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Abstract. We predict unprecedentedly large values of the energy-transfer rate
between an optical emitter and a layer of periodically doped graphene. The
transfer exhibits divergences at photon frequencies corresponding to the Van
Hove singularities of the plasmonic band structure of the graphene. In particular,
we find flat bands associated with regions of vanishing doping charge, which
appear in graphene when it is patterned through gates of spatially alternating
signs, giving rise to intense transfer rate singularities. Graphene is thus shown
to provide a unique platform for fast control of optical energy transfer via fast
electrostatic inhomogeneous doping.

Plasmons can interact strongly with light, leading to large electromagnetic field enhancement
and concentration of optical energy. These properties have been extensively investigated for
applications such as sensing (e.g. via surface-enhanced Raman scattering, down to the single-
molecule level [1]), photovoltaics [2], nonlinear optics [3] and catalysis [4]. The presence of
plasmons can substantially modify the behavior of optical emitters (e.g. molecules and quantum
dots), giving rise to changes in the decay rates [5, 6]. This is quantified through modulations
in the local density of optical states (LDOS), which measures the intensity of the normalized
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photon modes as a function of position and energy [7, 8]. The dipole-like decay rate of an emitter
is proportional to the LDOS and can be dramatically boosted by plasmons [9, 10]. A more
intuitive picture is suggested by the fact that the energy of a plasmon extends over a region that is
small compared with the light wavelength, thus resulting in better matching to the small physical
size of the emitter. The energy transferred from an optical emitter to a neighboring plasmon
can be either re-radiated (e.g., mediated by confined plasmons) or inelastically absorbed by the
plasmonic material (e.g. via coupling to phonons and electron—hole pairs). The balance between
these two channels determines whether the plasmon produces enhancement or quenching of the
radiative decay relative to free space, depending on the extension of the plasmon and the position
of the emitter [11].

In this context, highly doped graphene has emerged as a powerful plasmonic material
capable of confining electromagnetic energy down to unprecedented small volumes [12].
The wavelength of graphene plasmons is considerably reduced with respect to the free-
space light wavelength, which results in large LDOS values and a significant increase in the
interaction with nearby optical emitters compared to conventional plasmonic materials [13].
Additionally, graphene plasmons are tunable through electrostatic doping [14], which suggests
a practical way of realizing ultrafast electrical control of both light fields and emission decay
rates. The existence and electrical tunability of graphene plasmons have been conclusively
demonstrated through direct spatial mapping [15, 16]. In addition to their intrinsic fundamental
interest, graphene plasmons are also attracting considerable attention because of their potential
application to fast nanoscale light modulation [17], guiding [18] and the control of quantum
phenomena [19].

An alternative way of achieving fast decay rates consists in using periodic structures,
which lead to divergences in the LDOS associated with the Van Hove singularities [20] of the
photonic bands [21]. Periodic plasmon bands in graphene have recently been shown to produce
interesting Fano reflection resonances [22] and complete optical absorption [17, 23]. In this
paper, we discuss graphene plasmon bands under periodic doping conditions, including the
effect of inhomogeneous doping charge distributions. An important conclusion of our work
is that the increase in the LDOS near graphene can be made even larger via the Van Hove
singularities emerging in the LDOS of the two-dimensional (2D) plasmonic band structure. Our
study relies on the analysis of the optical response of graphene under two different types of
periodic doping, with either equal-sign or alternating-sign gates, leading to an intricate behavior
that we, however, describe via semi-analytical methods in a rigorous manner. The reported
results can find applications in infrared sensing and spectral microscopy.

The optical excitations of extended, homogeneously doped graphene can be represented as
a function of parallel wave vector k; and energy of the incident light as shown in figure 1(a).
Intraband and interband electron—hole pair excitations are shown as the lower and upper shaded
areas, respectively. A narrow plasmon band appears in the gap between these regions [14].
Incidentally, the light line is almost indistinguishable from the vertical axis for typical Fermi
energies Ep of a few tens of eV [15, 16], so that the optical response can be described
electrostatically. When the graphene is periodically doped, we can conveniently project the
plasmon band on the first Brillouin zone (see figure 1(b)), where gaps are produced at the
zone boundaries, leading to Van Hove singularities in the LDOS. For a sufficiently large period
a compared with the graphene Fermi wavelength (e.g., 27 /kg =~ 14 nm for Egr = 0.3eV, and
a ~ 100 nm), these LDOS singularities originate in well-defined plasmons that lie outside the
electron—hole pair continuum (figure 1(b)). These are the conditions that we assume in the rest
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Figure 1. Schematic representation of the contributions to the decay of an optical
emitter in front of (a) homogeneously doped graphene and (b) periodically
doped graphene. In the periodic structure (b), plasmon bands are first folded
over the first Brillouin zone (dashed curves), followed by energy shifts and gap
opening.

of the present study. Our results are presented in dimensionless units, so they are applicable to
any specific values of the Fermi energy and the lattice period, provided the above conditions are
fulfilled.

From a practical point of view, graphene can be periodically doped with nanoscale periods
by depositing it on a patterned backgate [18]. Charge transfer from periodically self-assembled
atomic species offers another promising alternative [24], particularly for small spacings of
just a few nanometers [25]. For convenience, we introduce doping through a square array of
periodically arranged external charges of either equal (figure 2(a)) or alternating (figure 2(b))
sign, placed with period a at a distance d from the graphene plane. We describe the graphene
using the Drude model for the conductivity [12] o (R, w) = (ie?| Er(R)| /y'th) /(w+1y), where
the Fermi energy E¥y varies periodically along the carbon plane, and we assume that 0 < y < .
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Figure 2. Plasmonic bands in periodically doped graphene. (a), (b) We consider
two different doping configurations, produced by a square array of either (panels
a, ¢, e) equal-sign point charges ¢ (red dots in (a)) or (panels b, d, f) alternating-
sign charges (+¢q, —q,...) (red and green dots in (b)). The lattice period a
and the distance from the charges to the graphene d are shown in the upper
schemes, along with density plots of the doping profiles (| Eg|). (c), (d) Plasmonic
bands for different values of the d/a ratio, plotted along a representative
excursion within the first Brillouin zone. The frequency w is normalized to
wy = (e/h)/4m (|Eg|)/a, where (|Eg|) is the average Fermi energy. (e), (f)
Parallel-electric near-field intensities of representative plasmon modes over a
unit cell at the graphene plane for d/a = 0.1, as indicated by labels A—H.

This allows us to scale all energies in our study by means of a characteristic frequency wy =
(e/h)s/4m (| Eg|)/a, where (| Eg|) is the average Fermi energy (see appendix A). The squared
plasmon frequencies are directly proportional to the strength of the point charges, whereas
the d/a ratio determines the amplitude of the periodic doping modulations. The simplicity of
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Figure 3. LDOS in periodically doped graphene. (a), (b) LDOS under the
two configurations of figures 2(a) and (b) for d/a = 0.1. The orientation and
different positions of the probing dipole are shown in the insets. (c), (d) In-
plane dependence of the LDOS for the peak frequencies of panels (a) and (b),
respectively (see dashed vertical lines). The LDOS is calculated at a distance
0.1a from the graphene plane in all cases.

this system allows us to obtain the plasmon bands and their contribution to the LDOS from a
semi-analytical formalism, as described in detail in the appendix. All the presented calculations
correspond to the choice y = 0.01 wy, which is compatible with the low level of losses estimated
for graphene plasmons from the measured high dc mobility [12, 26, 27].

The plasmon bands for equal-sign charges (figure 2(c)) evolve from those of homogeneous
graphene in the d > a limit (dashed curves) to develop substantial gaps in the X and M points
for d/a =0.1 (green curves). We show near-electric-field intensity distributions of selected
modes in figure 2(e). Namely, A corresponds to a second-band mode of vanishing group velocity
localized at the lattice sites; B represents a plasmon moving along the I'X direction, with no
significant modulations along I'M; C is similar to B, but it shows one node along I'M because
it is in the second band and it has to be orthogonal to B; finally, D is also similar to B, but it
exactly has a spatial period 2a along I'X, and thus, its intensity shows maxima at every vertical
row of lattice sites.

For alternating charge doping, the resulting band structure (figure 2(d)) displays a flat
band that extends over a significant fraction of the first Brillouin zone (from X to M). The
normalized frequency w/wy is rather independent of d/a, except for very small values of this
ratio. Actually, both (|Eg|) and wy are rapidly vanishing with increasing d/a as a result of
sign cancellations in the doping potential (see the SI). In this limit, the doping charge exhibits
a perfect harmonic profile with density ~(4q/a*) exp(—2md/a) [cos(2mx /a) +cos(2my/a)].
The near-field intensities of selected modes (figures 2(e) and (f)) clearly show strong localization
near the regions of vanishing doping charge (i.e. =x =y = (n + 1/2)a, where n runs over integer
numbers). This is similar to the trapping of plasmons at graphene p—n junctions [28], also
predicted to occur at the center of ribbons under lateral gate doping [29]. We thus interpret the
origin of the observed dispersionless bands in the strong localization of plasmons at the regions
of vanishing doping charge. Interestingly, higher-order bands appear to be nearly dispersonless
over the entire Brillouin zone.

Before discussing the explicit values of the LDOS offered in figure 3, it is interesting to
explicitly point out that the decay rate of an emitter is simply given by (4w%wD?/h)x LDOS,

New Journal of Physics 15 (2013) 033042 (http://www.njp.org/)


http://www.njp.org/

6 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

where o is the emission frequency and D is the transition dipole of the emitter. In free space,
the LDOS projected along a given Cartesian direction reduces to LDOS, = w?/372c?. More
details of the LDOS and its actual calculation are given in appendix B. Incidentally, the fraction
of optical energy that is emitted as radiation is negligible near graphene [13], and it produces
a contribution to the total decay rate that has a similar order of magnitude as the decay rate in
vacuum, 4w’ D?/3hc3.

Under doping with charges of equal sign, the first band has a saddle point where it crosses
the X point and consequently, it is expected to produce a divergence in the LDOS [20], which
is actually observed in figure 3(a). An even more pronounced singularity is associated with
the first flat band in the XM region with alternating-sign doping charges (cf vertical scales of
figures 3(a) and (b)). Compared with homogeneously doped graphene for the same level of
average doping (i.e. the same (| Er|)), we find a substantial enhancement of the decay rate by a
factor of ~8 in the same-sign array and ~ 64 in the alternating-sign array. The dependence of
the LDOS on the lateral position (figures 3(c) and (d)) fully confirms the symmetry of the bands
contributing to the singularities: with equal-sign doping charges, the LDOS map (figure 3(c))
follows quite closely the near-field intensity at the singularity (i.e. near the saddle point D in
figure 2(e)), which is dominated by field components along x, just like the probing dipole; also,
for alternating-sign doping charges, the LDOS divergence extends over the entire region of
vanishing doping, just like mode H in figure 2(f).

In summary, we have shown that periodically doped graphene exhibits Van Hove
singularities in the plasmonic band structure that give rise to divergences in the LDOS. This is, in
turn, translated into high values of the decay rate of optical emitters placed in the vicinity of the
graphene. The emitted energy is almost entirely converted into plasmons, which are eventually
dissipated as electron-hole pairs and heat. Interestingly, the transfer rate is boosted when we
consider a doping profile that alternates sign along the carbon plane, as regions of vanishing
doping produce dramatic localization of plasmon modes that contribute with relatively flat bands
to the photonic structure, and therefore, even more pronounced singularities are obtained. The
unprecedented levels of the LDOS observed with alternating-sign doped graphene structures
could have practical relevance as a way to reach an ultrastrong light—matter interaction regime.
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Appendix A. Graphene plasmon bands

We consider a periodically doped graphene layer placed in the z = 0 plane. The period a is taken
to be much smaller than the light wavelength, so that we can safely work in the electrostatic
limit. Furthermore, we assume that the graphene responds locally with a conductivity o (R, w)
that depends on light frequency w and position along the plane R = (x, y). We can directly write
the total potential as the sum

i d’R’
$(r, ) = $™(r, ) + — f =V o (R, o)[V[$ (R, o)}, (A1)
/] r—R|
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where ¢ is the external potential and we have defined V| = fca% + 5’3% and r = (R, z). The
integral term in equation (A.l) represents the contribution of the induced density, obtained
from the continuity equation as p = (—i/w)V) -j, in which we express the induced current in
terms of the parallel electric field as j = —o V| ¢. An exp(—iwt) time dependence is implicitly
understood in these expressions.

We further assume the Drude model for the conductivity [12]

e i E(R)
o(R,0) = ﬁm, (A.2)

where the damping rate y satisfies 0 < y < w, and the Fermi energy depends on the local
doping electron density n(R) as |Er(R)| = hivp/m|n(R)|. Clearly, the frequency dependence
of o comes through a multiplicative factor, and therefore, the periodicity of the structure allows
us to write

o(R) = Z og eCR, (A.3)
G

where the coefficients o are independent of position. Likewise, we can expand the induced
potential (i.e., the integral term in (A.1)) as

¢ind(r) — Z ¢g1d el(G+k)) R—|G+k | Iz\’ (A4)
G

where the dependence on the parallel wave vector K| is inherited from the external potential.
Inserting equations (A.3) and (A.4) into equation (A.1), and taking z = 0, we find

G+k) - (G'+k —2miog_g

G/

(A.5)

w

Before solving this equation, we work out the electron density under specific doping conditions.

We introduce the doping through a periodic array of external point charges placed at a
distance d from the graphene. Considering first charges g of equal sign, we proceed by (1) using
the method of images [30], (i1) expressing the Coulomb potential as

2
l — dQ 2_” el QR-Qz] (A.6)
r (2m)* Q
and (ii1) performing the sum over charges via the identity
or _ 7)°
D=0 5Q-6), (A7)
j G

where A is the area of the unit cell and the sums run over 2D lattice sites R; and reciprocal
lattice vectors G. We find that the screening electron density reduces to

n(R) = = f(R), (A.8)
eA
where

fR) = R (A.9)
G
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and the 2D origin R = 0 is taken directly below one of the point charges. If we add an external
point charge —¢ at the center of each cell, we find instead

FR) = "R L1 —cos[(Gy +Gy)a/2]} . (A.10)
G

Square lattices with both equal-sign and alternating-sign doping configurations are considered
in this paper. Since |Ef| is proportional to 4/|n|, it is convenient to write the dimensionless

function
gR) =R =) gae*, (A.11)
G

where we find the coefficients gg from the above expressions for f(R) through

1 .
%=1 FRe7 R /] FR)]. (A.12)
unit cell
From here, we can write the second fraction of equation (A.5) as
—2771i 2
o6 _ 4 _ % 86 (A.13)
w 2 w(w+1y) go

where

wo = S /4 (|Ex)/a (A.14)

h

is a characteristic frequency of the system, expressed in terms of the average Fermi energy
(|EF|) = goEF°, where

EZ = hvp/7|q|/eA (A.15)

is the Fermi energy obtained with equal-sign charges in the d >> a limit. The dependence of
8o = (|Er|)/Eg° ond/a is shown in figure A.1 for both types of configurations.
A symmetric system of equations can be obtained by defining

W6 = /IG+K;| ¢ (A.16)

in terms of which equation (A.5) reduces to

2

w,
7 :\pext+—0§ Ne.¢ Yo, A.17
¢ G w(w+1y) por 6.6 76 ( )

where we have used equation (A.13) and defined the dimensionless matrix
. i (G+k||) . (G/+k“) gG-G
21 \/|G+k||| |G,+k||| 80

GG (A.18)

Finally, the plasmon bands are simply extracted from the real eigenvalues of this real-symmetric
matrix A; as w ~ Q; —iy /2, where

Q; = wyy /2. (A.19)

It is clear from equations (A.14) and (A.15) that the bands are directly tunable by changing the
magnitude and distribution of the doping charges.
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Figure A.1. Relation between the average Fermi energy (|Eg|) and EF° =
hvpd/m|q|/eA for square arrays of equal-sign and alternating-sign doping
charges as a function of d/a. The asymptotic expression derived from the
contribution of (£1, 0) and (0, 1) reciprocal lattice vectors in equation (A.10)
is shown as a dashed curve.

Appendix B. Local density of optical states

The LDOS at a given position ry can be obtained from the induced electric field E™ acting
back on a dipole p placed at that position. More precisely [31], LDOS = LDOS, + LDOS;,,
where LDOS, = w?/37%¢? is the value in vacuum projected along one of the three Cartesian
directions, and

1 .
LDOS; s = ——Im {E™(ry) - p*} . B.1
d 20| p|? m{ (ro) - p } (B.1)

We use equation (B.1) to obtain the LDOS in this paper, with the induced field calculated from
the formalism of appendix A for the noted dipole source.

In our periodic configuration, using equation (A.6) and ¢*'(r) = —p - V(1/|r — ry]), it is
convenient to write the external potential produced by the dipole at the graphene plane (z = 0)
in parallel wave vector space as

¢ext(R 0) / 1(G+kl\)'R (pext, (Bz)
Z 182 (2n>2 ¢
where the K integral is extended over the first Brillouin zone and

ext _ _ oo |: (G ||)

¢ Gk, PHienco) pz] e (Gl RoiGHal ol (B.3)
I

Likewise, we can express the LDOS as an integral over k; components:

LDOS;yq = / d’k; LDOS;q (k). (B.4)

1BZ
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We solve each fixed k; component separately by expressing the self-consistent potential from
equation (A.17) as

w? !
U= |1-—2 N[ w
w(w+1y)
-1

_ Togex Q
_;(\pj.\p ) l_m v, (B.5)

where N is given by equation (A.18) and the sum in the last line extends over orthonormalized
eigenstates of this matrix (i.e. N¥; = A; ¥, such that \Ilj.'llljf =38 and ), ¥; \IJ; =17).

We obtain the induced field from the potential components (see equations (A.4) and
(A.16)) as

ol (G+K)) R—[G+K | IZI¢G_ (B.6)

. dk
Elnd - _V = _V / Il
(r) @(r) E o n)

G BZ (2m)?

In this expression, which is used to compute electric near-field intensities, a dependence of ¢¢
on K is implicitly understood (see equations (A.4) and (A.5)). Inserting equation (B.6) into
equation (B.1) and using equation (B.5), we find that

Q2

J
et (B.7)

1
LDOS, g (k) = —— ‘qﬂ.\pe’“
a(ky) 4n3w|p|2; j

2
Im

2

Qj

Finally, we calculate the LDOS from equations (B.4) and (B.7) by discretizing the first
Brillouin zone and by choosing a small value of y = 0.01wy. Converged results are obtained
for 200 x 200 points in K.
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