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We investigate the two-plasmon spontaneous decay of a quantum emitter near single-walled carbon nanotubes
(SWCNT) and graphene-coated wires (GCWs). We demonstrate efficient, enhanced generation of two-plasmon
entangled states in SWCNTSs due to the strong coupling between tunable guided plasmons and the quantum
emitter. We predict two-plasmon emission rates more than twelve orders of magnitude higher than in free-space,
with average lifetimes of a few dozens of nanoseconds. Given their low dimensionality, these systems could be
more efficient for generating and detecting entangled plasmons in comparison to extended graphene. Indeed,
we achieve tunable spectrum of emission in GCWs, where sharp resonances occur precisely at the plasmons’
minimum excitation frequencies. We show that, by changing the material properties of the GCW’s dielectric
core, one could tailor the dominant modes and frequencies of the emitted entangled plasmons while keeping the
decay rate ten orders of magnitude higher than in free-space. By unveiling the unique properties of two-plasmon
spontaneous emission processes in the presence of low dimensional carbon-based nanomaterials, our findings
set the basis for a novel material platform with applications to on-chip quantum information technologies.

Generating and manipulating non-classical states of light
is of pivotal importance in nanophotonics, quantum tech-
nologies, and cryptography [1]. In order to produce single
photons on-demand for various applications such as imaging
and quantum sensing, atomic [2], solid state platforms [3],
and entangled photon pairs in nonlinear crystals [4] are typ-
ically employed. Two-photon spontaneous emission (TPSE)
is an alternative approach for generating entangled photon
pairs [5} 6], which has been achieved in different scenarios
such as atomic [7H9] and semiconductor systems [10]], and
biexciton-exciton decay in quantum dots [[L1]. In the TPSE
quantum process, an excited emitter decays to its ground state
by simultaneously emitting a pair of entangled photons [12].
TPSE processes have much broader emission spectra in com-
parison to single-photon ones since any combination of pho-
ton energies satisfying the constraint of total energy conserva-
tion is allowed. However, being a second-order process in the
emitter-field coupling constant, TPSE results in an emission
rate that is typically several orders of magnitude slower than
one-photon emission one, typically restricting its applicability
in quantum technologies.

Progress in the fields of plasmonics and metamaterials have
allowed for enhancing TPSE, and hence expanding its ver-
satility and applicability [13| [14]. Indeed, an impressive
increase of the TPSE rate can be achieved by engineering
the local density of optical states (LDOS) in nanostructured
electromagnetic environments, such as planar photonic sys-
tems [13| [15], optical cavities [16], phonon-polaritons di-
electric systems [17], and aperiodic bandgap structures [18].
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For instance, plasmon-assisted collective TPSE has been ob-
served in bulk semiconductors coupled to nanoantenna ar-
rays [19] with reduced radiative emission enhancement. Re-
markably, by tailoring the LDOS in plasmonic and po-
laritonic sub-wavelength electromagnetic nanostructures one
may achieve TPSE rates that are orders of magnitude larger
than one-photon spontaneous emission rates [17]. Very re-
cently, atomically thin and two-dimensional plasmonic sys-
tems have emerged as another versatile material platform to
harness TPSE processes from single emitters. Indeed, atomi-
cally thin nanostructures can be effectively employed to con-
trol TPSE, resulting in giant far-field two-photon production,
enabling tailored photonic and plasmonic entangled states,
and plasmon-assisted single-photon creation orders of mag-
nitude larger than standard one-photon emission [15]. In
addition, spontaneous decay into two-plasmon polaritons in
graphene monolayers is predicted to be more than ten orders
of magnitude larger than two-photon transitions [20].

Here we introduce another carbon-based nanomaterial plat-
form to tailor TPSE processes, namely single-walled carbon
nanotubes (SWCNT) and graphene-coated wires (GCWs).
Specifically, we investigate the two-plasmon spontaneous de-
cay of a quantum emitter near SWCNT and GCWs to demon-
strate that the strong coupling between tunable guided plas-
mons and the emitter allows for efficient generation of two-
plasmon entangled states. This material platform also enables
unprecedented control over spectral lineshapes of emission
due to the coupling with different plasmonic modes. We also
find that, in contrast to other plasmonic systems, GCWs allow
one to tune the TPSE spectrum without significant variations
in the emitter’s lifetime. For this reason, GCWs enable one
to independently customize plasmon emission rate and fre-
quency distribution.
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I. MODEL AND THEORY

Consider a quantum emitter separated by a distance d from
an infinitely long nanowire of radius R. The surface of the
wire is graphene while its inner region may be empty (as for
the case of a SWCNT) or filled with a dielectric medium of
relative electric permittivity € (as for a GCW). The emitter is
initially in a spherically symmetric state of energy hw; and
can decay to a final one (with the same symmetry) of energy
hwy via two-quanta spontaneous emission assisted by inter-
mediate states of energy fuv,, (Fig. 1a). Since both initial and
final states have the same parity, no one-quantum transitions
between them are allowed due to selection rules. However,
we note that the multilevel character of the quantum emitter
implies the existence of other one- and two-quanta competing
decay pathways. The rotational and translational symmetries
with respect to the nanowire axis allow for the diagonalization
of the imaginary part of the electromagnetic Green’s tensor in
the frequency-independent basis {p, 2, (ﬁ} (the basis vectors
in cylindrical coordinates). In this case, and assuming that the
emitter has its size [, much smaller than the transition wave-
lengths, the corresponding TPSE rate can be written as [21]]

d) :/OZL%?);PGM, D Pa(dywr — ), (1)

where w; = w; — wy is the transition frequency, P, (d,w) is
the single-photon Purcell factor for a transition dipole moment
oriented along the direction of the unit vector &, € {p, 2, (ﬁ},
and vo(w) ~ w?(wy — w)3|D(w,w; — w)|18/c is the free-
space TPSE spectral density. The tensor ID encodes the emit-
ter’s electronic structure and is given by
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where d,; is the emitter a — b transition dipole moment and
the summation must be made over all intermediate quantum
states. The TPSE spectrum ~y(d, w) is defined as the integrand
of Eq. (I and is always symmetric with respect to w;/2 due
to energy conservation.

The Purcell factors are proportional to the local density of
states of the considered photonic environment [22] and can
be obtained by calculating the electric field of an oscillating
dipole near the wire using the relation [23]]

6
Pu(d,w) =1+ pgoc
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where p, = p, @€, is the dipole moment, and E(r) = Eo(r) +
Er(r) for p > R and E(r) = Ep(r) for p < R. Here,
E, is the free-space field generated by the dipole, and Ep
and Er are the fields reflected and transmitted by the nanos-
tructure, respectively. We consider transitions with wave-
lengths much larger than the geometrical parameters of the
system, i.e., A > R, d. In this case, it is sufficient to calcu-
late the field in the quasi-static approximation [24]. In this
regime, E(r) = —V(p, - V)®(r), where ® is the scalar

electrostatic potential, which satisfies the Poisson equation
V2®(r) = d(r — dp)/eo and the boundary conditions re-
garding the continuity of the parallel component of the electric
field, [Eo(R)+ERr(R)—Er(R)]x p = 0, and the discontinu-
ity of its perpendicular component due to the induced surface
charge density, [Eg(R) + Eg(R) — eEx(R)] - p = pind/%0-
The induced surface charge can be obtained from the continu-
ity equation, which yields iwping = oV-E | (r), where o is the
graphene conductivity. Here we assume that R is sufficiently
large (> 1 nm) so that we can neglect finite-size and chirality
effects of the nanotube [25]. By expanding the potential in
cylindrical coordinates and applying the boundary conditions
one finds
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where b,,, = 2— 60, pa = R+d, I, and K, are the modified

Bessel functions of the first and second kind, respectively, and
the reflection (7,,) and transmission (¢,,) Fresnel coefficients
are given by
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with A, = (io /eqwR)(m?+k*R?), the Bessel functions be-
ing evaluated at kR, and the prime represents derivative with
respect to the argument. Finally, we can use the previous ex-
pression for the reflected scalar potential to calculate the re-
flected electric field and obtain the Purcell factors for each
relevant dipolar orientation as follows
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It is important to mention that the previous equations apply
to both SWCNT and GCW cases considered in this paper,
with SWCNTs being the particular case of ¢ = 1. For a
SWCNT, we can reobtain the simpler expression of the reflec-
tion coefficient derived in [24] by using the Wronskian iden-
tity I () K (2) — I (2) K/ () = 1/x.
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Figure 1. (a) Schematics of the system under study. A quantum emitter separated by a distance d from a SWCNT of radius R. (b) Real part of
the plasmon’s wavevector k), for the fundamental mode (n = 0) normalized by the free-space wavevector k = w/c as a function of the light
oscillation frequency for different values of the Fermi energy. (c) The ratio between the real and imaginary parts of k, of the fundamental
plasmonic mode versus the free-space frequency for different values of the Fermi energy.

The plasmon dispersion relations are given by the poles of
the Fresnel coefficients, which can be obtained by solving the
following transcendental equation,

(m? + k?RH) 1, K., _igowR

= : 12)
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When we consider a Drude model for the graphene conductiv-
ity, i.e., o(w) = ie>Ep /mh?(w +i/7) where Er is the Fermi
energy and 7 is the relaxation time, in the limit of small dissi-
pation (7 — 00), the free-space oscillation frequency can be
directly expressed in terms of the plasmon wavevector as

e2E
B (k) = \/MOE X

This equation gives the energy required to excite the plas-
monic mode m with propagation wavevector k. Since each
guided plasmon can be supported regardless of the value of
k, by taking the limit ¥ — 0 we get the minimum amount of
energy required to excite the plasmonic mode m. Using the
appropriate Taylor expansions for the modified Bessel func-
tions and taking this limit, we find
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From the previous equation, we conclude that the fundamen-
tal mode (m 0) can be excited at any oscillation fre-
quency, while other modes require some amount of energy
to exist. Such a difference can be explained by their non-
trivial angular profile [26], which imposes a constraint over
the plasmon’s wavelength )\g across the ¢-direction, namely,
m/\_f; = 27 R. This can be demonstrated by inserting k; =
27/ /\g5 = m/R into the plasmon’s dispersion relation of the
extended graphene in the quasi-static approximation, given by
hwy = \/€2Epky /(1 + €)meq [27]. As a consequence of Eq.
(T4), depending on the geometric and material properties of

the wire, different plasmonic modes contribute to the TPSE
spectrum of emission. In short, every mode with w{™ < w;
contributes to the spectrum, which can be tuned by modify-
ing the system’s properties such as the wire radius, the Fermi
energy, or even the relative permittivity by a proper choice of

the inner dielectric medium.

II. RESULTS

A. TPSE in single-walled carbon nanotube

In this section, we consider the case of an emitter near
a SWCNT (e 1), shown in Fig la. SWCNTs typi-
cally have diameters in the range of a few nanometers [28]],
which imposes constraints regarding the appearance of non-
fundamental plasmonic modes in the TPSE spectrum. Indeed,
let us consider a large nanotube of radius R = 5 nm, which
is at the limit of what can be achieved with state-of-the-art
nanofabrication techniques [29]. From Eq. (I4) the minimum
excitation energy of the lst-order mode for Er = 500 meV
is given by hw(™™) ~ 537 meV, which may induce interband
transitions in the nanotube instead of exciting plasmons. Even
if the Fermi energy is increased to 1 eV, the first mode only ex-
ists above 760 meV, which is near the limit of the mid-infrared
spectral range where plasmons have been shown to exist for
graphene. Any other mode has an excitation frequency in the
regime dominated by interband transitions for any value of
the Fermi energy and, consequently, would not show up in
the TPSE spectral lineshapes. For this reason, the fundamen-
tal mode dominates the TPSE spectrum of an emitter near a
SWCNT. In all subsequent discussion, we consider a SWCNT
with 2 nm of radius and electron mobility of 10* cm2v—1g—1,
which has been previously demonstrated in graphene samples
[30L131]]. In Fig. 1b we show the light confinement of the fun-
damental plasmonic mode for frequencies below 200 meV. In
this regime, we notice higher confinements for smaller values
of the chemical potential, which leads to higher spontaneous



emission enhancements due to the direct impact of confine-
ment on the local density of states [20]. On the other hand,
Fig. 1c shows the ratio between the real and imaginary com-
ponents of the propagation wavevector, which is typically em-
ployed as the figure of merit (FOM) to characterize the rela-
tionship between a plasmon’s wavelength and its propagation
length in the SWCNT. Note that this FOM increases with the
Fermi energy, implying a trade-off between light confinement
and plasmon propagation in SWCNTs. Nevertheless, the fun-
damental plasmonic mode still offers strong confinements and
long propagation lengths in this frequency regime.

In Fig. 2a we plot the TPSE rate normalized by the free-
space two-photon decay rate as a function of the distance be-
tween the emitter and the nanotube surface. As an example,
we consider the 65 — 5s transition in hydrogen (fuw; ~ 166
meV), and carry the summation in Eq. (2) over the 20 first
intermediate states (2p to 20p states), obtaining satisfactory
convergence of results. We notice an extreme enhancement,
~ 1012, of the TPSE rate in the near-field regime at d = 10
nm and higher at smaller distances. We also note that the de-
pendence of the emitter’s two-plasmon emission rate on the
distance to the SWCNT surface presents a noticeable change
of behavior for d ~ 100 nm. This contrasts with the one-
plasmon emission rate [24], which approximately follows an
exponential decay with the distance [32]]. This difference oc-
curs because the TPSE rate involves an integral over a broad
spectrum of frequencies below wy, and the exponential coef-
ficient of P(d,w) is not a constant. In the upper right in-
set we plot the spectral density as a function of distance for
three frequencies of emission. We notice that v goes to zero
faster at frequencies close to w;/2. Furthermore, exactly at
wt/2 there is no change of behavior in the far field since
y(d,wi/2) ~ P?(d,w;/2), which follows an exponential de-
cay with the distance. The corresponding spectral lineshapes
are shown in the lower left inset of Fig 2a. For any value of
the Fermi energy, there exists a similar broadband spectrum
where no particular frequency of emission is favoured. This
is a consequence of the fact that the TPSE is only affected by
the fundamental plasmonic mode of the SWCNT. In Fig. 2b
we plot the TPSE quantum efficiency (QE), which is defined
as

r
QE = 1 1 T T , (15)
I'+ F62~>5p + F(ig*ﬂlp + F()gﬂdp + P62~>2p
where Fég —np (N = 5,4,3,2) is the first-order spontaneous

emission rate between the 6s and the np state. The quantum
efficiency can be interpreted as the probability of emission
through the chosen pathway against competition with one-
photon emission decay channels. To better understand the
impact of the SWCNT in the TPSE, we must mention that
the quantum efficiency in free-space is of the order of 1078%
for the two-photon 6s — 5s transition in hydrogen. If the
emitter is placed in the vicinities of a SWCNT, the quantum
efficiency can reach values of ~ 1% in the near-field (d < 20
nm), which is about the same value reported for an emitter
close to an extended graphene monolayer [20]. Hence, for a
quantum emitter near a SWCNT, one expects to observe TPSE
decay with a mean lifetime ~ 20 ns, which contrasts with a
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Figure 2. (a) Normalized TPSE rate for the 6s — 5s transition in
hydrogen (hw; ~ 166 meV) as a function of the distance between
the emitter and the surface of the SWCNT. Upper right inset: Nor-
malized TPSE spectral density as a function of distance for three
frequencies of emission. In this inset, the Fermi energy is given by
Er = 1eV. Lower left inset: Normalized TPSE spectral density at
d = 10 nm. Since only the fundamental plasmonic mode is present,
we observe a broadband spectrum of emission. The divergences at
w = 0 and w = wy are solely due to the normalization by the free-
space spectral density, which goes to zero at the boundaries of the
spectrum. (b) Quantum efficiency given by Eq. (I3) of TPSE for
the 6s — 5s transition in hydrogen as a function of distance. In
both plots, Er = {0.25,0.5,0.75,1} eV (dotted blue, dash-dotted
purple, dashed green, and solid red lines, respectively)

TPSE mean lifetime of a few days for decay in free-space.
It is important to emphasize that this significant increase in
the probability of second-order decay is achieved through the
emission of plasmons, not photons, as in the case of an atom
in free-space. However, since the one-dimensional geometry
of a SWCNT limits the possible directions in which the plas-
mons are allowed to propagate, it may be possible to achieve
higher conversion rates of the entangled plasmons into pho-
tons by scattering processes due to the presence of defects.
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Figure 3. (a) Schematics of the system: a quantum emitter separated by a distance d of a dielectric cylinder of relative electric permittivity € and
radius R, coated with graphene. (b) Dispersion relation for all the plasmonic modes supported with free-space oscillating light of frequency
hw < 200 meV. Each color is associated with a GCW of a different radius, while the linestyle characterize the order of the mode. (c) The
ratio between the real and imaginary parts of k, for each plasmonic mode as a function of frequency. In both plots we choose silicon as the
dielectric medium, which has permittivity € = 11.68 in the frequency range considered. Also, R = {20, 30,42} nm (blue, purple, and green

lines, respectively), and the Fermi energy is Fr = 1 eV.

Finally, we notice in the plot that the TPSE efficiency keeps
above 0.01 % until d ~ 100 nm. This robustness of the ef-
ficiency of emission may be of practical interest in situations
where one does not have precise control over the distance be-
tween the emitter and the nanotube.

B. TPSE in graphene-coated nanowire

Now we turn our attention to the case of an emitter close
to a cylindrical waveguide coated with graphene, as shown in
Fig. 3a. Unlike SWCNTSs, graphene-coated wires are more
stable and do not have strict constraints on their radius [32-
34]. As a consequence, a multitude of entangled plasmonic
modes can be excited in the TPSE process in the infrared re-
gion. In Fig. 3b we consider a silicon cylinder (¢ ~ 11.68)
covered with graphene and plot the dispersion relation for all
supported plasmonic modes with frequencies below 300 meV.
For fixed radius, each m # 0 mode exists only above its min-
imum excitation frequency given by Eq. (T4), while the fun-
damental mode, such as the case of a SWCNT, can be excited
at any frequency. The number of modes present in the fre-
quency range depends on the radius of the nanotube (and also
on the Fermi energy and the inner dielectric medium), and
some of them are degenerate at specific frequencies. This can
be identified when two dispersion curves of the same color
in the plot cross each other, which can be seen, for instance,
for the fundamental and first-order plasmonic modes. We also
demonstrate strong light confinement for the non-fundamental
plasmonic modes, which increases for higher values of the
radius. The fundamental mode, however, presents slightly
smaller confinement, which decreases (increases) with the ra-
dius for small (high) frequencies with the change of behav-
ior occurring around ~ 150 nm. This same reasoning also
explains the variations of Re(kp)/Im(k,) versus frequency,
as presented in Fig. 3c. We notice that no trade-off exists

between light confinement and propagation length with re-
spect to the radius. In contrast to the effect that increasing the
chemical potential has on both quantities, larger wires present
smaller FOMs and propagation lengths due to the propagation
of plasmons around the wire.

In Fig. 4a we plot the normalized TPSE spectral density
for a transition frequency of fw; ~ 166 meV as a function
of the normalized frequency of emission (vertical axis) and
the silicon GCW radius (horizontal axis). The most flashy as-
pect of the figure is the multitude of resonances present in the
spectrum, which can be accounted by the high degree of de-
generacy of the plasmonic modes at their minimum excitation
frequencies (as shown in Fig. 3b). Therefore, these resonance
curves follow precisely the square root relation given by Eq
(T4). Due to the symmetric aspect of y(w), the resonances ap-
pears at w(mm in) and at wy — wsﬁn m). Hence, cross-talks between
modes of different orders exist when their minimum frequen-

. . (min) (min)
cies are complementary, i.e., when wy, ' +w,,, ' = w;. In
the particular case where wS,T in) _ wy /2, a stronger resonance
takes place precisely in the middle of the spectrum, where
both entangled plasmons are indistinguishable and emitted
with the same frequency. These features are very similar to
the case of an emitter close to a graphene nanostructure, which
was studied in [15]]. However, we emphasize that GCW plas-
mons exist in a continuous range of frequencies, in contrast
to the well-defined frequencies of graphene nanostructures lo-
calized surface plasmons. Therefore, the nature of the reso-
nances supported in the two cases are different. Precisely at
the resonance frequencies, the magnitude of the spectral en-
hancement of an emitter near a GCW is smaller than if it is
placed close to a graphene nanostructure. However, the op-
posite relation holds in the spectral regions between the reso-
nance frequencies since GCW plasmons couple to the emitter
at any frequency of emission. In Fig. 4b we fix the radius
at 100 nm and plot the spectral density for different dielec-
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Figure 4. (a) TPSE spectral density near a silicon (¢ = 11.68)
nanowire covered with graphene as a function of the wire radius.
The transition frequency considered is hw; ~ 166 meV. (b) TPSE
spectral density for various dielectric coated nanowires of radius
R = 100 nm. For ¢ = 7.33 (¢ = 15.66), the minimum excita-
tion frequency of the mode m = 1 (m = 2) is precisely at w;/2,
which results in a huge resonance in the middle of the spectrum. In
both plots the Fermi energy is E'r = 1 eV.

tric materials. Since w,(fln ) 1+ 5)’1/ 2, higher values

of the relative permittivity also increase the number of plas-
monic modes contributing to the spectral enhancement. One
is able to tailor the dominant modes and frequencies of the
emitted entangled plasmons. For € = 4, only one plasmonic
mode besides the fundamental is present on the TPSE spec-
trum, and ¢ = 7.33 and ¢ = 15.66 are chosen such that
W™ = 1, /2 and w{™ = w, /2, respectively. In both latter
cases, a stronger resonance takes place at half of the transition
frequency in comparison to the resonances at other frequen-
cies of emission. The curve of a GCW with ¢ = 11.68 is a
vertical cut of Fig. 4a for R = 100 nm but without the nor-
malization by .
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Figure 5. (a) Normalized TPSE rate for the 65 — 5s transition in
hydrogen as a function of the inner dielectric cylinder permittivity.
We choose a nanowire of radius 25 nm and Fermi energies of 0.5
eV (blue solid curve) and 1 eV (red dashed curve). Inset: plasmon
dispersion relations for ¢ = 3.11 (left) and ¢ = 5.15 (right). (b)
TPSE rate for the same hydrogen transition as a function of distance.
The Fermi energy is equal to 1 eV. Inset: Quantum efficiency (Eq.
(T3)) as a function of distance for the same parameters of the main
plot.

shown in Fig. 4b, the average spectral enhancement varies
slowly with . As a consequence, the order of magnitude
of the TPSE rate, which is the integral of ~(w), is not sub-
stantially affected by changes of the inner dielectric medium
for a wide range of values of €. This allows one to tune the
spectrum of emission without significantly affecting the de-
sired high two-plasmon decay rate of the emitter, in contrast
to what is feasible in systems that support localized surface
plasmons. Indeed, this can be seen in Fig. 5a where we
plot the TPSE rate for the hydrogen 6s — bs transition as
a function of the relative permittivity. Lowering the Fermi en-
ergy, however, increases the plasmonic density of states in the
whole spectrum of emission, which results in a higher TPSE
rate. This can be seen by comparing the solid (Er = 0.5



eV) with the dashed curve (Er = 1 eV). For some specific
values of the permittivity, we notice resonances in the emis-
sion rate, a direct consequence of the degeneracy between the
fundamental and first-order plasmonic modes. In the inset of
Fig. 5a, we plot the plasmon dispersion relations for € ~ 3.11
and € ~ 5.15, which are the values for the first and second
resonances for Er = 0.5 eV. We notice that in contrast to
Fig. 3b, where the modes are degenerate at two well-defined
frequencies, for these values of ¢ the degeneracy occurs in a
quasi-continuous range of frequencies. Figure 5b shows the
TPSE rate and quantum efficiency as a function of distances
for different radii. We identify features similar to those in the
emitter-SWCNT system analyzed in Fig. 2. In comparison to
that case, we conclude that TPSE efficiency in GCW is more
robust to distance variations than in the case of a SWCNT,
with a small increase in magnitude right before starting to ap-
proach its free-space value. This can be explained by the fact
that the one-plasmon SE rates in the denominator of Eq.
decay to their free-space values more rapidly than the TPSE
rate in the numerator.

It is important to mention that the system under inves-
tigation is within the reach of state-of-the-art experiments
in nanophotonics. Indeed, graphene-coated nanowires have
been fabricated and applied as an ultrafast all-optical mod-
ulator [35]. In addition, this system can support a realistic
mechanism of two-photon entangled states generation from
single quantum emitters, based on the scattering of plasmons
that can be eventually converted into photons. In general, this
can be accomplished by defect engineering or by consider-
ing finite-sized systems [15,[19]. Due to the one-dimensional
character of carbon-based nanowires experimental setups con-
sisting of an optical microfiber coated with a short-length
graphene monolayer [35]] should enable the generation of en-
tangled photonic guided modes in a fiber. As a consequence,
one could achieve directional control over the emitted pho-
tons that may find several applications. Measurements over
the TPSE spectrum can be accomplished by placing high-
resolution spectrometers at both endings of the fiber, which
integrates the GCW with the detection system and allows one
to probe each plasmonic resonance using photon-coincidence
measurements [10, [12]. Finally, the efficient conversion of
the outcoupling guided plasmons into the corresponding mi-
crofiber photonic modes can be optimized by tuning the ra-
dius and length of the nanowire. By employing time-resolved
fluorescence measurements|36]], which allows one to obtain
the full TPSE rate of the quantum emitter, the efficiency of
this mechanism can be obtained by combining this measure

with the integral of the TPSE spectrum of the microfiber de-
cay pathway.

III. CONCLUSIONS

In conclusion, we investigated the spontaneous emission of
two plasmons by single quantum emitters in low-dimensional
carbon nanomaterials such as single-walled carbon nanotubes
and graphene-coated nanowires. We have shown that SWC-
NTs are a suitable material platform to increase the emission
rate by more than twelve orders of magnitude concerning the
rate in free-space and with average lifetimes of the order of a
few dozens of nanoseconds. Such impressive enhancements
are possible due to the large confinement of the fundamental
plasmonic mode in a broad frequency range. In order to ex-
tend our investigation to larger plasmonic nanowires, we con-
sidered the case of a dielectric cylinder coated with a graphene
monolayer. We demonstrate the role of different plasmonic
modes supported by the nanowire in TPSE, which results in a
rich, tunable broadband spectrum of emission, with sharp res-
onances that precisely occur at the plasmons’ minimum exci-
tation frequencies. We concluded that GCWs enable bespoke
tailoring of the spectral lineshapes while significantly mini-
mizing the emitter’s lifetime. Our results pave the way for
applying guided plasmons in one-dimensional carbon nanos-
tructures to enhance and tailor TPSE, extending the possibil-
ities of generating entangled plasmonic and photonic excita-
tions by means of non-linear atomic transitions.

IV. ACKNOWLEDGEMENTS

YM., FEAP, and C.F. acknowledge funding by the
Coordenagdo de Aperfeicoamento de Pessoal de Nivel Su-
perior (CAPES). PPA., FA.P, and C.F acknowledge
Fundao de Amparo Pesquisa do Estado do Rio de
Janeiro (FAPERJ). FA.P. and C.F. acknowledge Conselho
Nacional de Desenvolvimento Cientifico e Tecnoldgico
(CNPq) - research grant 310365/2018-0. LMM. ac-
knowledges Project PID2020-115221GB-C41 financed by
MCIN/AEI/10.13039/501100011033 and Aragon Govern-
ment through Project Q- 503 MAD. W.K.-K. acknowledges
funding from the Laboratory Directed Research and Devel-
opment program of Los Alamos National Laboratory under
projects number 20190574ECR and 20220228ER.

[1] J. L. O’brien, A. Furusawa, and J. Vuckovi¢, Photonic quantum
technologies, Nat. Photonics 3, 687 (2009).

[2] S. Haroche, Nobel Lecture: Controlling photons in a box and
exploring the quantum to classical boundary, Rev. Mod. Phys.
85, 1083 (2013).

[3] I. Aharonovich, D. Englund, and M. Toth, Solid-state single-
photon emitters, Nat. Photonics 10, 631 (2016).

[4] P. G. Kwiat, K. Mattle, H. Weinfurter, A. Zeilinger, A.
V. Sergienko, and Y. Shih, New high-intensity source of
polarization-entangled photon pairs, Phys. Rev. Lett. 75, 4337
(1995).

[5] M. Goppert-Mayer, Uber Elementarakte mit zwei Quanten-
spriingen, Ann. Phys. 401, 273 (1931).

[6] T. A. Zalialiutdinov, D. A. Solovyec, L. N. Labzowsky, and G.
Plunien, QED theory of multiphoton transitions in atoms and



ions, Phys. Rep. 737, 1 (2018).

[7] M. Lipeles, R. Novick, and N. Tolk, Direct detection of two-
photon emission from the metastable state of singly ionized he-
lium, Phys. Rev. Lett. 15, 690 (1965).

[8] Y. Bannett and I. Freund, Two-photon x-ray emission from
inner-shell transitions, Phys. Rev. Lett. 49, 539 (1982).

[9] C. L. Cesar, D. G. Fried, T. C. Killian, A. D. Polcyn, J. C. Sand-
berg, I. A. Yu, T. J. Greytak, D. Kleppner, and J. M. Doyle.
Two-photon spectroscopy of trapped atomic hydrogen, Phys.
Rev. Lett. 77, 255 (1996).

[10] A. Hayat, P. Ginzburg, and M. Orenstein, Observation of two-
photon emission from semiconductors, Nat. Photonics 2, 238
(2008).

[11] Y. Ota, S. Iwamoto, N. Kumagai, and Y. Arakawa, Spontaneous
two-photon emission from a single quantum dot, Phys. Rev.
Lett. 107, 233602 (2011).

[12] H. Wang, H. Hu, T.-H. Chung, J. Qin, X. Yang, J.-P. Li, R.-Z.
Liu, H.-S. Zhong, Y.-M. He, X. Ding, Y.-H. Deng, Q. Dai, Y.-H.
Huo, S. H"oﬂing, C.-Y. Lu, and J.-W. Pan, On-demand semi-
conductor source of entangled photons which simultaneously
has high fidelity, efficiency, and indistinguishability, Phys. Rev.
Lett. 122, 113602 (2019).

[13] A. Hayat, P. Ginzburg, and M. Orenstein, High-rate entan-
glement source via two-photon emission from semiconductor
quantum wells, Phys. Rev. B 76, 035339 (2007).

[14] A. N. Poddubny, P. Ginzburg, P. A. Belov, A. V. Zayats, and Y.
S. Kivshar, Tailoring and enhancing spontaneous two-photon
emission using resonant plasmonic nanostrucutres, Phys. Rev.
A 86, 033826 (2012).

[15] Y. Muniz, A. Manjavacas, C. Farina, D. A. R. Dalvit, and
W. J. M. Kort-Kamp, Two-photon spontaneous emission in
atomically thin plasmonic nanostructures, Phys. Rev. Lett. 125,
033601 (2020).

[16] P. A. D. Gongalves, T. Christensen, N. Rivera, A.-P. Jauho, N.
A. Mortensen, and M. Soljac¢i¢, Plasmon-emitter interactions at
the nanoscale, Nat. Commun. 11, 366 (2020).

[17] N. Rivera, G. Rosolen, J. D. Joannopoulos, I. Kaminer, and M.
Soljaci¢, Making two-photon processes dominate one-photon
processes using mid-IR phonon polaritons, Proc. Natl. Acad.
Sci. 114, 13607 (2017).

[18] L. D. Negro, Y. Chen, S. Gorsky, and F. Sgrignuoli, Aperiodic
bandgap structures for enhanced quantum two-photon sources,
arXiv:2105.01491 (2021).

[19] A. Nevet, N. Berkovitch, A. Hayat, P. Ginzburg, S. Ginzach, O.
Sorias, and M. Orenstein, Plasmonic nanoantennas for broad-
band enhancement of two-photon emission from semiconduc-
tors, Nano Lett. 10, 1848 (2010).

[20] N. Rivera, I. Kaminer, B. Zhen, J. D. Joannopoulos, and M.
Soljaci¢, Shrinking light to allow forbidden transitions on the
atomic scale, Science 353, 263 (2016).

[21] Y. Muniz, D. Szilard, W. J. M. Kort-Kamp, F. S. S. Rosa, and
C. Farina, Quantum two-photon emission in a photonic cavity,
Phys. Rev. A 100, 023818 (2019).

[22] R. Carminati, A. Caz, D. Cao, F. Peragut, V. Krachmalnicoff,
R. Pierrat, and Y. De Wilde, Electromagnetic density of states
in complex plasmonic systems, Surf. Sci. Rep. 70, 1 (2015).

[23] L. Novotny and B. Hecht, Principles of Nano-Optics (Cam-
bridge University Press, Cambridge, 2012).

[24] L. Martin-Moreno, F. J. Garcia de Abajo, and F. J. Garcia-
Vidal, Ultraefficient coupling of a quantum emitter to the tun-
able guided plasmons of a carbon nanotube, Phys. Rev. Lett
115, 173601 (2015).

[25] F. J. Garcia de Abajo, Graphene plasmonics: challenges and
opportunities, ACS Photonics 1, 135 (2014).

[26] M. Riso, M. Cuevas, and R. A. Depine, Tunable plasmonic
enhancement of light scattering and absorption in graphene-
coated subwavelength wires, J. Opt. 17, 075001 (2015).

[27] Bludov, Y. V. et al., A primer on surface plasmon-polaritons in
graphene. International Journal of Modern Physics B, 27(10),
1341001 (2013).

[28] E. N. Ganesh, Single walled and multi walled carbon nanotube
structure, synthesis and applications, Int. J. Innov. Technol. Ex-
plor. Eng. 2, 311 (2013).

[29] J. Ma, J. N. Wang, and X. X. Wang, Large-diameter and water-
dispersible single-walled carbon nanotubes: synthesis, charac-
terization and applications, J. Mater. Chem. 19, 3033 (2009).

[30] K. I. Bolotin, K. J. Sikes, Z. Jiang, M. Klima, G. Fudenberg, J.
Hone, P. Kim, and H. L. Stormer, Ultrahigh electron mobility
in suspended graphene, Solid State Commun. 146, 351 (2008).

[31] C.R. Dean, A. F. Young, I. Meric, C. Lee, L. Wang, S. Sorgen-
frei, K. Watanabe, T. Taniguchi, P. Kim, K. L. Shepard, and J.
Hone, Boron nitride substrates for high-quality graphene elec-
tronics, Nat. Nanotechnol. 5, 722 (2010).

[32] X.Zeng, Z. Liao, M. Al-Amri, and M. S. Zubairy, Controllable
waveguide via dielectric cylinder covered with graphene: Tun-
able entanglement, Europhys. Lett. 115, 14002 (2016).

[33] X.He, Z. B. Liu, D. N. Wang, M. Yang, T. Y. Hu, and J. G Tian,
Saturable Absorber Based on Graphene-Covered-Microfiber,
IEEE Photonics Technol. Lett. 25, 1392 (2013).

[34] B. Zhu, G. Ren, Y. Gao, Y. Yang, Y. Lian, and S. Jian,
Graphene-coated tapered nanowire infrared probe: a compar-
ison with metal-coated probes, Opt. Express 22, 24096 (2014).

[35] Li, W. et al. Ultrafast All-Optical Graphene Modulator Nano
Lett. 14 (2), 955-959 (2014).

[36] Hoang, T. B. et al. Ultrafast spontaneous emission source using
plasmonic nanoantennas. Nat. Commun. 6, 778 (2015).



	Entangled two-plasmon generation in carbon nanotubes and graphene coated wires
	Abstract
	Model and theory
	Results
	TPSE in single-walled carbon nanotube
	TPSE in graphene-coated nanowire

	Conclusions
	Acknowledgements
	References


