,m, with corresponding creation (annihilation) operators â†q,m
(âq,m). These modes can be derived from the integral expression
in eq 1:

Fq , m
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o
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z
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o
o
o−z 2̂ Jm (qρ) (z < 0)ozz
o
~{
n

■
(5)

where Jm(qρ) is the Bessel function of order m, ρ, ϕ, and z are the
standard cylindrical coordinates, and q is the wavenumber of the
mode. The parameter ξq is a dimensionless normalization factor
that is required for the energy of the vortex mode to be ℏω. We
ﬁnd that the factor ξqvg, where vg = dω/dq is the group velocity,
dictates the strength of light−matter interactions and is similar
for polaritons in diﬀerent materials with the same conﬁnement
factor. The details of our calculations are provided in the SI.
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