Surface plasmon launching by polariton superradiance
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The condition of phase matching prohibits the transfer of excitation from free-space photons to
surface plasmon polaritons (SPP). We propose and analyze a scheme that excites an ensemble of
emitters in a collective state, which is phase matched with the SPP by the optical pulses used for
its preparation. By a collective enhancement the ensemble, hence, emits an SPP in a well defined
direction. We demonstrate the scheme by analyzing the launching of near-infrared graphene SPP.
Our theory incorporates the dispersive and dissipative properties of the plasmon modes to evaluate
the non-Markovian emission by the ensembles and will also be applicable for other types of surface

polaritons.

Surface plasmon polaritons (SPPs) are electromag-
netic modes confined at metal-dielectric interfaces [1]
or near two-dimensional materials such as graphene [2].
SPPs have dispersion relations different from the ones
of free space photons. This difference, occurring also
for phonon polaritons [3—6], exciton polaritons [7, 8] and
surface polaritons in heterostructures [9, 10], leads to a
wavenumber mismatch and prevents their effective pro-
duction by conversion from free-space photons. To close
the mismatch and launch SPPs, conventional methods
use prisms within the Otto configuration [11] or the
Kretschmann configuration [12] to shorten the photon
wavelength, or they equip the SPP dispersion relation
with band structure by using grating couplers [13], or
lengthen the SPP wavelength with an atomic gas medium
[14]. The excitation of graphene SPP is more challenging
because the wavelength of graphene SPP (THz to near-
infrared regimes) is two orders of magnitude smaller than
that of free-space light of the same frequency [15]. Spe-
cial techniques use scattering resonances of nanoantennas
[16-19] or near-field sources [20, 21], and optical methods,
based on the intrinsic nonlinear interaction of graphene
with light [22], have realized launching of graphene SPPs
in THz to mid-infrared regimes.

In this Letter, we will investigate the prospects of SPP
launching by an emitter ensemble. A single localized two-
level quantum emitter may, indeed, absorb an optical
photon and subsequently emit an SPP by spontaneous
emission [23-25]. For a point source there is no issue of
wavenumber mismatch, but also no control of the direc-
tionality of the launched SPP. Excitation of SPP with
a single wavenumber and direction is vital for many ap-
plications [16, 26-32]. Our proposal applies a train of
m-pulses to write a wave vector into the phase of the
spin wave excitation of the emitter ensemble, which is
phase matched with the SPP with the desired direction-
ality (determined by the wave vectors of the m-pulses).
While we will demonstrate the scheme for a near-infrared
graphene SPP, the theory works for a broad range of
SPPs and will be applicable also to other surface polari-
tons [3-10].

When a photon is absorbed by a single emitter, the

information of its wave vector is lost and has no impact
on following emission processes. However, if the photon
is uniformly absorbed by an ensemble of N emitters, its
wave vector k is recorded by the emitters in the phases
of the so-called timed-Dicke state [33],
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where |g) is the emitter ground state, |s) is an excited
state, and r, is the position of the a'® emitter. In anal-
ogy with single-photon superradiance [34] if |s) couples
to the SPP field, spontaneous emission from |¢) gen-
erates a polariton excitation with wave vector ~ hk and
energy ~ fuw,, = Es—E, [33]. Directional SPP launching
based on this process is possible only if |, ) is prepared
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FIG. 1. Scheme for preparation of an SPP phase matched
timed-Dicke state. (a) Raman excitation of one of the emitters
into the excited state |e), using uniform optical illumination
perpendicular to the surface. (b) Illumination by a train of
m-pulses on the |s) <> |e) transition, driving the emitters to
the target timed-Dicke state |t)x,, ).



with the appropriate SPP wave vector ks, such that the
SPP frequency wy,, = wsy- This can be accomplished by
Raman processes via a third atomic level |e), see Fig. 1.

Preparation of |ix,,)-We consider the simple case
where SPPs are confined to an infinite plane interface,
above which a parallel thin layer of emitters is deposited.
The preparation of [¢y,,) proceeds by two steps.

1. A single quantum is uniformly absorbed by a Ra-
man process |g) — |e) transition, e.g., following the
heralded scheme [33, 34] (the case of more excita-
tions is discussed below). Applying optical fields
propagating perpendicular to the emitter layer, see
Fig 1(a), the collectively shared excitation has no
phase variation across the ensemble.

2. A train of (2n, + 1) m-pulses resonant with the |e)-
|s) transition bounces the state amplitude of the
emitters back and forth between |e) and |s), while
the in-plane wave-vectors ki or kg, see Fig. 1(b),
cause accumulation of a wave vector that we design
to satisfy the equality —(n, + 1)ki + npks = k).

The combination of these processes produces the desired
timed-Dicke state |[¢),,) [35]. For schemes based on emis-
sions from |¢ ), two apparent contradictory require-
ments must be addressed: To make the superradiant
emission dominate the incoherent emissions, the ensem-
ble should be optically thick for the emitted mode [36—
38], while the presumed uniform optical excitation re-
quires the ensemble to be optically thin during the state
preparation [39]. We can indeed satisfy both conditions
simultaneously: The optical processes are either driven
orthogonally to the thin emitter ensemble or they act on
only a single emitter population (of states |e) and [s)),
thus the system is optically thin. The emission modes
here are SPP modes propagating parallel to the emitter
layer, and the SPP-emitter interaction is collectively en-
hanced by the large number of atoms in the final internal
state |g). Thus, the system may be optically thick upon
emission.

The state |e) is coupled to |g) by a two-photon Raman
process, and the collectively shared excitation in |e) may
hence be stable against spontaneous decay to the atomic
ground state |G) = |g1,92, - gn). During Step 2, un-
til we have completed the pulse train, the intermediate
timed-Dicke states [1)_(n41)k,+nk,) (7 < 7p) have en-
ergy hw,, but wavenumber smaller than £, while larger
than the free-space resonant wavenumber w,y/c. These
intermediate states may be protected from decaying and
emitting to SPP or free-space fields due to the wave num-
ber mismatch. Thus our scheme works if the intermedi-
ate state lifetime supplies enough time window for the
m-pulses.

The length of the pulse train depends on the ratio be-
tween the wavelength of optical photons (A.s) and the
SPP wavelength (Agp), 2np, + 1 =~ Aes/Asp.  For the

values of A;p,, graphene SPP may serve as an example.
Graphene SPPs are distinguished by their tight confine-
ment and long lifetime, and by their high tunability via
electrostatic gating [2, 15]. For SPPs with frequency
hw < 2Ej [40] where E; < 1eV is the Fermi energy,
the graphene surface conductivity is approximated by
the Drude conductivity: o4(w) ~ i:—;Ef/(w +itph).
The value of 7p currently available in experiments is
0.5 ps [10], while it may intrinsically reach values of 10% ps
[41]. Supposing for simplicity a vacuum below and above
the graphene monolayer, the dispersion relation of the
p-mode graphene SPP is wsy, = \/2acEtks,/h, where
a =~ 1/137 is the fine-structure constant. Supposing
Ey = 0.5eV, then for hw,, € [0.01eV,1eV] [41] A,
ranges from 90 pym to 18 nm.

For optical pulses Aes € [380nm, 750 nm|, the num-
ber of pulses 2n, + 1 =~ A.s/Asp < 50 and even a single
pulse is sufficient for low-energy SPPs with Ay, > Acs.
We can drive the optical m-pulses on the time scale of
nanoseconds using pulse powers that are far from dam-
aging graphene [42] and other surface polariton systems.

The validity of this scheme replies on details of the
collective emitter-SPP coupling to be analyzed in the fol-
lowing. We will first focus on the emission from |¢x, ).
Then we will study the decay of the intermediate states,
which should be suppressed in order to successfully pre-
pare |y, ,). Our analysis will clarify the proper regime
for the experimental parameters.

Emitter-SPP Coupling-To study the emission from the
prepared state [y, ), we now turn to the coupling to the
dispersive and dissipative electric field quantized as [43—
45)
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where po and €y are the vacuum susceptibility and per-
mittivity; Se(r’, @) is the imaginary part of the relative
permittivity; G(r,r’, @) is the dyadic Green’s tensor de-
termined by Maxwell’s equations, and the field f(r’,®)
with three Cartesian operator components f; obeys the

bosonic commutator relations [f;, fi] = 0, [f;,fg] =0
and [f;(r1,@1), ] (r2,@2)] = 610 (r1 — £2)8(@1 — @2).
The Hamiltonian is written as H = fo:l[%msgag -
02d, E(ra)] + [P [ di hof T (r', @)f(x', &) where d,
is the dipole of the |gq)-|sq) transition, o2 = |s4)(sa| —

|9a)(9al and 0§ = |sa)(gal + |ga)(sa|- Here and through-
out, i = 1. We shall use the rotating-wave approxima-
tion and study the evolution based on the ansatz written
with time-dependent amplitudes «, and S, (@, r’):
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where |@) is the field vacuum state, |1;5,) =
f;(r',®)|®> and [, is the short hand for
>, [ do [dPr'. The strength of the emitter-emitter
coupling mediated by all environmental modes

gap(@) = %@2(1,1 G (ra,15,@) - dy (4)

has the symmetry gup(@) = gpa(©). Due to the in-plane
translation symmetry (we assume that the dipoles of the
emitters are identical)[1], gq»(@) can be expanded in the
wave number representation

~ d2k” ~ ik, (ro—r
Gab (@) = / G e @R )M (3

where the subindex “z,, z;,” indicates the emitter heights
above the interface. For a thin emitter layer, we approx-
imate all the emitter z-coordinates by a single value 2.,
and we thus express g, ., (@, k,) as g, (®,k,).

Similarly, the excitation amplitudes of the individual
emitters defined in Eq. (3) can also be transformed into
wave number representation, i.e., ax, (t) = (Yx,, @V (t)),
which follows the equation

2
o (0= N [ 535 [ 906,00k, a)

t ) ®
x/ dTorg, (1)e (@ 7wsa) (t=T)
0

where & denotes the imaginary part and

C(an k) = <¢q\.|wk”> (7)

is a geometry factor which quantifies the sharpness of the
phase matching condition given the spatial distribution
of the emitters. If N > 1 and the emitters are for ex-
ample distributed independently according to a Gaussian
distribution with width L, ¢(k,,q,) = e~ Z*(ki—a)?/2,

The factor of N in Eq. (6) demonstrates the effect
of collective enhancement. The collective Lamb shift of
state |1y, ,) should be considered unless it is smaller than
the line width of the SPP mode. For completeness, we
provide the expressions for the collective Lamb shift in
the Supporting Information.

Ewvolution of |4x,,)-To analyze the evolution described
by Eq. (6), we shall start from the initial state [y, , @)
and focus on the state amplitude au,,(t). [¢x,,) reso-
nantly matches the SPP with frequency ws, while phase-
matched photon modes are off-resonant. Thus we may
consider only the coupling to a range of SPPs. We use
wk, and 7, to denote the frequency and damping rate
of the SPP with in-plane momentum k,. They are de-
termined by the position of the pole of g, . (©,k,) in the
complex @ plane [1]. Keeping only the contribution from
the poles leads to a Lorentzian type expression

Az,z’ (ku)’}’kH
(@ —wk,)? +7,
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where A, ./ (k,) is fixed by the residue of g, . (@,k,) at
the pole @ = wyg, — ik, -

When ((k,, ks,) peaks sharply at k, = kg, the distri-
bution of the emitter excitation is centered at |t,,) so
that o, (t) = (Vi [V, ) (Yk.,, D1¥) = o, (£)C (K Kep).
This approximation makes it possible to obtain a closed
equation of evolution for ay,,, which, with the Gaussian
distribution of emitters and the corresponding geometry
factor, is written as

¢ vz
dr ax,, (T)e*m(t*T)Q*“rsp(t*T)’ (9)
0
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where w?, = 2= Az, (kyp), and v, = Vi wk, [k, —k., i
the SPP group velocity. Unlike the case of free-photon
superradiance [46], here the finite SPP lifetime due to
Ohmic damping must be considered. We assume the SPP
decay rate as a constant vk, = 7sp. For the Drude model
of graphene mentioned above, v,, = 0.5 751. See the
Supporting Information for the derivation of Eq. (9).

The solution to Eq. (9) behaves as damped oscilla-
tions or pure decay depending on the interplay between
three parameters, viz., wsp, Vsp and vg,/L. The damped
oscillation regime appears when ws,, which is roughly
the frequency of the oscillation, dominates the other two
parameters. To understand this condition, note that the
oscillation refers to the periodical absorption and ree-
mission of the single-SPP pulse. This process is possible
only until the propagating pulse leaves the ensemble at
t ~ L/vsp, or has been absorbed by the material due to
Ohmic loss at ¢t ~ v, !. In Fig. 2(a) we show the solution
of Eq. (9) as function of time for different values of the
finite duration L/vs), of the SPP pulse propagation in the
emitter ensemble. Figure 2(b) shows the similar results
when the damping is mainly determined by the finite
SPP lifetime, 'ys_pl. Both plots of Fig. 2 confirm the role
of wy, as oscillation frequency. In the pure decay regime
(Wsp < Ysp, Usp/L), we obtain the Markov approximation
by assuming oy, (7) = ax,,(t) in the right hand side of
Eq. (9). It yields the decay rate

2
Wep  (5251)° fo( TP
———e vsp —). 10
v/ L° erc(vsp/L) (10)

I.=vm

(a) (b)

1.00

1.00
0.75
0.50
0.25
0.00
-0.25
-0.50
-0.75 Vsp/lL=0.1Ysp

0.75
0.50
0.25
0.00
-0.25

-0.50

-0.75

0 5 10 15 20 25 0 2 4 6 8 10
Wspt Yspt

FIG. 2. Evolution of ai,,(t) determined by Eq. (9). (a) wsp
and Asp are fixed while vsp /L is varied. (b) vsp/L and ~sp are
fixed while ws,, is varied.
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FIG. 3. P(ki,wsp)/P(ksp,wsp) for graphene SPPs when
wsp = By = 0.5eV, 7 = 1ps, emitter-graphene distance
Zat = 10nm, ensemble size (a) L = 10°nm; (b) L = 10% nm.
kg is set to along g-direction. The unit of the wave number
is ksp of which the SPP wavelength is Asp = 36.2 nm.

This expression verifies our observations in Fig. 2, e.g.,
that larger wy, and vs,/L result in faster decay. When
vsp/ L can be neglected, T'e & @2, /Vep < Yop-

Both the damped oscillation and pure decay regimes
are achievable in experiments. With realistic param-
eters wyy = Ey = 0.5eV, the SPP group velocity is
roughly vs, = 107%¢c. so that for L > 1um, vs,/L <
102 Hz = ~,,. For emitter vacuum decay rate 102 MHz
(governed by the transition dipole moment), emitter-
graphene distance z5; = 10 nm and emitter number den-
sity nqt = N/L? = (0.1/nm)?, the damped oscillation
regime is reached with ws, ~ 10" Hz > 74, vs/L,
see Methods. The pure decay regime can be realized
by larger distance z,;, lower density ng;, or a smaller
transition dipole moment.

Directionality of the emitted SPP- The amplitudes
Bj(@,r’) defined in Eq. (3) can be transformed into wave
number representation 3;(@,k,, z’). Although exact so-
lutions are not accessible, we may assume a uniform de-
cay ansatz a,(t) = a,(0)e™ 7, with which the electro-
magnetic frequency-wave number excitation distribution
Pk, @) = [d2' 3 18(@, k,, 2)[?, is

_ NSGG,, (@, k) [C(ksp, ku)|2
Y2+ (@ — weg)? '

P(k,,&) (11)
Both the pole structure of g,(@,k,) and the geometry
factor ((ksp, k) in this formula guarantee the emission to
peak sharply at k, = k,p. The ratio between P(k,, wsp)
and the peak value P(ksp,ws,) is depicted in Fig. 3.
The figure confirms that the larger ensemble size leads
to stronger directionality.

FEvolution of Intermediate States-Now we turn to the
intermediate states |1iq,) that may be populated for
nanoseconds during Step 2 in the preparation of |y, ),
where q, = —(n + 1)k; + nky (0 < n < n,). Since
Wes > Wsg and wgg/c < gn < kgp, the photon and SPP
modes matching the wave vector g, ~ (2n + 1)w,s/c are
not resonant with wsy. We denote the two detunings as
Ay = weg — Wg, and Aﬁf) = ¢qp — Wsg, respectively. For
wes in the optical regime and graphene SPP frequency

wsg at most in the near-infrared, A%O) > A, (ASIO) ranges
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from optical to ultraviolet frequencies) thus we can disre-
gard the coupling to free-space photons. Then the equa-
tion of evolution for agq, (t) resembles Eq. (9) but with
the replacement vsp, — vsp + 1A, and wp, vsp should
be defined by the wave vector q, (see the Supplemental
Material for the full formulae). In the damped oscilla-
tion regime, we illustrate the solution to |ag,| in Fig.
4. It shows that compared with the phase-matched case
(A, = 0), the intermediate states have longer lifetime,
especially when w,, is smaller.

In the pure decay regime, the Markov approximation
yields the decay rate of |iq,, ),

r,o— T (12)
e

where we have omitted terms of order v,,/L that are
dominated by sy in a large ensemble. Since 7, is the
uncertainty of the SPP frequency, in practice we would
require A,, > v,p. For near-infrared graphene SPP with
hwsp, = Ef = 0.5eV and wavelength A, = 36.2nm,
supposing optical pulse wavelength A.s = 500nm, 15
pulses are sufficient to prepare [y, ) and A, > A, 1 ~
0.035eV ~ 10, for all intermediate states |1, ) with
n < n,. Equation (12) implies that when wg, < 0.17sp,
"bq,, ) has alifetime longer than 10y, = 10ns, allow-
ing its population for < 1 ns during the last two m-pulses
required to prepare |, ).

In the damped oscillation regime, however, the lifetime
of the intermediate states may be too short to facilitate
the preparation of [y, ,). In this case, we may employ
another metastable emitter level |s") which disallows the
direct |s')-|g) transition. The SPP wave number is then
accumulated with the |e)-|s) transition and a final pulse
moves the collective excitation from |s’) to |s) to obtain
[YK.,)-

Conclusions and Discussions-We have proposed to pre-
pare an emitter ensemble into collective states that match
the wave vector of surface plasmon polaritons and hence
directionally emit SPPs via polariton superradiance. The
directionality has high tunability, i.e., the direction is
determined simply by the wave vectors of the m-pulses
used in the preparation of the timed-Dicke states. We
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FIG. 4. Evolution of |ag, (t)| of the intermediate states with
varying values of A. wvep/L = 0.17sp, (a)wsp = 107sp,
(b)wsp = 2Yep-



studied the evolution of the collective emitter excitation
and showed that the intermediate states have lifetime
long enough to implement the required pulses sequence.
With the Drude model parameters of graphene SPP in
the near-infrared regime, we predict excellent directional-
ity of launching. Our main general formalism also applies
to other families of surface polaritons [3-10].

In the end, we emphasize that the requirement of only
a single excitation in the timed-Dicke state can be re-
leased to the low-excitation regime. In this regime, the
spin operators can be approximated with bosonic ladder
operators o, — ba. We can translate them into momen-
tum representation by l;qH = ﬁ Zi\’:l bae™ i Te with

[lA)qH,IA)LH] = ((q,k,) = dq, k,, The weak coherent state
amplitudes then obey similar equations as the single ex-
citation amplitudes in Eq. (3) [47]. For a system with in-
homogeneous broadening, for example, doped rare-earth
ions in crystals, the m-pulses should be implemented in a
more sophisticated way [48]. The influence of inhomoge-
neous broadening and dephasing on phase coherence has
been studied in other contexts [49] while the effect on
the SPP emission may be minor because SPP modes al-
ready have broad bandwidth in the range of THz. Besides
the applications of directional SPPs [16, 26-32], our re-
sults may also facilitate interfaces between photonic and
plasmonic systems for quantum information processing
[24, 50]. Other phenomena related to single-photon su-
perradiance, such as superradiance amplification [51] and
superradiance lattice [52], may also be investigated in
surface polariton systems based on our scheme for timed-
Dicke states.

METHODS

The surface conductivity of the graphene monolayer
given by the Drude model is

€2Ef 1
Th? &+ irpt

o(Ey,m;0) = (13)

This expression is convenient for our analysis when the
temperature is low and hw < 2F;. For the graphene
layer, the Fresnel coefficient of reflection of the p-modes
is

o(@)qs

— 14
2eg + o (@)q,’ (14)

(@, q,) =

where ¢, = /@2 /c? — g2 and for graphene SPPs ¢, = ig,
[15]. In the above expression, we have assumed that the
dielectrics above and below the graphene monolayer are
vacuum.

When the emitters are polarized perpendicular to the

graphene layer, only one element of the scattering part

of the dyadic Green’s tensor is relevant, which yields the
coupling strength

(4

9z, (q,@) = omeoq |d|2q|2\7‘p(quﬂ)e_q”(z+z )7 (15)

The poles that define the SPP are given by the equation
O(@ +itpt) = 2acEq, /b, (16)

where o & 1/137 is the fine structure constant. Solutions
of the above equation imply that wq, = \/2acFEq,/h and
Yq, = 0.575" when wq, > 7q,. Indeed, if the condition
Wq, > 7Yq, is not satisfied, the Drude model conductivity
should be replaced with more advanced expressions to
yield well-defined SPPs.

The residue of r, at the pole @ = wq, — i7q, is 0.5wq, ,
and A; ./ (q,) defined in Eq. (8) of the main text is given
as

377:’)/() _ !
e an)

Az,z’(qn) =

where we have used the vacuum spontaneous emission
rate o to express the transition dipole.

For Ef = 0.5eV, the SPP wave number is g, =
0.174nm~! when hws, = 0.5eV. Suppose that the
distance between the emitter layer and the graphene
layer is z,¢ = 10nm. Then we obtain A, , = 1.87 x
10%%yq (nm)?/s. For larger distance, e.g., zo¢ = 20nm,
A.., =5.73 x 10*¥y; (nm)?/s.

Supporting Information The supporting Information
contains the derivation of Eq. (9), details of the anal-
ysis of intermediate timed-Dicke states dissipation, and
the collective emission rate and the Lamb shift.
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