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Plasmons in Graphene Nanostructures with Point Defects and Impurities

The exceptional electronic and optical properties of graphene are harmed by the unavoidable imperfections of the lattice resulting from mechanical or electronic interaction with the environment. Using a time dependent approach we theoretically address the sensitivity of the plasmon modes of graphene nanoakes to the presence of point vacancy defects and substitutional impurities. We nd that the fractions of the defects as low as 10 -3 from the total number of Carbon atoms in an ideal nanoake lead to strong broadening of the plasmon resonance in the optical absorption spectrum. In addition to this eect resulting from the elastic and inelastic processes associated with defect induced scattering and modication 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.
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Introduction

Graphene and other 2D materials oer unprecedented opportunities in various elds of nanothechnology such as electronics, optoelectronics, and nanosensors among others. [START_REF] Geim | The rise of graphene[END_REF][START_REF] Basov | Polaritons in van der Waals materials[END_REF] High carrier mobility, possibility to tune the optical response with doping, strong connement of plasmonic elds, and high nonlinear response placed graphene and graphene nanostructures at the focus of experimental and theoretical studies over past years. [START_REF] Fang | Gated Tunability and Hybridization of Localized Plasmons in Nanostructured Graphene[END_REF] Meanwhile, the performance of the actual devices is far from the theoretically estimated possibilities, in particular because the inevitable defects and impurities act as ecient scatterers for the 2D electrons thus degrading the electron transport properties of graphene and its plasmon response. 610 The eect 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. [START_REF] Das Sarma | Electronic transport in twodimensional graphene[END_REF][START_REF] Kotov | Electron-Electron Interactions in Graphene: Current Status and Perspectives[END_REF][START_REF] Chen | Defect Scattering in Graphene[END_REF]1115 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 time varying elds, using the Drude theory, [START_REF] Jablan | Plasmonics in graphene at infrared frequencies[END_REF][START_REF] Sule | Terahertz-frequency electronic transport in graphene[END_REF] one concludes on increased attenuation and 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). [START_REF] Yan | Damping pathways of mid infrared plasmons in graphene nanostructures[END_REF]1820 These considerations probably explain the lack of the studies of the plasmon resonances in graphene nanostructures with nonideal lattice. Indeed, most of the eort concentrated on the exceptional perspectives oered by graphene plasmonics, while the increased attenuation of the plasmon resonance harms performance of the devices. Nowadays however, an increased interest in controlling electronic properties of graphene with impurities 2123 naturally puts a question of an associated impurity eect on the plasmon modes.

In this work, using a time-dependent tight-binding approach we study how the atomic vacancy defects and impurities aect the plasmon modes and optical response of graphene nanostructures doped to a xed Fermi energy via e.g. electrical gating. We nd 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. Simultaneously 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 nanoakes by an incident electromagnetic radiation, we use the real-time formulation of the tight-binding Hartree approach to graphene plasmonics developed by García de Abajo and collaborators in Ref. 18 and later in Ref. 24. The details on our time dependent tight binding (TDTB) method can be found elsewhere. [START_REF] Aguillon | Molecule Detection with Graphene Dimer Nanoantennas[END_REF] In brief, the occupied electron orbitals of the graphene nanoake are sought in the form

ψ j (r, t) = ψj (t)ϕ 2p (r -r ), (1) 
where ϕ 2p (r -r ) is the wave function of the 2p z -orbital centered at a Carbon lattice site .

The time-dependence of the vector of coecients ψj (t) = ψj1 (t) ...

ψjN (t)

, where N stands for the number of carbon atoms in the nanostructure, is given by the time-dependent Schrödinger equation

i∂ t ψj (t) = H [δn(t)] ψj (t).
(

) 2 
The tight-binding Hamiltonian of the system, H, depends on the eld-induced changes of the diagonal elements of the density matrix n (t) given by

δn (t) = n (t) -n (t = 0) = 2 j=occ ψj (t) 2 -ψj (t = 0) 2 , (3) 
where -δn corresponds to the electron charge induced at site . The sum in equation Eq. 3 runs over all occupied orbitals with energies E j ≤ E F . The occupied ground-state orbitals, ψj (t = 0), and their energies, E j , are obtained by diagonalization of the Hamiltonian matrix (dened below) in the absence of the external perturbation, and considering that the graphene nanostructure is doped by electrical gating to a xed Fermi energy E F . For an insulated neutral structure without vacancy defects or impurities, E F = 0.

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

H = hΘ(|r -r |), if = , H = V ext (r , t) + U on δn + δn |r -r | , (4) 
where the hopping matrix elements h = -2.8 eV; 3 the cuto function Θ(r) = 1 for the nearest neighbours (r = 1.42 Å) and Θ(r) = 0 otherwise. The time-dependent potential created by an incident laser pulse at the carbon lattice site is denoted as V ext (r , t). Finally, the on-site interaction U on = 0.58. [START_REF] Thongrattanasiri | Quantum Finite-Size Eects in Graphene Plasmons[END_REF] Because of the small size of the systems considered in this study, the retardation eects 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 time 1316,[START_REF] Hwang | Carrier Transport in Two-Dimensional Graphene Layers[END_REF] or Landau damping associated with plasmon energy transfer to electron hole pair excitations. [START_REF] Yan | Damping pathways of mid infrared plasmons in graphene nanostructures[END_REF][START_REF] Viola | Graphene plasmons: Impurities and nonlocal eects[END_REF]1820,[START_REF] Yuan | Optical conductivity of disordered graphene beyond the Dirac cone approximation[END_REF][START_REF] Novko | Dopant Induced Plasmon Decay in Graphene[END_REF] Inline with simple yet representative and widely used approaches, the point defects are modeled removing N i carbon atoms at randomly chosen lattice sites, [START_REF] Das Sarma | Electronic transport in twodimensional graphene[END_REF][START_REF] Pereira | Modeling disorder in graphene[END_REF][START_REF] Stauber | Electronic transport in graphene: A semiclassical approach including midgap states[END_REF][START_REF] Pereira | Disorder Induced Localized States in Graphene[END_REF] which is of course an approximation to the complex realistic situation. [START_REF] Banhart | Structural Defects in Graphene[END_REF] Similarly, the substitutional impurities located at N i randomly chosen lattice sites { 1 , 2 , ..., N i } are modeled by adding the U N i k=1 δ k term (δ k is the Kronecker delta) to the Hamiltonian matrix element H given by Eq. 4. [START_REF] Pereira | Modeling disorder in graphene[END_REF]3133 The impurity potential U represents the energy shift of the impurity p z orbital with respect to the p z orbital of the Carbon atom. in an ideal (no defects) lattice. The tips of the triangle are made smooth with curvature radii r a = 1 nm. For each nanoake, the vacancy defects are modelled removing carbon atoms at N i 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 i = N i /N a = 10 -3 . The calculations of the optical response are performed considering an incident electromagnetic plane wave with an electric eld 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 nanoakes of circular and equilateral triangle shape cut from an ideal graphene plane as shown in Fig. 1. 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 dened plasmon modes. The tips of the triangle have curvature radii (r a = 1 nm). Throughout the paper we use the coordinate system where the z-axis is perpendicular to graphene plane and y-and x-axes are in-plane. For the optical response calculations, the incident electromagnetic plane wave is linearly polarized with electric eld vector E(t) oscillating along the x-axis. Thus, E(t) = êx E(t), where êx is the unit length vector in positive x-direction, so that the external potential can be expressed as V ext (r , t) = E(t) êx • r .

Results

The absorption spectra calculated for circular graphene nanoakes of radii R cl = 7.47 nm and R cl = 10.6 nm, comprising respectively N a = 6690 and N a = 13452 carbon atoms in defect-free case, are shown in Figure 2 for various fractions of the carbon atom vacancies C i . The vacancy fraction is dened as C i = N i /N a , where N i is the number of vacancies introduced at random positions in the nanoake. For the sake of comparison with earlier publication, [START_REF] Aguillon | Molecule Detection with Graphene Dimer Nanoantennas[END_REF] we show here the results obtained with nanoparticles doped to the Fermi energy E F = 0.36 eV as measured with respect to the E = 0 Dirac energy point of an ideal nanoake. Below in this work we also show the results obtained with E F = 0.6 eV. This level of doping is typically used in the theoretical and experimental works on graphene plasmonics addressing the infrared spectral region. [START_REF] García De Abajo | Graphene Plasmonics: Challenges and Opportunities[END_REF][START_REF] Cox | Quantum Eects in the Nonlinear Response of Graphene Plasmons[END_REF]3436 Without defects, the adsorption spectrum is dominated by the dipolar plasmon (DP) resonance which shifts to lower energy for the larger size nanoake inline with predictions of the analytical approach developed within the nonretarded approximation. [START_REF] García De Abajo | Graphene Plasmonics: Challenges and Opportunities[END_REF][START_REF] García De Abajo | Multiple Excitation of Conned Graphene Plasmons by Single Free Electrons[END_REF] The width of the associated absorption resonance in this case reects 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, [START_REF] Yan | Damping pathways of mid infrared plasmons in graphene nanostructures[END_REF][START_REF] Stauber | Electronic transport in graphene: A semiclassical approach including midgap states[END_REF][START_REF] Jablan | Plasmonics in graphene at infrared frequencies[END_REF][START_REF] Sule | Terahertz-frequency electronic transport in graphene[END_REF][START_REF] Langer | Plasmon damping below the Landau regime the role of defects in epitaxial graphene[END_REF] and the energy exchange between plasmon and electron hole pair excitations involving the inter-band transitions between the π bands of graphene and defect induced states [START_REF] Viola | Graphene plasmons: Impurities and nonlocal eects[END_REF][START_REF] Langer | Plasmon damping below the Landau regime the role of defects in epitaxial graphene[END_REF][START_REF] Yuan | Optical conductivity of disordered graphene beyond the Dirac cone approximation[END_REF][START_REF] Novko | Dopant Induced Plasmon Decay in Graphene[END_REF] lead 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 10 -3 for the small nanoake and 5 × 10 -3 for the larger size nanoake. 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 nanoake, we observe a strong hybridization between the vacancy induced states close to the Dirac point (E = 0) and the edge states.

Note that the TDTB approach does not allow one to account for plasmon decay channels 

C i = N i /N a ,
where N i is the number of vacancies. The color code is explained in the legend. Panel b:

The same as panel a but for the R cl = 10.6 nm, N a = 13452 nanoake. 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 eV), the plasmon decay with excitation of the optical phonons in graphene can lead to an appreciable plasmon line broadening within 15 -40 meV range. [START_REF] Low | Graphene Plasmonics for Terahertz to Mid-Infrared Applications[END_REF][START_REF] Jablan | Plasmonics in graphene at infrared frequencies[END_REF][START_REF] Novko | Dopant Induced Plasmon Decay in Graphene[END_REF] Following earlier studies, 37,38 the absorption spectra calculated in this work are articially broadened by γ b to phenomenologically account for the role of the optical phonons. Within this phenomenological 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, γ b = 15 meV, so that the modications of the absorption spectra are clearly visible for low defect fractions. For high defect fractions, the defect-induced broadening of the plasmon resonance is the dominating eect, as follows from Figure 2 and results discussed below in this work.

As another representative example of plasmonic graphene nanoantennas we consider triangular graphene akes 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 a = 6666 and N a = 13458), and considering two values of doping corresponding to the Fermi energies E F = 0.36 eV, and E F = 0.6 eV. While the spectral changes with increasing defect fraction are similar to that discussed for circular geometry (Figure 2), their analysis is simplied 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 dierent size and with two values of electron doping, one observes that the dipolar plasmon is blue-shifted with increasing E F for the xed size of the nanoake, and it is red-shifted with increasing size of the nanoake (xed E F ) as expected considering the in-plane conductivity of graphene and the scaling of the plasmon mode frequency. [START_REF] García De Abajo | Graphene Plasmonics: Challenges and Opportunities[END_REF][START_REF] García De Abajo | Multiple Excitation of Conned Graphene Plasmons by Single Free Electrons[END_REF] Increasing C i leads to the broadening and disappearance of the plasmon resonance similar to the case of circular nanoakes. For the larger E F , 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 i and progressively extend to higher energies with increasing C i . [START_REF] Das Sarma | Electronic transport in twodimensional graphene[END_REF]1114 Therefore, higher level of electron doping, E F , reduces the plasmon decay via the inelastic transitions involving the defect induced electronic states. [START_REF] Viola | Graphene plasmons: Impurities and nonlocal eects[END_REF][START_REF] Sule | Terahertz-frequency electronic transport in graphene[END_REF][START_REF] Yuan | Optical conductivity of disordered graphene beyond the Dirac cone approximation[END_REF][START_REF] Novko | Dopant Induced Plasmon Decay in Graphene[END_REF][START_REF] Principi | Impact of disorder on Dirac plasmon losses[END_REF][START_REF] Jablan | Eects of screening on the optical absorption in graphene and in metallic monolayers[END_REF] Similar to the results obtained for the circular nanoakes, increasing the size of the graphene nanoantenna for xed doping reduces the edge eects 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 modication of the absorption spectra also seen for the larger circular nanoake. Namely, along with broadening, the plasmon resonance red-shifts with increasing defect fraction C i .

Detailed analysis of the evolution of the width and of the frequency of the DP with C i is shown in Figure 3d for nanoparticles of dierent size, geometry and electron doping. In this For the N a = 6666, E F = 0.6 eV triangular graphene nanoake with error bars we show the statistical dispersion of the results obtained with 10 random samples of the defect positions. gure we focus on the range of small C i , so that the plasmon mode is well dened, meaning Γ ω DP . Here Γ and ω DP 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 a = 6666, E F = 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 nanoake. 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 Γ of the plasmon resonance linearly increases, while (ii) the plasmon frequency ω DP features a red-shift. The oset of the Γ(C i ) dependence is dierent for dierent nanostructures reecting at C i = 0 the Landau damping because of the nanoake boundary. At the same time, the slope of Γ(C i ) is very similar for all the cases addressed here. At variance, the plasmon frequency is less sensitive to the defects for the triangular nanoakes with higher E F . Note however, that the plasmon coupling with electron-hole pair excitations [START_REF] Yannouleas | Evolution of the optical properties of alkalimetal microclusters towards the bulk: The matrix random-phase-approximation description[END_REF][START_REF] Varas | Quantum plasmonics: From jellium models to ab initio calculations[END_REF] might lead to the non-Lorentzian prole of the resonance in the adsorption spectrum (see e.g. Figure 2a and Figure 3a, C i = 0.001) which is dicult to analyse. Along with statistical dispersion, this explains the non-monotonous character of the results obtained in certain cases.

Discussion

The calculated modication of the DP mode of graphene nanoakes by the vacancy defects can be understood using the Drude model for in-plane conductivity, [START_REF] García De Abajo | Graphene Plasmonics: Challenges and Opportunities[END_REF][START_REF] Low | Graphene Plasmonics for Terahertz to Mid-Infrared Applications[END_REF][START_REF] Kaasbjerg | Atomistic T -matrix theory of disordered two-dimensional materials: Bound states, spectral properties, quasiparticle scattering, and transport[END_REF][START_REF] Jablan | Plasmonics in graphene at infrared frequencies[END_REF][START_REF] Ukhtary | Surface plasmons in graphene and carbon nanotubes[END_REF] and the theory of the non-retarded plasmons in graphene nanostructures. [START_REF] García De Abajo | Graphene Plasmonics: Challenges and Opportunities[END_REF][START_REF] García De Abajo | Multiple Excitation of Conned Graphene Plasmons by Single Free Electrons[END_REF] Within the Drude model, the ac conductivity of the electrostatically doped graphene is given by

σ(ω) = v 2 f 2 ρ(E F ) τ (ω) 1 -iωτ (ω) , (5) 
where ρ(E F ) is the density of electronic states (DOS) at the Fermi level, v f is the Fermi velocity of graphene, and τ (ω) is the ac relaxation time [START_REF] Principi | Impact of disorder on Dirac plasmon losses[END_REF][START_REF] Jablan | Eects of screening on the optical absorption in graphene and in metallic monolayers[END_REF] given by several contributions including elastic collisions with defects (τ el ∝ C -1 i , as follows from the semiclassical transport theory 6,14,15 ). Considering that ρ(E F ) is given by that of a doped ideal graphene, ρ(E F ) =

2|E F | πv 2 f , one obtains σ(ω) = |E F | π τ (ω) 1-iωτ (ω) .
The non-retarded analysis of the plasmon resonances in small graphene nanostructures [START_REF] García De Abajo | Graphene Plasmonics: Challenges and Opportunities[END_REF][START_REF] Fang | Gated Tunability and Hybridization of Localized Plasmons in Nanostructured Graphene[END_REF][START_REF] García De Abajo | Multiple Excitation of Conned Graphene Plasmons by Single Free Electrons[END_REF] allows the plasmon eigenmode expansion of the polarizability, α(ω), of the nanoake. Retaining only the dipolar plasmon mode for the free-standing graphene nanoake with char-

acteristic size D α(ω) = D 3 A ξ -iωD/σ(ω) , (6) 
where A and ξ are real positive constants dened by the geometry of the system. Using

Eq. 5 we obtain close to the DP resonance

α(ω) = D 2 A ω 2 p ω 2 DP -ω(ω + iΓ) , (7) 
where

ω p = v 2 f 2 ρ(E F
) is an analogue of the plasma frequency for metal nanoparticles, and the frequency of the DP

ω DP = ω p ξ D , i.e. ω DP ∝ ρ(E F )/D. (8) 
Note that the position of the absorption maximum is shifted with respect to the frequency of the DP, ω DP , by a small amount Γ 2 , which is neglected in our discussion of the results.

Using the expression for DOS of an ideal graphene leads to ω DP ∝ |E F | /D which explains the dierence in plasmon energies of the deect-free nanoparticles with dierent size (D) and doping (E F ).

In dening the polarizability of the graphene nanoake (Equation 7) we introduced an As follows from Equation 8, the frequency of the DP is determined by the density of electronic states at the Fermi level, ρ(E F ). For low defect fractions C i 10 -3 , the DOS ρ(E F )

decreases with increasing C i as we calculate here in agreement with earlier reports. This explains the red-shift of the DP frequency with increasing C i . 1115,[START_REF] Ariasoca | Trotter-Suzuki-time propagation method for calculating the density of states of disordered graphene[END_REF] It is worth mentioning that ρ(E F ) sharply increases at high C i [START_REF] Pereira | Modeling disorder in graphene[END_REF][START_REF] Yuan | Modeling electronic structure and transport properties of graphene with resonant scattering centers[END_REF] reecting 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 ω DP cannot be dened in any case.

While the modication of the density of elecronic states ρ(E F ) with C i 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 z 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 modication of the band structure of graphene close to the Dirac point can be represented by a translation along the energy axis by ∆E C i U [START_REF] Pereira | Modeling disorder in graphene[END_REF][START_REF] Wu | Average density of states in disordered graphene systems[END_REF] as supported by ab initio calculations. [START_REF] Panchakarla | Structure, and Properties of Boron-and Nitrogen-Doped Graphene[END_REF] For the doping of graphene with e.g. electrical gating that xes E F , as used here, and for small ∆E, the electron density of states at the Fermi level can be then expressed as 

ρ(E F ) = 2(E F -C i U ) πv 2 f , (9) 
ω DP -ω 0 DP ω 0 DP ≈ - C i U 2E F , (10) 
where ω 0 DP is the DP frequency of an ideal graphene nanoake. 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 E F energy relative to the Dirac point via number of p electrons injected or removed from the π band of graphene. We discuss this situation in Supporting Information.

The theoretical prediction of the DP frequency dependence on C i and U is fully supported by the TDTB results shown in Figure 4. The absorption spectra calculated for the N a = 13548, E F 0.6 eV triangular nanoake for various C i 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 eect with DP resonance disappearing in the absorption spectra calculated with U = 10 eV (-10 eV) for C i = 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 a = 13548, E F = 0.6 eV triangular graphene nanoantenna with substitutional impurities. Similar to the vacancy 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 dispersion 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, ∆ρ(E F ), is shown in Figure 5a. For small impurity potentials, and in agreement with theoretical predictions outlined above, ρ(E F ) is a linear function of C i with its slope proportional to -U . With increasing |U | however, even though the linearity dependence on C i is preserved within the range of impurity fractions studied here, the asymmetry between ±U results sets in with negative U leading to stronger eect on electronic density of states (see the results obtained with U = ±10 eV). This can the Dirac point for positive (negative) U , [START_REF] Pereira | Modeling disorder in graphene[END_REF][START_REF] Tison | Electronic Interaction between Nitrogen Atoms in Doped Graphene[END_REF][START_REF] Wu | Average density of states in disordered graphene systems[END_REF][START_REF] Nanda | Electronic structure of the substitutional vacancy in graphene: density-functional and Green's function studies[END_REF] thus aecting the ρ(E F ) in a dierent way for positive or negative U .

The calculated change of the DP resonace frequency (Figure 5b) closely follows the results obtained for the change of the electronic density of states in agreement with trends predicted by Equation 8 and Equation 10. Thus, the ω DP -ω 0 DP shows a linear dependence on C i with blue (red) shift of ω DP for positive (negative) U . Similar to ρ(E F ), while

[ω DP -ω 0 DP ] U =-1 eV ≈ -[ω DP -ω 0 DP ] U =1 eV
, the clear asymmetry between the results obtained with positive and negative U sets in at larger impurity potentials. Larger DP frequency shifts are obtained for the negative U .

The dependence of the width, Γ DP , of the DP resonance in the absorption spectra on the impurity fraction, C i , is shown in Figure 5c for dierent values of U . For a xed U , the broadening of the DP resonance changes linearly with fraction of impurities, [START_REF] Principi | Impact of disorder on Dirac plasmon losses[END_REF][START_REF] Jablan | Eects of screening on the optical absorption in graphene and in metallic monolayers[END_REF] as we have also obtained in the case of the vacancy defects (see Fig. 3). Larger |U | in this situation leads to a larger slope of the Γ DP (C i ) 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 i . We attribute this eect to the impurity induced resonances in DOS above the Dirac point. [START_REF] Pereira | Modeling disorder in graphene[END_REF][START_REF] Tison | Electronic Interaction between Nitrogen Atoms in Doped Graphene[END_REF][START_REF] Wu | Average density of states in disordered graphene systems[END_REF][START_REF] Nanda | Electronic structure of the substitutional vacancy in graphene: density-functional and Green's function studies[END_REF] As a consequence, the DOS ρ(E F ) increases above the value predicted by the perturbation theory, and new plasmon decay channels become possible. [START_REF] Viola | Graphene plasmons: Impurities and nonlocal eects[END_REF] It is worth noting that the shift of the Fermi level energy with respect to the Dirac point, To further quantify the eect of the impurities, we show in Figure 5d the maximum absorption cross section calculated at ω DP resonance frequency as function of C i . The defect and impurity-induced broadening of the DP resonance leads in the present case to a strong 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 i = 0.004 fraction of the U = ±3 eV substitutional impurities representative for the Nitrogen and Boron. [START_REF] Pedersen | Self-consistent tight-binding model of B and N doping in graphene[END_REF][START_REF] Tison | Electronic Interaction between Nitrogen Atoms in Doped Graphene[END_REF] 

E F → E F -C i U ,

Conclusions

Using the time-dependent tight-binding approach we have studied the eect of the missing atom vacancies and substitutional impurities on the plasmon resonance in the optical absorption spectra of small graphene nanoakes. As representative examples, we considered electrostatically dopped nanoakes of circular and triangular geometry. Our work thus extends the earlier studies of graphene plasmon scattering on extended defects [START_REF] Chen | Strong Plasmon Reection at Nanometer-Size Gaps in Monolayer Graphene on SiC[END_REF][START_REF] Slipchenko | Graphene Plasmon Reection by Corrugations[END_REF] 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 nanoakes 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 scattering 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 xed energy of the Fermi level. This can be explained as a result of the modication of the density of electronic states at the Fermi level of graphene.

At low fractions of defects C i we obtained that both the broadening and the frequency shift of the plasmon line show a linear dependence on C i 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 modication 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 nanoakes in realistic conditions, thus facilitating the transfer from the laboratory studies to technological applications.
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 1 Figure 1: Sketch of the atomistic structure of the circular (panel a) and triangular (panel b) graphene nanoakes comprising N a = 13452 (circular) and N a = 13458 (triangular) atoms

Figure 2 :

 2 Figure 2: Analysis of the dipolar plasmon resonance in the optical response of circular graphene nanoakes with vacancy defects. The insert of panel a sketches the geometry. The nanoakes are doped to the Fermi energy E F = 0.36 eV. The absorption spectra are articially broadened by γ b = 15 meV. Panel a: Absorption cross-section per unit area of the nanoake with radius R cl = 7.47 nm, comprising N a = 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 i = N i /N a ,

Figure 3 :

 3 Figure 3: Analysis of the dipolar plasmon resonance in the optical response of triangular graphene nanoakes 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) nanoake comprising N a = 6666 carbon atoms in the defect-free case. The nanoparticle is doped to a Fermi energy E F = 0.36 eV. Results are shown as function of the frequency of an incident x-polarized plane wave for dierent vacancy fractions C i . The color code is explained in the legend of panel b. Panel b: The same as panel a, but for E F = 0.6 eV. Panel c: The same as panel a, but for the (large) N a = 13458, E F = 0.6 eV triangular nanoake. Panel d: The width Γ DP and the frequency shift ω DP -ω 0 DP , of the dipolar plasmon resonance as function of the defect fraction C i .Here ω DP is the frequency of the absorption resonance at nite defect fraction, and ω 0 DP is the frequency of the absorption resonance of an ideal nanoake. Results are shown for the triangular (N a = 6666, N a = 13458) and for the circular (N a = 13452) graphene nanoakes and for various values of E F as explained in the insert. For the N a = 6666, E F = 0.6 eV triangular graphene nanoake with error bars we show the statistical dispersion of the results obtained with 10 random samples of the defect positions.

  eective attenuation of the DP mode Γ = γ L + γ i + γ b which accounts for the plasmon resonance broadening because of several contributions. (i) The Landau damping at the boundaries of the nanostructure (rate γ L ). (ii) The defect or impurity induced elastic and inelastic scattering (rate γ i ). (iii) Other mechanisms such as phonon scattering introduced phenomenologically by an articial broadening γ b of the calculated absorption spectra. These contributions to Γ are witnessed by Figure3d, which shows at C i = 0 a geometry dependent contribution related to γ L , larger for the circular nanoakes (which have large portions of zigzag edges) than for the triangular ones (which have armchair edges), and a linear dependence of γ i with respect to C i , which roughly speaking is the same for any nanoake geometry.

Figure 4 :

 4 Figure 4: The eect of the substitutional impurities on the dipolar plasmon of the triangular graphene nanoake with N a = 13548 carbon atoms and armchair boundary. The nanoake is doped to a Fermi energy E F = 0.6 eV as measured from the Dirac point of an ideal (no impurities) nanoake. Panels: Absorption cross-section per unit area as function of the frequency of an incident x-polarized plane wave for dierent impurity fractions C i = N i /N a , where N i is the number of substitutional impurities introduced at random positions in the nanoake. 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 i .

Figure 5 :

 5 Figure 5: The eect of the impurities on plasmonic modes of the triangular N a = 13548, E F = 0.6 eV graphene nanoakes 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 i is determined by the presence of the well-dened 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, ρ(E F ). The results are labeled according to the impurity potential U . Panel b: The frequency shift, ω DP -ω 0 DP , of the dipolar plasmon resonance in absorption spectra. Here ω 0 DP is the DP frequency of an ideal nanoake. Panel c: The width, Γ DP , of the dipolar plasmon resonance in absorption spectra. Panel d: The maximum absorption cross section measured at ω DP .

  might also aect the plasmon decay by changing the energies of the inter-band transitions involving the π 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 Γ DP on U and C i
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