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Abstract

The exceptional electronic and optical properties of graphene are harmed by the
unavoidable imperfections of the lattice resulting from mechanical or electronic interac-
tion with the environment. Using a time dependent approach we theoretically address
the sensitivity of the plasmon modes of graphene nanoflakes to the presence of point
vacancy defects and substitutional impurities. We find that the fractions of the defects
as low as 1073 from the total number of Carbon atoms in an ideal nanoflake lead to
strong broadening of the plasmon resonance in the optical absorption spectrum. In
addition to this effect resulting from the elastic and inelastic processes associated with
defect induced scattering and modification of the electronic structure of graphene, we
also observe and explain a vacancy and impurity induced shifts of the plasmon energy.
Our work extends the in depth theoretical studies of the optical properties of graphene

nanomaterials towards practical situations of nonideal 2D lattices.


andrei.borissov@universite-paris-saclay.fr

Introduction

Graphene and other 2D materials offer unprecedented opportunities in various fields of nan-
othechnology such as electronics, optoelectronics, and nanosensors among others.*2 High
carrier mobility, possibility to tune the optical response with doping, strong confinement
of plasmonic fields, and high nonlinear response placed graphene and graphene nanostruc-
tures at the focus of experimental and theoretical studies over past years.”™ Meanwhile,
the performance of the actual devices is far from the theoretically estimated possibilities,
in particular because the inevitable defects and impurities act as efficient scatterers for the
2D electrons thus degrading the electron transport properties of graphene and its plasmon
response.

The effect of the point defects and impurities on the electronic structure and transport
in graphene has been thoroughly studied in the context of the dc electron transport. @GS
It has been demonstrated that the associated scattering of the 2D electrons decreases the
dc conductivity through the decrease of the transport scattering time. In the context of the

LT one concludes on increased attenuation and

time varying fields, using the Drude theory,
corresponding broadening of the plasmon resonances in graphene nanostructures. Moreover,
the presence of defects such as nanoparticle boundary leads to the plasmon decay via an
electron hole pair creation (Landau damping mechanism).®*% These considerations prob-
ably explain the lack of the studies of the plasmon resonances in graphene nanostructures
with nonideal lattice. Indeed, most of the effort concentrated on the exceptional perspectives
offered by graphene plasmonics, while the increased attenuation of the plasmon resonance
harms performance of the devices. Nowadays however, an increased interest in controlling

223 naturally puts a question of an associ-

electronic properties of graphene with impurities
ated impurity effect on the plasmon modes.
In this work, using a time-dependent tight-binding approach we study how the atomic

vacancy defects and impurities affect the plasmon modes and optical response of graphene

nanostructures doped to a fixed Fermi energy via e.g. electrical gating. We find that defect



fractions as low as one per thousand lattice atoms lead to an appreciable broadening, and,
in certain cases, to the quenching of the plasmon resonance in the absorption spectra. Si-
multaneously we obtain a shift of the plasmon energy. While the former result is consistent
with impurity scattering mechanism leading to the plasmon decay, the shift of the plasmon
energy stems from the change of the density of electronic states at the Fermi level.

Unless otherwise stated atomic units are used throughout the paper.

Methods

To follow the dynamics of charges induced in ideal and defected graphene nanoflakes by
an incident electromagnetic radiation, we use the real-time formulation of the tight-binding
Hartree approach to graphene plasmonics developed by Garcia de Abajo and collaborators
in Ref. 18 and later in Ref. 24l The details on our time dependent tight binding (TDTB)
method can be found elsewhere.?” In brief, the occupied electron orbitals of the graphene

nanoflake are sought in the form

Ui (r,t) =Y dje(t)pap(r — o), (1)

where ¢g,(r — ry) is the wave function of the 2p,-orbital centered at a Carbon lattice site /.
b1 (t)
B ()
number of carbon atoms in the nanostructure, is given by the time-dependent Schrodinger

The time-dependence of the vector of coefficients @j(t) = { ], where N stands for the

equation

10, () = HL[5n(t)] ¥5 (1). (2)

The tight-binding Hamiltonian of the system, H, depends on the field-induced changes of

the diagonal elements of the density matrix n,(t) given by

2
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where —dn, corresponds to the electron charge induced at site /. The sum in equation Eq.
runs over all occupied orbitals with energies I/; < Er. The occupied ground-state orbitals,
Q/’;j((t = 0), and their energies, E;, are obtained by diagonalization of the Hamiltonian ma-
trix (defined below) in the absence of the external perturbation, and considering that the
graphene nanostructure is doped by electrical gating to a fixed Fermi energy Er. For an
insulated neutral structure without vacancy defects or impurities, Er = 0.

The matrix elements, H,,, of the tight-binding Hamiltonian are given by

Hy = hO(rg—rp[), if C#L,

O
HM - ‘/ext(rfy t) + uon5n£ + Z Te

el

FrErk W
where the hopping matrix elements h = —2.8 eV;% the cutoff function ©(r) = 1 for the nearest
neighbours (r = 1.42 A) and ©(r) = 0 otherwise. The time-dependent potential created by
an incident laser pulse at the carbon lattice site £ is denoted as Ve (ry, t). Finally, the on-site
interaction U, = 0.58.18

Because of the small size of the systems considered in this study, the retardation effects
and the radiative decay of the plasmon modes are neglected. We thus focus this study on
the broadening of the localized plasmon resulting from the elastic and inelastic processes
induced by the defects and impurities such as e.g. the reduction of the collision transport
T3HT6126

time or Landau damping associated with plasmon energy transfer to electron hole pair

excitations, #LUE 20228 Thine with simple yet representative and widely used approaches, the
point defects are modeled removing N; carbon atoms at randomly chosen lattice sites, 422
which is of course an approximation to the complex realistic situation.®" Similarly, the sub-
stitutional impurities located at N; randomly chosen lattice sites {¢1, (s, ..., {n,} are modeled
by adding the UZQZI o0 term (dy,¢ is the Kronecker delta) to the Hamiltonian matrix ele-
ment Hy, given by Eq. [4™3153 The impurity potential U represents the energy shift of the

impurity p, orbital with respect to the p, orbital of the Carbon atom.



Figure 1: Sketch of the atomistic structure of the circular (panel a) and triangular (panel
b) graphene nanoflakes comprising NV, = 13452 (circular) and N, = 13458 (triangular) atoms
in an ideal (no defects) lattice. The tips of the triangle are made smooth with curvature
radii r, = 1 nm. For each nanoflake, the vacancy defects are modelled removing carbon
atoms at N; randomly distributed lattice sites. Therefore, the vacancy defects appear in
panels a and b as white dots within the carbon lattice. For the situation presented here,
the vacancy fraction is C; = N;/N, = 1073. The calculations of the optical response are
performed considering an incident electromagnetic plane wave with an electric field E, and
linear polarisation along the x-axis as indicated with double red arrow.

As representative examples of graphene nanoantennas supporting dipolar plasmon modes
we consider nanoflakes of circular and equilateral triangle shape cut from an ideal graphene
plane as shown in Fig.[I] The carbon atoms with single neighbor are removed at the borders.
For the triangular nanoantennas we set the geometry such that edges are armchair leading
to the lower edge scattering and thus better defined plasmon modes. The tips of the triangle
have curvature radii (r, = 1 nm). Throughout the paper we use the coordinate system
where the z-axis is perpendicular to graphene plane and y- and z- axes are in-plane. For the
optical response calculations, the incident electromagnetic plane wave is linearly polarized
with electric field vector E(t) oscillating along the z-axis. Thus, E(t) = é,E(t), where é, is
the unit length vector in positive x-direction, so that the external potential can be expressed

as Vexe(re, t) = E(t) é, - 1y



Results

The absorption spectra calculated for circular graphene nanoflakes of radii R, = 7.47 nm
and R, = 10.6 nm, comprising respectively N, = 6690 and N, = 13452 carbon atoms in
defect-free case, are shown in Figure [2| for various fractions of the carbon atom vacancies
C;. The vacancy fraction is defined as C; = N;/N,, where N; is the number of vacancies
introduced at random positions in the nanoflake. For the sake of comparison with earlier

2 we show here the results obtained with nanoparticles doped to the Fermi

publication,®
energy Er = 0.36 eV as measured with respect to the £ = 0 Dirac energy point of an ideal
nanoflake. Below in this work we also show the results obtained with Er = 0.6 eV. This level
of doping is typically used in the theoretical and experimental works on graphene plasmonics
addressing the infrared spectral region. 243450

Without defects, the adsorption spectrum is dominated by the dipolar plasmon (DP)
resonance which shifts to lower energy for the larger size nanoflake inline with predictions
of the analytical approach developed within the nonretarded approximation.?*® The width
of the associated absorption resonance in this case reflects the rate of the plasmon decay
via electron-hole excitations (Landau damping) because of the scattering at the edges of
the structure. With increasing number of vacancies, the defect induced elastic scattering

of conduction electrons,®4H01020

and the energy exchange between plasmon and electron
hole pair excitations involving the inter-band transitions between the 7 bands of graphene
and defect induced states™2U2028 Jead to the increase of the plasmon decay rate. As a
consequence, the DP resonance feature in the absorption spectra strongly broadens and
practically disappears for the defect fractions as low as 1072 for the small nanoflake and
5 x 1073 for the larger size nanoflake. We attribute the larger broadening obtained for the
smaller nanoparticle to the interference between the point defect and boundary scattering.
Indeed, analysing the electronic states of the nanoflake, we observe a strong hybridization

between the vacancy induced states close to the Dirac point (£ = 0) and the edge states.

Note that the TDTB approach does not allow one to account for plasmon decay channels
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Figure 2: Analysis of the dipolar plasmon resonance in the optical response of circular
graphene nanoflakes with vacancy defects. The insert of panel a sketches the geometry.
The nanoflakes are doped to the Fermi energy EFr = 0.36 eV. The absorption spectra are
artificially broadened by v, = 15 meV. Panel a: Absorption cross-section per unit area
of the nanoflake with radius Ry = 7.47 nm, comprising N, = 6690 graphene atoms in an
ideal lattice (defect-free case). Results are shown as function of the frequency of an incident
x-polarized electromagnetic plane wave for various fractions of carbon vacancies C; = N; /Ny,
where N; is the number of vacancies. The color code is explained in the legend. Panel b:
The same as panel a but for the Ry, = 10.6 nm, N, = 13452 nanoflake.

such as those related to the interaction with optical phonons. In particular, for the energies
of the plasmon modes considered in this work that are above the optical phonon frequency
(~ 0.2 V), the plasmon decay with excitation of the optical phonons in graphene can lead
to an appreciable plasmon line broadening within 15 — 40 meV range.”*28 Following earlier
studies,*™% the absorption spectra calculated in this work are artificially broadened by -,
to phenomenologically account for the role of the optical phonons. Within this phenomeno-
logical approach the defect-induced and phonon-induced decay channels provide additive
contributions to the total plasmon line width. For the sake of presentation we use the lower
bound, v, = 15 meV, so that the modifications of the absorption spectra are clearly visible
for low defect fractions. For high defect fractions, the defect-induced broadening of the plas-
mon resonance is the dominating effect, as follows from Figure [2] and results discussed below

in this work.



As another representative example of plasmonic graphene nanoantennas we consider tri-
angular graphene flakes with armchair edges. The optical absorption spectra calculated with
TDTB approach are shown in panels a,b,c of Figure 3| for two sizes of triangles (N, = 6666
and N, = 13458), and considering two values of doping corresponding to the Fermi energies
Er =0.36 ¢V, and Er = 0.6 V. While the spectral changes with increasing defect fraction
are similar to that discussed for circular geometry (Figure , their analysis is simplified
in the present situation, owing to the smaller Landau damping and thus to the narrower
plasmon resonance structure in the absorption spectra.

Comparing absorption spectra obtained with nanotriangles of different size and with
two values of electron doping, one observes that the dipolar plasmon is blue-shifted with
increasing Er for the fixed size of the nanoflake, and it is red-shifted with increasing size of
the nanoflake (fixed Er) as expected considering the in-plane conductivity of graphene and
the scaling of the plasmon mode frequency.**® Increasing C; leads to the broadening and
disappearance of the plasmon resonance similar to the case of circular nanoflakes. For the
larger Er, however, the resonance feature in the absorption spectra persists up to higher
defect fractions. Indeed, the vacancy defect induced changes in the electronic structure of
graphene develop close to the Dirac point at low C; and progressively extend to higher energies
with increasing C;. "4 Therefore, higher level of electron doping, Er, reduces the plasmon
decay via the inelastic transitions involving the defect induced electronic states, 20285940
Similar to the results obtained for the circular nanoflakes, increasing the size of the graphene
nanoantenna for fixed doping reduces the edge effects and thus the Landau damping, and
leads to the narrower resonant feature in the absorption spectra. Well developed plasmon
modes of the triangular patches reveal an additional modification of the absorption spectra
also seen for the larger circular nanoflake. Namely, along with broadening, the plasmon
resonance red-shifts with increasing defect fraction C;.

Detailed analysis of the evolution of the width and of the frequency of the DP with C; is

shown in Figure [3d for nanoparticles of different size, geometry and electron doping. In this
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Figure 3: Analysis of the dipolar plasmon resonance in the optical response of triangular
graphene nanoflakes with armchair boundary and vacancy defects. The insert of panel a
sketches the geometry. Panel a: Absorption cross-section per unit area of the (small)
nanoflake comprising N, = 6666 carbon atoms in the defect-free case. The nanoparticle is
doped to a Fermi energy Er = 0.36 €V. Results are shown as function of the frequency of an
incident z-polarized plane wave for different vacancy fractions C;. The color code is explained
in the legend of panel b. Panel b: The same as panel a, but for Er = 0.6 e¢V. Panel c: The
same as panel a, but for the (large) N, = 13458, Efr = 0.6 €V triangular nanoflake. Panel
d: The width I'pp and the frequency shift wpp — w¥p, of the dipolar plasmon resonance as
function of the defect fraction C;. Here wpp is the frequency of the absorption resonance
at finite defect fraction, and wp is the frequency of the absorption resonance of an ideal
nanoflake. Results are shown for the triangular (N, = 6666, N, = 13458) and for the circular
(N, = 13452) graphene nanoflakes and for various values of Er as explained in the insert.
For the N, = 6666, Er = 0.6 eV triangular graphene nanoflake with error bars we show the
statistical dispersion of the results obtained with 10 random samples of the defect positions.

figure we focus on the range of small C;, so that the plasmon mode is well defined, meaning
I' < wpp. Here I' and wpp are respectively the width and the frequency of the plasmon
resonance. Because of the computational restrictions, the results are obtained using single
random sample of the defects, except for the N, = 6666, Fr = 0.6 eV triangle. In this latter

case, the dispersion of the results with defect positions was studied using 10 random samples



of the defects within the nanoflake. As a result, despite the fact that a rather large statistical
dispersion of the results might be expected, robust general trends emerge. We obtain that
with increasing vacancy fraction (i) the width I' of the plasmon resonance linearly increases,
while (ii) the plasmon frequency wpp features a red-shift. The offset of the I'(C;) dependence
is different for different nanostructures reflecting at C; = 0 the Landau damping because
of the nanoflake boundary. At the same time, the slope of I'(C;) is very similar for all the
cases addressed here. At variance, the plasmon frequency is less sensitive to the defects for
the triangular nanoflakes with higher Er. Note however, that the plasmon coupling with

1142

electron-hole pair excitations might lead to the non-Lorentzian profile of the resonance

in the adsorption spectrum (see e.g. Figure 2h and Figure , C; = 0.001) which is difficult
to analyse. Along with statistical dispersion, this explains the non-monotonous character of

the results obtained in certain cases.

Discussion

The calculated modification of the DP mode of graphene nanoflakes by the vacancy defects

AEITHII6/43

can be understood using the Drude model for in-plane conductivity, and the theory

of the non-retarded plasmons in graphene nanostructures.*® Within the Drude model, the

ac conductivity of the electrostatically doped graphene is given by

T(w) (5)

o(w) = %P(EF)W,

where p(EF) is the density of electronic states (DOS) at the Fermi level, vy is the Fermi

JOA0

velocity of graphene, and 7(w) is the ac relaxation time given by several contributions

including elastic collisions with defects (7o o< C;- ! as follows from the semiclassical transport

theory®™#1)  Considering that p(EF) is given by that of a doped ideal graphene, p(Er) =

2|Ep|

_ |Er|__7(w)
7rvj2¢ ’ -

7 l—iwr(w) "

one obtains o(w)

The non-retarded analysis of the plasmon resonances in small graphene nanostructures™$50

10



allows the plasmon eigenmode expansion of the polarizability, a(w), of the nanoflake. Re-
taining only the dipolar plasmon mode for the free-standing graphene nanoflake with char-

acteristic size D
: A
£ —iwD/o(w)’

(6)

alw)=D

where A and ¢ are real positive constants defined by the geometry of the system. Using

Eq. |9| we obtain close to the DP resonance

2

a(w) = D*A “p (7)

wip — w(w +il)’

2
where w, = %fp(EF) is an analogue of the plasma frequency for metal nanoparticles, and

the frequency of the DP

Wpp = wp\/%, i.e. wpp x \/p(Er)/D. (8)

Note that the position of the absorption maximum is shifted with respect to the frequency
of the DP, wpp, by a small amount ~ I'?, which is neglected in our discussion of the results.
Using the expression for DOS of an ideal graphene leads to wpp \/W which explains
the difference in plasmon energies of the deffect-free nanoparticles with different size (D)
and doping (EF).

In defining the polarizability of the graphene nanoflake (Equation (7)) we introduced an
effective attenuation of the DP mode I' = v, + v, + 7 which accounts for the plasmon
resonance broadening because of several contributions. (i) The Landau damping at the
boundaries of the nanostructure (rate 7). (ii) The defect or impurity induced elastic and
inelastic scattering (rate ;). (iii) Other mechanisms such as phonon scattering introduced
phenomenologically by an artificial broadening 7, of the calculated absorption spectra. These
contributions to I' are witnessed by Figure [3d, which shows at C; = 0 a geometry dependent

contribution related to ~y, larger for the circular nanoflakes (which have large portions

11



of zigzag edges) than for the triangular ones (which have armchair edges), and a linear
dependence of v; with respect to C;, which roughly speaking is the same for any nanoflake
geometry.

As follows from Equation [8] the frequency of the DP is determined by the density of
electronic states at the Fermi level, p(Er). For low defect fractions C; < 1073, the DOS p(EFr)
decreases with increasing C; as we calculate here in agreement with earlier reports. This
explains the red-shift of the DP frequency with increasing C;.*1"%44 It is worth mentioning
that p(Er) sharply increases at high C;**# reflecting evolution of the spectra owing to the
vacancy induced states close to the Dirac point. However, at these high defect fractions the
plasmon modes are extremely broadened by the defect scattering so that the wpp cannot be
defined in any case.

While the modification of the density of elecronic states p(Er) with C; is rather complex
in the case of atomic vacancy defects, it takes a particular intuitive form for the model
representation of the substitutional impurities in graphene lattice. As we discussed in the
section devoted to the method, the representative yet simple model of impurities consists in
considering the change of the p, electron energy level at impurity site. This is accounted
for by adding the impurity potential U at the corresponding position at the diagonal of the
tight-binding Hamiltonian matrix. In this situation, at low fractions of donor (U < 0, e.g.
Nitrogen) or acceptor (U > 0, e.g. Boron) substitutional impurities, the modification of the
band structure of graphene close to the Dirac point can be represented by a translation along

U a5 supported by ab initio calculations.”! For the doping

the energy axis by AE ~ C;
of graphene with e.g. electrical gating that fixes Fr, as used here, and for small AF, the

electron density of states at the Fermi level can be then expressed as

p(Er) = M7 (9)

7T’Uf

12
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Figure 4: The effect of the substitutional impurities on the dipolar plasmon of the triangular
graphene nanoflake with N, = 13548 carbon atoms and armchair boundary. The nanoflake
is doped to a Fermi energy Fr = 0.6 €V as measured from the Dirac point of an ideal
(no impurities) nanoflake. Panels: Absorption cross-section per unit area as function of
the frequency of an incident z-polarized plane wave for different impurity fractions C; =
N;/N,, where N; is the number of substitutional impurities introduced at random positions
in the nanoflake. The TDTB calculations are performed for an impurity potential U =
+3 eV, +10 eV as indicated at corresponding panels. The color lines are labelled according
to C;.

leading to the dipolar plasmon frequency

0

0 ~ )
Wpp 2EF

(10)
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where wPp is the DP frequency of an ideal graphene nanoflake. Thus, for positive (negative)
impurity potential U one expects a red-shift (blue-shift) of the DP frequency. Note that in
the absence of external gating the impurities will determine the Er energy relative to the
Dirac point via number of p electrons injected or removed from the 7 band of graphene. We
discuss this situation in Supporting Information.

The theoretical prediction of the DP frequency dependence on C; and U is fully supported
by the TDTB results shown in Figure [df The absorption spectra calculated for the N, =
13548, Er = 0.6 eV triangular nanoflake for various C; display red-shift (blue-shift) and
broadening of the DP resonance with increasing fraction of the impurities with positive
(negative) U. As in the carbon vacancies case, the broadening of the plasmon peak can
be associated to the opening of new decay and dephasing channels because of the impurity
scattering and impurity-induced electronic states. Larger impurity potential |U]| is producing
larger effect with DP resonance disappearing in the absorption spectra calculated with U =
10 eV (—10 eV) for C; = 0.08 (0.02). Note that in this case the DP resonance persist up to
larger disorder as compared to the vacancy defects.

In Figure [5| we further analyse the TDTB results obtained for the N, = 13548, Er =
0.6 eV triangular graphene nanoantenna with substitutional impurities. Similar to the va-
cancy defects, for the U = 3 eV case, we evaluated the statistical dispersion of the results
performing calculations with 10 random samples of the impurity positions. Very small dis-
persion is obtained, justifying the use of a single random sample of impurities for the rest of
the data.

The change of the DOS at the Fermi level, Ap(Ef), is shown in Figure [fp. For small
impurity potentials, and in agreement with theoretical predictions outlined above, p(FEr) is
a linear function of C; with its slope proportional to —U. With increasing |U| however, even
though the linearity dependence on C; is preserved within the range of impurity fractions
studied here, the asymmetry between £U results sets in with negative U leading to stronger

effect on electronic density of states (see the results obtained with U = £10 eV). This can

14



1 . "‘ ' 40 v ' -
-3eV a) b)
r-10 eV N -
T e 20 ’ *
= L .-leVv 1l & J ” JREEES
= L e £ F e
S Po .- e 8- ---@-mmmT o
\
8 - \\\\ Lev 7 § A \- B
S\ ~— ] i I\ _
< AN | &
1 10 eV 3 eV i’
) L 1 1 1 \ 1 1 L | n
-40
0 1 2 3 4 5 0 1 2 3 4 5
Defect fraction (x10?) Defect fraction (x10-?)
0.10 HE T i T T T T T T T T
! / @ J»;"'"* ------
: 0 £ N T .- d) |
E ’ ~ 03 r-\ “.‘ \ \—‘
008! - A
= i * 3 2 J R 4
S 0.06 / 1 20%2% e ,
¢ - /1 % _:‘ \\\\“o\
0.04} [« : TS '
‘,,'/./. __________________ R 201" \ ]
\:&.:'7 A| ----- 1 1 1 < ‘. 1 | 1 1
0 1 2 3 4 5 0 1 2 3 4 5
Defect fraction (x10-?) Defect fraction (x10-?)

Figure 5: The effect of the impurities on plasmonic modes of the triangular N, = 13548,
Er = 0.6 eV graphene nanoflakes with armchair boundary. Results for the negative (donor)
and positive (acceptor) impurity potential U are shown as function of the impurity fraction.
For each U the maximum C; is determined by the presence of the well-defined plasmon
resonance in the absorption spectrum (see Figure {4)). For the U = 3 eV case, with error
bars we show the statistical dispersion of the results obtained with 10 random samples of
the impurity positions. Panel a: Calculated change of DOS at the Fermi level, p(Er). The
results are labeled according to the impurity potential U. Panel b: The frequency shift,
wpp — wp, of the dipolar plasmon resonance in absorption spectra. Here wPp is the DP
frequency of an ideal nanoflake. Panel c: The width, I'pp, of the dipolar plasmon resonance
in absorption spectra. Panel d: The maximum absorption cross section measured at wpp.
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be explained by the role of the impurity-induced resonances in DOS emerging below (above)
the Dirac point for positive (negative) U, 8345536 thyg affecting the p(Er) in a different way
for positive or negative U.

The calculated change of the DP resonace frequency (Figure [5b) closely follows the re-
sults obtained for the change of the electronic density of states in agreement with trends
predicted by Equation |8 and Equation . Thus, the wpp — wdp shows a linear depen-
dence on C; with blue (red) shift of wpp for positive (negative) U. Similar to p(Er), while
[wpp — W] }U:—l v~ — [wpp — whp] ‘U:l .y the clear asymmetry between the results ob-
tained with positive and negative U sets in at larger impurity potentials. Larger DP fre-
quency shifts are obtained for the negative U.

The dependence of the width, I'pp, of the DP resonance in the absorption spectra on
the impurity fraction, C;, is shown in Figure [5 for different values of U. For a fixed U, the

39400 a5 we have

broadening of the DP resonance changes linearly with fraction of impurities,
also obtained in the case of the vacancy defects (see Fig. [3). Larger |U| in this situation
leads to a larger slope of the I'pp(C;) dependence. The same trend as for the shift of the
plasmon frequency is observed: the negative U induces stronger change of the width of the
DP resonance with C;. We attribute this effect to the impurity induced resonances in DOS
above the Dirac point. 132540 Ag a4 consequence, the DOS p(Er) increases above the value
predicted by the perturbation theory, and new plasmon decay channels become possible.™"
It is worth noting that the shift of the Fermi level energy with respect to the Dirac point,
Er — Er — C;U, might also affect the plasmon decay by changing the energies of the
inter-band transitions involving the 7 bands of graphene and the defect (impurities and
nanostructure boundary) induced states. Further work is needed to determine the precise
role of various mechanisms in the dependence of I'pp on U and C;

To further quantify the effect of the impurities, we show in Figure the maximum

absorption cross section calculated at wpp resonance frequency as function of C;. The defect

and impurity-induced broadening of the DP resonance leads in the present case to a strong
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sensitivity of the optical response to a low fraction of substitutional impurities. We obtain
more than 17% reduction of the maximum absorption cross section for the C; = 0.004 fraction

of the U = 43 eV substitutional impurities representative for the Nitrogen and Boron.?!33

Conclusions

Using the time-dependent tight-binding approach we have studied the effect of the missing
atom vacancies and substitutional impurities on the plasmon resonance in the optical ab-
sorption spectra of small graphene nanoflakes. As representative examples, we considered
electrostatically dopped nanoflakes of circular and triangular geometry. Our work thus ex-
tends the earlier studies of graphene plasmon scattering on extended defects®* to the case
of even smaller, atomic scale, defects of graphene lattice.

Inline with available empirical information, we demonstrate that the dipolar plasmon
mode of graphene nanoflakes is extremely sensitive to the atomic scale defects of graphene
lattice. E.g. 0.5% of vacancies can fully quench the plasmon resonance of the absorption
spectra because of the reduction of the optical conductivity associated with electron scat-
tering on defects and because of the plasmon decay into the electron-hole pair excitations
involving the defect-induced electronic states.

We have found that, along with broadening of the plasmon resonance, the lattice vacancies
or substitutional impurities lead to the red- or blue- shift of the dipolar plasmon frequency
(depending on the nature of the defect) at fixed energy of the Fermi level. This can be
explained as a result of the modification of the density of electronic states at the Fermi level
of graphene.

At low fractions of defects C; we obtained that both the broadening and the frequency
shift of the plasmon line show a linear dependence on C; particularly well seen in the case
of the substitutional impurities. This result can be consistently explained using the Drude

model of the optical conductivity of graphene, and accounting for the impurity-induced

17



modification of its electronic structure and of the electron collision time, as reported in
detailed theoretical studies.

We believe that results reported in this study will contribute to the understanding of the
factors controlling the plasmon modes of graphene nanoflakes in realistic conditions, thus

facilitating the transfer from the laboratory studies to technological applications.

Supporting Information Available

The following files are available free of charge. Supporting Information providing
e Derivation of Equation [10}

e Comparison between the analytical model and the TDTB results for the plasmon

energy shift;

e Analysis of the effect of the substitutional donor impurities on the DP resonance of

the free-standing nanoflake.
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