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Abstract

Surface plasmons supported by metallic nanostructures interact strongly with light

and confine it into subwavelength volumes, thus forcing the corresponding electric field

to vary within nanoscale distances. This results in exceedingly large field gradients

that can be exploited to enhance the quadrupolar transitions of quantum emitters lo-

cated in the vicinity of the nanostructure. Graphene nanostructures are ideally suited

for this task, since their plasmons can confine light into substantially smaller volumes

than equivalent excitations sustained by conventional plasmonic nanostructures. Fur-

thermore, in addition to their geometric tunability, graphene plasmons can also be

efficiently tuned by controlling the doping level of the nanostructure, which can be

accomplished either chemically or electrostatically. Here, we provide a detailed inves-

tigation of the enhancement of the field gradient in the vicinity of different graphene

nanostructures. Using rigorous solutions of Maxwell’s equations, as well as an analytic
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electrostatic approach, we analyze how this quantity is affected by the size, shape, dop-

ing level, and quality of the nanostructure. We investigate, as well, the performance of

arrays of nanoribbons, which constitute a suitable platform for the experimental veri-

fication of our predictions. The results of this work bring new possibilities to enhance

and control quadrupolar transitions of quantum emitters, which can find application in

the detection of relevant chemical species, as well as in the design of novel light emitting

devices.
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The interaction between light and quantum emitters such as atoms, molecules, and quan-

tum dots, is ultimately governed by the coupling of their constituent charges with the elec-

tromagnetic field. Taking into account that the dimensions of quantum emitters are usually

much smaller than the wavelength of light, this coupling can be conveniently described using

the multipolar light-matter interaction Hamiltonian1,2

H = −p · E−m ·B−Q : ∇E+ . . . . (1)

Here, E and B are the electric and magnetic fields, while p, m, and Q represent the electric

dipole, the magnetic dipole, and the electric quadrupole moments of the quantum emitter.

Importantly, as opposed to p and m, which are vectorial quantities, Q is a tensor, and

therefore the double dot product in Eq. (1) is defined as Q : ∇E =
∑

ij Qij∂iEj, with

∂i = ∂/∂ri. The components of these moments are defined in terms of the charge ρ(r)

and current J(r) densities of the quantum emitter as (notice we use Gaussian units) pi =
∫

riρ(r)dr, mi =
1
2c

∫

[r× J(r)]idr, and Qij =
1
6

∫

(3rirj − r2δij)ρ(r)dr, respectively.3

The rate of a transition between two states of a quantum emitter, induced by the light-
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matter interaction Hamiltonian, can be calculated using Fermi’s golden rule4 as

Γ =
2π

~
|〈f |H |i〉|2 δ (εfi − ~ω) , (2)

where |i〉 and |f〉 represent the initial and final states, εfi is the energy difference between

the two states, and ω is the frequency of the electromagnetic field. Examining Eqs. (1) and

(2), it is clear that, while transitions mediated by electric and magnetic dipole moments are

controlled, respectively, by the electric and magnetic field at the position of the quantum

emitter, transitions involving the electric quadrupole are proportional to the gradient of the

electric field. Therefore, for a quantum emitter excited by a plane wave of amplitude E0,

the rates of electric and magnetic dipole transitions are, respectively, proportional to E2
0

and (v/c)2E2
0 , where v is the velocity of the charges producing the magnetic dipole and c is

the speed of light. Similarly, for an electric quadrupole transition, the corresponding rate is

proportional to (Dk)2E2
0 , with D being the length scale of the charge distribution associated

with the quadrupole moment, and k = ω/c the light wavenumber. Usually, since v � c and

D � 1/k, most optical processes in light-matter interaction are dominated by electric dipole

transitions, while magnetic dipole, electric quadrupole, and higher order transitions are

usually termed as forbidden, due to their significantly weaker character. However, dipole-

forbidden transitions play an important role in the photochemistry and spectroscopy of

many relevant chemical species, including individual atoms5–9 and homonuclear diatomic

molecules, as well as other molecules with high symmetry, such as carbon dioxide, methane,

and benzene.10–14

One way to increase the rates of forbidden transitions is by exploiting the large field

enhancement provided by the localized surface plasmons supported by metallic nanostruc-

tures.15,16 These excitations couple strongly with light, confining it in volumes much smaller

than its wavelength.17 As a consequence, the electric field near the nanostructure can be a

few orders of magnitude larger than that used to excite the plasmon resonance,18 which has
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already been exploited to achieve ultrasensitive biosensensing19–26 and efficient nanoscale

light emission.27–30 The same mechanism leads to extraordinary magnetic fields in the vicin-

ity of the metallic nanostructure,31–33 which can be used to increase the rates of magnetic

dipole transitions,34–39 such as the singlet to triplet transition in molecular oxygen.40,41

Another consequence of the large field confinement provided by surface plasmons is that

the electromagnetic field is forced to rapidly vary within a length scale comparable to or

smaller than the nanostructure size. This means that the electric field gradient near the

nanostructure can be much larger than that of a plane wave, which is proportional to kE0.

Therefore, the surface plasmons supported by the nanostructure are expected to enhance

the rate of an electric quadrupole transition of a nearby quantum emitter by a factor of the

order (kD)−2, that is, proportional to the mismatch between the nanostructure size D and

the transition wavelength λ = 2π/k.42 This effect has been explored using different metallic

structures, including surfaces,43 cavities,44 slits,45 nanoparticle dimers46–48 and arrays,49 as

well as nanotips,50–52 to cite some.

The recent emergence of graphene as a plasmonic material has brought new alternatives

to enhance light-matter interactions.53–55 Finite nanostructures carved out of graphene sheets

support plasmon resonances that confine light into substantially smaller volumes than equiv-

alent excitations sustained by conventional plasmonic nanostructures.56–60 Therefore, they

enable a much larger mismatch between the wavelength of light and the nanostructure size,

which is expected to result in extraordinary electric field gradients. Furthermore, graphene

plasmons can be efficiently tuned by controlling the doping level of the nanostructure, which

can be accomplished in an active manner via electrostatic gating,61–63 thus providing an effi-

cient mechanism to adjust the frequency of the plasmon to that of the quadrupole transition.

In this context, Rivera et al.64 have recently predicted that the strong field confinement pro-

vided by the surface plasmon polaritons supported by infinite graphene sheets can enhance

a variety of dipole-forbidden transitions of quantum emitters placed in their vicinity. Here,

we present a detailed investigation of the enhancement of the electric field gradient produced
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by a variety of finite graphene nanostructures that support localized surface plasmons. Our

results are obtained by rigorously solving Maxwell’s equations using a finite element method

(FEM) approach. Additionally, we derive a semianalytical model based on the plasmon wave

function (PWF) formalism, which provides useful insights on the effect that different geo-

metric and material parameters have on the electric field gradient. Furthermore, we analyze

the performance of arrays of graphene nanoribbons, which constitute a potential platform

for the experimental verification of our predictions. The results of this work help to provide

new insights on the enhancement of quadrupolar transitions using finite graphene nanos-

tructures, which can be useful to develop new applications in sensing, light emission, and

quantum information processing.

Results and Discussion

We start our investigation by analyzing the simplest possible graphene nanostructure, namely

a nanodisk with diameter D = 50 nm carved out from a single graphene monolayer, which

is shown in Figure 1(a). The nanodisk is doped to a Fermi energy EF = 0.5 eV, relative to

the Fermi energy for the neutral structure, and its response is described through the surface

conductivity σ, for which we adopt a Drude model55

σ(ω) =
e2

π~2
iEF

(ω + iγ)
. (3)

This model has been shown to be accurate for nanostructures with sizes larger than ∼ 10 nm,

at energies ~ω < EF.55 The conductivity and, consequently, the response of the graphene

nanodisk is influenced to a great extent by the damping coefficient γ, which is determined

by the material losses and fabrication imperfections of the nanostructure. This parameter

is often quantified using the electron mobility, µ, as γ = ev2F/µEF, where vF ≈ c/300 is

the Fermi velocity of graphene electrons.55 In this work, we assume ~γ = 10meV that

corresponds to µ ≈ 1300 cm2/(V s) for EF = 0.5 eV, which is a conservative value within
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Figure 1: Near field response of a graphene nanodisk. (a) Schematics of the system under
study, consisting of a graphene nanodisk of diameter D = 50 nm and Fermi energy EF =
0.5 eV, which is illuminated with a plane wave propagating along the z axis and polarized
along the x axis. Enhancement of the intensity of the field (b) and the field gradient (c),
calculated at the plasmon frequency ~ωp = 0.251 eV. The dashed and solid white contours
signal the regions for which the enhancement is larger than 10 and 100 for panel (b), and
larger than 105 and 106 for panel (c). In both panels (b) and (c), the upper plot shows results
for the xz plane, while the lower one displays those corresponding to a plane parallel to the
nanodisk at a distance z = 0.02D above it. In all cases, the solid black contour indicates the
edge of the graphene nanodisk.
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experimental reach.56 Indeed, mobilities several orders of magnitude larger than that value

have been measured for self-standing65 and h-BN-encapsulated66,67 graphene samples.

Figure 1(b) shows the electric field intensity around the nanodisk calculated using the

FEM approach (see the Supporting Information). We assume the nanostructure is illumi-

nated with an electromagnetic field plane wave of amplitude E0, propagating along the z

axis and polarized along the x axis. The frequency of this field is chosen to be resonant with

the frequency of the dipole plasmon supported by the nanodisk, which, for the values of D

and EF under consideration, is ~ωp = 0.251 eV. The upper panel shows the results for the xz

plane, while the lower one displays those corresponding to a plane parallel to the nanodisk

a distance z = 0.02D above it. In both cases, the location of the graphene nanodisk is

depicted with a black line, while the dashed and solid white contours delimit the region for

which the field intensity, normalized to that of the incident plane wave, is larger than 10

and 100, respectively. These results clearly show the large field confinement generated by

the surface plasmon of the graphene nanodisk. They also show the rapid variation of the

near field amplitude around the nanodisk, which anticipates a very large electric field gradi-

ent. This prediction is confirmed in Figure 1(c), where we plot the field gradient intensity,

defined as |∇E|2 =
∑

ij |∂iEj|2, normalized to that of the illuminating plane wave |kpE0|2.

The latter, as discussed before, is just the product of the wave vector of the plane wave,

kp = ωp/c, with its amplitude E0. In this case, the dashed and solid white contours indicate

the regions for which the enhancement of the field gradient intensity are above 105 and 106,

respectively. These values are sufficient to bring the rate of quadrupole transitions close to

that of dipole transitions. For instance, in Hydrogen,68 the ratio between the decay rate of

the 5p→ 4s and the 5d → 4s transitions, both of which occur at an energy ~ω = 0.306 eV,

is ≈ 1.4× 106. The results of Figure 1(c) confirm that, despite the relatively large damping

used in the calculations, enhancements above 105 are obtained over a volume ≈ 2D3 around

the nanodisk, which for D = 50 nm results in a volume of 2.5× 105 nm3. Comparable values

of enhancement have been predicted at the gap between two metallic particles separated
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by a few nanometers, although, in that case, the enhancement is achieved over significantly

smaller volumes localized within the gap.42,46,47

The large mismatch between the resonance wavelength, λp ≈ 4.9µm, and the size of

the graphene nanodisk, D = 50 nm, allows us to analyze its optical response in the electro-

static limit, using the plasmon wave function (PWF) formalism55,69–73 (see the Supporting

Information). Within this framework, and neglecting any polarization perpendicular to the

nanodisk due to the two-dimensional character of graphene, we can describe the response as-

sociated with the lowest order dipole plasmon resonance of the nanodisk using the following

scalar polarizability.

α(ω) =
D3ζ21

−1/η1 − iωD/σ(ω)
. (4)

Here, η1 and ζ1 are two parameters whose values are determined solely by nanostructure

shape, and therefore are independent of D, EF, and γ. For a given nanostructure shape,

these parameters can be calculated from the fitting of the above polarizability to the corre-

sponding results obtained from the numerical solution of Maxwell’s equations using the FEM

approach. In the case of a nanodisk, they take the values η1 = −0.0728 and ζ1 = 0.850873

(see Figure S1 in the Supporting Information). By combining Eq. (3) with Eq. (4), we ob-

tain the following analytical expression for the frequency of the plasmon resonance (see the

Supporting Information for more details)

ωp =
e/~√−πη1

√

EF

D
, (5)

which reveals its dependence on both EF and D.

The PWF formalism also states that the induced charge density associated with the

dipole plasmon of the nanodisk, which is proportional to the corresponding PWF, depends

exclusively on the shape of the nanostructure.70,74,75 Therefore, we can parametrize it as

ρ(θ, φ) = Nρ1(θ, φ), where ρ1(θ, φ) = R(θ) cosφ is the PWF of the lowest order dipole

plasmon of the nanodisk, θ =
√

x2 + y2/D is the normalized radial coordinate, φ is the
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azimuthal angle, and N is a normalization constant defined as N = |α(ωp)E0|/D3ζ1, which

ensures that ρ(θ, φ) produces the correct dipole amplitude for E0. The cosine term arises from

the dipolar character of the plasmon mode, while the radial part R(θ) can be extracted from

a fitting to the FEM solution of Maxwell’s equations,70,74,75 which results in the following

expression

R(θ) = Cθ

(

1 +
e−5(1−2θ)

4
√
1− 2θ

)

,

with C being a normalization constant (see the Supporting Information for more details).

Then, using ρ(θ, φ) in combination with Coulomb’s law, we obtain the following expression

for the normalized components of the electric field gradient produced by the nanodisk at a

certain position r

∂iEj(r)

kpE0

=
ωp

γ

λp

D
Tij(r). (6)

This expression shows that the field gradient is proportional to: (i) the quality factor of the

plasmon resonance ωp/γ, (ii) the mismatch between the resonance wavelength λp = 2πc/ωp

and the nanostructure diameter D, and (iii) a geometric factor that is independent of D, EF

and γ, defined as

Tij(r) =
−η1ζ1
2π

∫ 1
2

0

dθ θR(θ)

∫ 2π

0

dφ
cosφ

h3

[

δij − 3
hihj

h2

]

,

with h = r/D− θ(x̂ cosφ+ ŷ sinφ). Therefore, once Tij(r) is calculated, we can use Eq. (6)

to predict the enhancement of the electric field gradient produced by any graphene nanodisk

with arbitrary D, EF, and γ. This analytical approach can be generalized to other graphene

nanostructures with different shapes, including graphene nanoribbons.73 To that end, it is

necessary to obtain the corresponding values of η1 and ζ1, as well as to compute Tij(r)

by using the proper charge density profile.70,76 Furthermore, by differentiating Eq. (6) the

pertinent number of times, this approach can be also employed to calculate the enhancement

of higher order multipolar transitions, which are proportional to higher order derivatives.

The resulting expression for the nth order derivative scale as (λp/D)n, with n = 1 for the
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quadrupole, n = 2 for the octupole, etc.

Figure 2 shows the different nonzero components of Tij(r) calculated in the vicinity of

an arbitrary graphene nanodisk, as the one depicted in panel (a). The results for the xz

plane are shown in panel (b), while those calculated at a plane parallel to the nanodisk a

distance z = 0.02D above it are displayed in panel (c). In all cases, we use red contours to

signal the regions for which Tij(r) is larger than 0.01 (red dashed curves) or 0.1 (red solid

curves), whereas blue contours delimit the regions for which this quantity is below −0.01

(blue dashed curves) or −0.1 (blue solid curves). From its definition, Tij(r) is symmetric

under the exchange of the indices i and j. This is because Eq. (6) calculates the field gradient

induced by the nanodisk without including that produced by the illuminating plane wave.

The inclusion of the latter adds a contribution ∂zEx(r)/kpE0 = ieikpz, which is negligible for

the systems under study (see the results of Figure 1). Following Eq. (6), we can multiply the

values of Tij(r) shown in Figure (2) by the factor (ωp/γ)(λp/D) to calculate the enhancement

of the electric field gradient generated by an arbitrary graphene nanodisk. As shown in

Figure S3 in the Supporting Information, the predictions of this analytical model, based on

the PWF formalism, are in excellent agreement with the FEM calculations. Furthermore,

Eq. (6) provides valuable insight into the effect that the different characteristics of the

graphene nanostructure have on the enhancement of the field gradient. In particular, it

confirms that lower levels of losses and smaller diameters lead to larger field gradients. This

is justified by the fact that the confinement of the electric field produced by the plasmon

resonance is proportional to D−1, so smaller disks lead to higher levels of confinement, and

therefore force the field to decay in smaller distances. It also shows that, since ωpλp = 2πc,

the enhancement of the field gradient does not depend directly on the resonance frequency

and, therefore, can be tuned to the desired frequency by choosing an appropriate combination

of values for EF and D following Eq. (5).

The shape of the graphene nanoisland is another aspect that can influence its perfor-

mance. In principle, vertices and other sharp features in the shape of the nanoisland are
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expected to provide an extra enhancement of the field gradient.77 To explore this effect, we

compare the response of a graphene nanodisk of diameter D with those of a nanosquare of

lateral size D, and an equilateral nanotriangle with height D, as shown in the upper-right in-

sets of Figure 3. In all cases, we choose D = 50 nm and EF = 0.5 eV. Panels (a)-(c) show the

resulting enhancement of the field gradient calculated in a plane parallel to the nanoislands

situated a distance z = 0.02D above them. Each of these calculations is performed assuming

illumination with a plane wave propagating along the z axis and polarized along the x axis,

with a frequency resonant with the lowest order dipole plasmon of the corresponding nanos-

tructure: ~ωp = 0.251 eV for the disk, ~ωp = 0.221 eV for the square, and ~ωp = 0.212 eV

for the nanotriangle (see Figure S4 in the Supporting Information for the extinction spec-

tra of these nanostructures). In all of the plots, we use dashed and solid curves to delimit

the regions for which the enhancement is above 105 and 106, respectively, and a black solid

contour to signal the boundary of the corresponding nanoisland. Examining these results,

we observe that, around the vertices of the nanosquare and the nanotriangle, the field gradi-

ent enhancement takes larger values than in other parts of these nanostructures, which can

be inferred from the larger distance between the nanoisland boundary and the white solid

contour. This is especially evident at the rightmost vertex of the nanotriangle, due to the

large charge accumulation produced by the plasmon oscillation, as shown in Figure S5 of

the Supporting Information. However, taking a closer look at these zones, we realize that

the enhancement pattern is not significantly different from that produced by the nanodisk.

We attribute this to the fact that the extra enhancement provided by the sharp features

is very localized near the nanostructure edge, as can be seen in the lower-right insets, and

therefore does not have a large effect on the overall enhancement (notice that, in this case,

the dashed white contours delimit the region with enhancement above 107). It is important

to remark that, very close to the nanostructure, for distances comparable to vF/ω, we expect

corrections of the response arising from finite-size and nonlocal effects, as well as from the

atomic structure of the graphene edge.78,79 These corrections will tend to reduce the values

13



of the gradient enhancement.53 Figure S6 of the Supporting Information shows the evolution

of the gradient enhancement as z becomes larger for the graphene nanostructures discussed

in Figure 3. Although, as expected, the maximum values of the enhancement decrease with

z, the region for which it is larger than 105 remains almost unchanged, even for z = 0.2D.

Although a single graphene nanoisland is an adequate geometry to understand the funda-

mental mechanisms behind the plasmonic enhancement of the electric field gradient, it is not

an ideal platform for an experimental realization of the concepts proposed here. Any realistic

implementation requires extended geometries capable of maximizing the spatial overlap with

the quadrupolar emitters. An interesting possibility, which we investigate in the following,

is an array of graphene nanoribbons, as the one shown in Figure 4(a). These structures have

been shown to support localized plasmons with properties similar to those of nanodisks when

illuminated with light polarized across their length.80,81 However, in contrast to graphene

nanoislands, they can be electrically doped using metallic contacts situated far from the

working region, which relaxes the fabrication requirements.63 In order to explore this possi-

bility, we calculate the near field response of an array of nanoribbons of width D = 50 nm,

separated by a center-to-center distance a = 1.4D. We assume the structure to be illu-

minated with a plane wave propagating along the z axis and polarized across the ribbons

(i.e. along the x axis), with a frequency resonant with the lowest order dipole mode of the

ribbons, ~ωp = 0.224 eV. The corresponding results for the enhancement of the field gradient

intensity are plotted in Figure 4(b). Clearly, values above 105 (dashed white contours) are

predicted over almost an entire strip of width D around the array. Closer to the edges of

the ribbons, the enhancement reaches values beyond 106, as indicated by the solid white

contours. These results confirm that the performance of the nanoribbon array is similar to

that of the individual nanoislands, but with the advantage that the enhancement shown in

Figure 4(b) is maintained at any position along the ribbon length, due to the translational

invariance of the system. It is important to note that, in principle, such symmetry can also

constitute a drawback, since it results in the vanishing of all of the components of the field
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gradient involving the y axis. However, the remaining components are sufficient to allow for

the excitation of any arbitrary quadrupolar transition. Panels (c), (d), and (e) show, respec-

tively, the enhancement of the xx, zz, and zx components of the field gradient. Note that xz

(not shown) is almost identical to the zx component, since the only difference between them

is the almost negligible contribution produced by the illuminating plane wave. In these plots,

we use red and blue dashed contours to indicate the regions for which the enhancement of

the field gradient amplitude reaches values above 100 and below −100, respectively. These

results confirm that both diagonal and off-diagonal components of the field gradient take

large values around the nanoribbons.

Therefore, the nanoribbon array provides an efficient platform to enhance quadrupolar

transitions. In particular, we envision a device in which the emitters flow through the gaps

between the nanoribbons, thus providing a large region for them to interact with the strong

field gradient produced by the plasmons supported by the array. If necessary, the interaction

region can be further enlarged by stacking several layers of nanoribbon arrays along the z axis.

To analyze the efficiency of the proposed platform in a systematic way, and to characterize

the effect of the different design parameters, we introduce a figure of merit defined as

FOM =
1− f

A

∫

dS
|∇E(r)|2
|kpE0|2

.

Here, f = D/a is the graphene filling fraction of the array, and therefore the factor 1 − f

takes into account how efficiently the emitters flow through the array, while the surface

integral is performed over the rectangular area A = 0.9(a − D)D, indicated in the inset of

Figure 5(b), which avoids the nonphysical results obtained exactly at the ribbon edges. The

defined FOM quantifies the spatially averaged enhancement of the field gradient intensity

that an emitter experiences as it flows through the array.

Figure 5(a) analyzes the effect of D and EF on the FOM for different arrays of nanorib-

bons, all of them with period a = 1.4D. The size of the dots encodes the value of the FOM,
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as explained by the legend in the upper-left corner, while their position indicates the values

of D and EF. We use gray, red, and blue dots to label combinations of D and EF that

produce a plasmon resonance of energy 0.1, 0.2, and 0.3 eV, respectively. As in the case of

the nanodisk (see Eq. (5)), these sets of dots lie on top of straight lines with a slope propor-

tional to ω2
p, with the proportionality constant only dependent on a/D.71 This highlights the

extraordinary tunability of these nanostructures. Examining these results, we observe that,

for a given target frequency, the largest FOM is obtained for the systems with the smallest

D, and, consequently, EF. This is the expected trend, since a smaller D provides a larger

mismatch with the resonance wavelength. A similar behavior is observed in the results shown

in panel (b), where we analyze the FOM as a function of a/D for three different combinations

of D and EF, as indicated by the labels. In all of the cases, the value of the FOM increases

as a/D is reduced, which is a direct consequence of the larger field confinement provided by

arrays with smaller gaps. All of these results show that the most advantageous geometries

are those with small nanoribbons separated by small gaps. However, this trend is expected

to break down for sufficiently small D and a, when finite-size and nonlocal effects become

significant.53,78,79

Conclusions

In summary, we have shown that the plasmons of graphene nanoislands give rise to extraor-

dinary electric field gradients, which, together with their electrical tunability, makes these

systems ideal platforms to enhance the quadrupolar transitions of quantum emitters placed

in their vicinity. Using rigorous numerical solutions of Maxwell’s equations, together with

an analytic electrostatic approach based on the plasmon wave function formalism, we have

analyzed how the different geometric and material characteristics of the graphene nanos-

tructures influence the field gradient they produce. We have found that, while size has a

strong effect on the field gradient, with smaller structures producing larger values, the shape
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only has a local impact on the value of gradient near the edges of the nanostructure, not

significantly altering its overall response. Furthermore, we have derived a universal expres-

sion for the electric field gradient generated by a nanodisk of arbitrary size, Fermi energy,

and damping, which provides valuable insight on the physical mechanisms that produce the

field gradient. We have also investigated the performance of arrays of graphene nanoribbons

as a potential platform for the experimental verification of our predictions. These systems

produce field gradients comparable to those of single nanoislands with less demanding fab-

rication standards, while simultaneously allowing for the maximization of the interaction

with the quadrupolar emitters. The results of this work show the extraordinary ability of

graphene nanostructures to generate large electric field gradients that can be exploited to

enhance quadrupolar transitions of quantum emitters, thus having a potential impact on

the development of new applications in sensing, light emission, and quantum information

processing.
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