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Abstract

Electron energy loss spectroscopy (EELS) is a powerful tool for understandindpehecal structure of
materials down to the atomic level, butichallenges remain in accueatdlyquantitatively modelling the
response. We compare comprehensivestheoretical density functiooal (B&T) calculations of 1s coidevel
EEL K-edge spectra of pure,-@ped /and Nloped, graphene with and without a cbode to previously
published atorne-resolution experimental electron microscopy data. The ground state apatioxi is found in
this specific system to perform consistently-better ttrenfrozen corehole approximation. The impact of
including or excluding a cofkole on the resultanhéoretical band structures, densities of states, electron
densities and EEL spectra were all thoroughly examined and cainftaseconcluded that the frozen cdrele
approximation exaggerates the ‘effects of the-bote in graphene and should be digear in favour of the
ground state approximation. These results are interpreted as an indfcdweroverriding need for theorists to
embrace manyody effects in the, pursuit of accuracy in theoretical spectroscopy indt@adysterrtailored
approach whse approximations are selected empirically.

[. INTRODUCTION

A. Background
Graphenghasinspired néw thinking in themerging field of nanoelectronfc® move beyond the silicelbased
technology of the last seventy years. Operating frequenciesarbf graphendased fieldeffect transistor
(GEET) prototypes° have quickly progressed to hundreds of Gfiand basic issues such as graphene’s absent
10,11

band gap have inspired alternative approaches such as graphene paspribtayers'®*!strained grapheng

* and even the adoption of ndvolean logic™®> Significant milestones have been reached, for instance through



©CoOoO~NOUTA,WNPE

AUTHOR SUBMITTED MANUSCRIPT - JPCM-108768.R2 Page 2 of 23

to the use of hexagonal boron nitride as a supporting subStatéa a novel nanowirdased GFET togate
improving devce quality;” and some studies have already demonstrated-dplyational graphereased
integrated circuits for radiofrequency applicatioh§More recently, alternative 2D materials including M3S
and black phosphorotf€*have received some caderable attention. In any case, it is generally agreed t@at th
ability to manipulate the electronic structure of graphene is a highlsatksiand powerful toolfor nanoscale
device optimisation. This is not only because of the many possible ghgsitahemical functions graphene
may perform in emerging consumer and industrial products, but also idext wontext because achieving
precise control at the nanoscale is one of the primary motivations oftigechnology paradigm. Doping a
material witha view to create an excess of electrons or holes is one such techniguileriog tis electronic
structure, and the obvious candidates dopant elements for graphenépas@®) and N (rtype) due to their
locations in the periodic table. Nitrogelopal graphene (Myraphene) has been extensively studied in the
context of catalyst&'?’ batteries”® supercapacitof$*°and biosensors,as has Byraphene for fuel celf€solar

cells® supercapacitor¥,and spirfiltering nanoribbons?>

Theelectronic structure of 2D materials can be probed tiiirectheymicroscope at the single atom level using
electron energy loss spectroscdBiELS) which is‘aparticularly, revealing tool when combined with theoretical
electronic structure calculations. In 2013, Bangesl**used lowenergy ion implantation to dope single layer
graphene with B and N and it was found that for sufficieldly implantation energies the vast majority of
dopants were substitutionally incorporated into the graphene lattice. ©@up gubsequently obtained
atomicallyresolved electron energy loss (EEK}edge spectra of the substitutional N and B dopants in
graphee using aberrationorrected. scanning transmission electron microscopy (STEMY by comparison
with well-matched ground stateg. without considering aslcore-hole induced by the incoming electron beam)
density functional théory (DET$* calculatims, it was argued that the EEL spectra provided direct

experimental evidence of. the expectedapd ntype doping in the samples. The substitutionagriiphene

|40 |4

defect has been studied before by Nichetlsl.™, and itsK-edge spectrum by Warnet al:*, and Arenalet

al.*?, and also by Liret al*

for the N-graphite case, but the-@aphene&K-edge spectrum was shown for the
first time in the aférementioned studyo possess an unusual and broad profile faspatonded material, and
wasschecked by remted accumulation of the spectrum within a small subscan window usingoteslyre

described in Ramasss al** The motivation of the present work is to extend the analysis of our pseviou

study’’ to include corehole calculations and to evaluate theaidity in the specific case of Nand Bdoped
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1

2

2 graphene. Our evidence indicates that the ground state approximation is quéssflicat matching

2 experimental data, whereas calculations making use of thehot@eapproximation either fail to significéy

; improve this match, or severely worsen it.

9

10

g B. Core-level spectroscopy of 2D materials with pseudopotentials

i'j In the general case, the relative probability of a scattering elecsimg lan amount of energy within the range
ig E andE + dE and scattering into the infinitesimal solid andl is given by the differéntial cross sectign

15 = e o)~ e i P ) M

19 dodE — (meag)? gl \e(q,w))  (mea,)?|qI\&7(q, w) + £3(q, w))’

3(1) wherea, = 0.529 x 1071°m (3.s.f.) is the first Bohr radius,is the electron chargé,is the scattering vector,
gg € = g + ig, is the dielectric function (sometimes called thesléunction) andy = E /h. An EEL spectrum is a
gg direct measurement of the scatteringssreection, so EELS peaks occur at enefgiasd scattering vectots
g? where the functions, ande, approach values causing the expressigiic? + 2) to peak. The polarizability
gg of the system, characterised by collective electnotion, is,given by the quantiRe(e — 1) = &; — 1, whereas
32 the imaginary componeias gives the absorption properties, characterised by spagticle transitions between
gg eigenstates. For low energy excitations characterised. by plasmonshamdertransitions and intraband
gg transitions withE' of the order~10 eV, it is necessary ta calculate bettande, to calculate the EELS which
g? accounts for both polarization and absmnpteffects.In this low energy regime it is desirable to account for the
gg dynamic response of the system to an external perturbationvimyal description of the induced change in the
22 electron densityCalculating such asspectrum theoretically can léesed using timelependerif (TD) DFT to

jé calculate quantities from linear response theory. Inalinresponse theory, the dielectric functiocan be
jg expressed in terms of the response funcfiomith the relations™ = 1 —V;y whereV, is the Coulorb
jg potential V, = e?/|¥ — #|>. The usual method consists of calculating the response fulctidny selt

jg consistently solving a Dyson equatipr= x, + [ xoKxdr,dr, (to first order in perturbation theory) wheyg

22 is the noninteracting response function found directly from the Kohn Sham eigesstaing the formula of
gg Adler and Wisef®*andK is the timedependent exchange correlation kernel. The kéfriglgiven by the sum
gg of the Coulomb potentidl, = e?/|7 — 7'|? and an exchangeorrelation parfy. so is writtenk = V; + fyc.

g? Thessolution fory can then be substituted into the standard relatidn= 1 — V. leading to the EEL
gg spectrum. The simplest method for calculating a material's collectivieoeliecresponse is the random phase
60

approximation (RPA) which sefs. = 0. Full descriptions of these standard techniques are given by Ren et
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al>® and Harl>* Nazarov? has pointed out that for 2D materials modelled under periodic boundary ooaditi
(which are strictly exotic 3D systems with effective 2D propertig virtue of the vacuum gap) this approach
has difficulties because of the slowdecaying electric fieldbetween the material and its periodic images
separated by distandewhich decays ase='71? * and suggested that this problem can be selved by using a
modified loss function in a TDDFT framework to calculate EELS which exsladeof-planeg Vectors fom
equation (1) by design. A more recgaiper® by Nazarowrovides details of a formalism whereby the quantum
mechanical motion of the incoming fast electron is treated explicitty@smplex charge density defined using
solutions to the Lippman8chwinger equation. Such developments in theoretical modelli@tinaely for 2D
materials because the physical nature of low energy excitations in grdp®eoaused some controversy in the
literature*>® which is symptomatic of the failure of theoretical modelsptoperly rationalise experimental
observationsin the case of high energy excitations whEris of the order-of,a few hundred e¥,=1
corresponding to zero polarizability, andbecomes small. At these high energies, the perturbation iggfeerhi
than the energies associated with the collectivarelecesonances; and so only absorptions, determineg by
are measured. In this limit,/(s? + £2) — &, and so the spectrum isidirectly proportionadtoThis simplifies
the situation significantly because the EEL spectrum only deperiansitions between eigenstates and can be
calculated with full validity by just considering thegansitions.In this sense, the TDDFT RPA approach
described abovean be reduced to, andireplaced wittie, standard DFT approach in the higkergy limit as the
collective electronic response converges'to zero and onlyticanisetween states need to be considdrethis
scenario, the critical requirement in the case of 2D materiadielled under 3D @riodic boundary conditions is
that the spectrum be convergedwith respect to the vacuum distance, calirgspmizero overlap between the
ground state wavefunctions along'the vacuum direction. This work usesatiattsilof this sort, and details of
such convergence tests for the supercells considered in this work are giverSapiblementary Information.
The interactions between the system's electrons and théhoke can, however, still play a significant role. A
two-particle description stich.as tBethe Salpeteequatior’ (BSE) is usually necessary to properly describe
electronhole interactionsy although the computational demands of this approach fEtetigaty high for the
supercells used in this‘study. In a general periodic framework ihigheenergy regime, the cotevel EEL

spectrum is given by Ehrenreich and Cohen's forffiula,

unocc.

p 4re® G 7
ed ) = 1y ) |(ele™ )| "8(E ~ (B~ E0), @

“Here,e is the mathematical constant, not the electronic charge.
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where 2 is the volume of the periodic cellp,) is the core statdy,,) are the unoccupied state$d” is the
matrix perturbation term representing the scattering tewéth scattering wavevect@rand excited electron
position7, E,,, andE, give the energies of the unoccupied and core states respectively, ateltéh@nction
gives the density of states (DOS) of the final states. The perturbatiom’d” can be accurately'treated at the
level of the dipole approximation for whi¢f| — 0 if the collection aperture serangle is small compared to
the maximum scattering vector considered in the experifh@he consequence of the dipole approximation is
that only transitions for which the angular momentum quantum nuhab@nges by thre attributable to the
spectrum, so the DOS with= 1,i.e.thep DOS, is of primary interest becauset reveals EBE®/e states. In
planewave DFT, KohrSham states implicitly satisfy the requirement of elecindistinguishability and so no
statecan be rigorously associated with any of the atomic nuclge®ian.of.the converged density onto locally
well-defined linear combination of atomic orbitals (LCAQ)state&’ is therefore needed to recover local
information and allow a meaningful discussion of states whichyare attributatile spectrum of the dopant
nucleus. This is achieved in this work by using the projection téchoigBanche#ortaf® as implemented in
CASTEP by Segalet al®* In the|g| — 0 limit, /9" ~ 1 4 g.#.and the terng.7 can be written as the dipole
operator|g|@i.7 wheredl is a unit vector. Thesterrap.|1[1;,) is clearly zero becaudey.) and |i,,) are
orthogonal and thij| term in the matrix elemextp,||gld. 7|y, ) clearly cancels withg|? on the denominator
before the summation in equation (2) so that the matrix elemeatgigen by(y.|i.7|y,,). Thus, using
periodic boundary conditions and a finite gridkgfeints to sample the Brillouin zone, the EEL spectrum under

the dipole approximation can be found witlegnd state DFT eigenstates as follows:

5 unocc. BZ

EELS(E) = &(Iq] - 0,E) =

| |¢mk | 5(E (Emk EC)) (3)

where the sum over includes all'unoccupied bands in the calculation, the sumkovetudes allk points in
the Brillouin zoneyp, {3 is the aktelectron Kohn Sham wavefunction evaluated inrifeband at k poink, and
E .z is the energy eigenvalue of the stdtg,. Since the corevel spectra are found by evaluating the

perturbation matrix elements between a core state and-eleetlon unoccupied state, it is perhaps not initially
obvious (how thisais achieved in a pseudopotential setting. In fact, this caphie¥ed usingBlochl's®
projectoraugmented wave (PAW) formalism developedimplementeff for pseudopotentials in CASTEP,

intwhich the alelectron eigenstatef, ;. can be reconstructed by performing a linear transformation on the
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pseudoeigenstaiqjmﬁ found in the supercell calculation. The matrix elements in the EEUSBufar(3) are

therefore reconstructed using the relation given by the poojaagmented wave (PAW) method:
(el 7| 2) = (Wl 7l z) + Z(wcmﬂm + (We|2.7(6:)) il ) )
i

whereg; are the alelectron partial waves; are the pseudpartial waves ang; are the projector functions,
orthogonal to the pseudopartial wawpsby design. The core state mes from a separate -@lectron
calculation on a single isolated atom. This approach retains theseéfjcof pseudopotentials and plane waves
while allowing a meaningful calculation of cet@conductionband transition probabilities. A fudllectron
core-hole can be included implicitly by using Pickardsethod® to seltconsisténtly derive an excited
pseudopotential from an alectron calculation of a single atom from which the cdegesis explicitly
removed. It is very important to note that when using an excited pseudiigdi® represent the cotele, the
fully minimised electronic structure that results is alsgr@und statesystem. The "excited" pseudopotential
modifies the local environment such that the k&@am (KS) equations;which are at the heart of DFT, can be
solved seHconsistently in the conventional way, whereithe taie _isfrozen Thus, all calculations in this
paper are strictly ground stateladations, where "corbole" and 'ground state", used subsequently, refer to
calculations with and without excited pseudopotatiespectively. Full details of the PAW implenaiun for

corelevel spectroscopy in CASTEP are given by @tal®®

IIl. METHOD
A:,Convergence parameters

All calculations were carried out using the plameve DFT code CASTEP with satbnsistentlygenerated on
the-fly pseudopotentials. Lacaltotahergy functionals, which depend only on the densify, and semiocal
functionals, which depéend on bail) and spatial gradienvn (), are much less computationathgmanding
than norlocal functionals. (not/ considered) which include the density at multiple spoiand ' as their
arguments. Thédocal density approximation (LDA) is the simplest local functional, and validation tests
performed in a previous study by ogroug® for graphite— a comparatively lessxotic bulk material than
dopedgraphenewith uncontroversial experimentaltypeasured latticparameterd — showed the generalized
gradient approximation (GGA) PBiEnctional* combined with the Tkatchenko and Scheffler's van der Waals
correctionschem& (PBETS) to be the most accurate sdogal functional. Thus, the LDA and PBES

functionals were selected and used to determinektfpmint spacings of less than 0.02' Aising a regular
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MonkhorstPacK? grid, a kinetic energy cutoff of 800 eV and a vacuum distance of 20 A betayers were
sufficient to converge the EEL spectra of perioditN@nd GB graphene systems. These parameters were
subsequently used throughout. The lattice parameter of prisapdene using the hexagonal tatomainit cell
then optimised and found to be 2.4643d. p.) for PBE+TS and 2.445 A (3 d. p.) for LDA. Fully converged
EEL spectra of single substitutional dopants were thdouleéed both with and withoutta cehele. in
supercells relaxed usingFGS*"®optimisation of sizes 2x2, 4x4, 6x6, 7x7 and 8x&Wipoints grids of
12x12x1, 6x6x1, 4x4x1, 4x4x1 and 3x3x1 respectively. All spectra were fouerdsttisfactorily converged
for size 6x6 and above (see Supplementary Information), and 7x7 graphene supérdetmical formula

Cy7B, Cos and G-N were adopted for the main calculations.

B. Benchmarking - functional, charge neutralisation, relaxation timescales ande ‘3n rule’
Tests were then carried out on these relaxed structures witkcéuilyerged parameters to ass@sbtow much
the spetra differ between the LDA and PBES functionalgii) how to neutralise the cofele, (iii) how to best
account for relaxation timescales in the material @ndsome differences betweerx® and &7 supercells

relating to the ‘& rule’”®

(explained briéy below).(i) The K-edge spectra were calculated using both the LDA
and PBETSfunctionals, and both were found to be very similar in character and indicétthe same overall
physical interpretation. Therefore only.the PBE+TS calimhs were usefbr the detailed physical analysis
below while the LDA spectra are provided for completeness in the Supplemenfammpdtion. It was also
shown recently that the LDA gives significantly worseedevel binding energies than GGAS(ii) A core
hole needdo be neutralised by either including a linear homogenous compensating badkpatential or
including one additional Koh8ham. state when optimising the thmareexcited state densitdnce again, both
methods were used for completeness and comparison. The approach of baokgraund potential is also
easier to justify physically because it does nstuininate against any unoccupied state, wheregaglgting the
lowest (half) unoccupied, band as in the latter approach has direct implicationhdoEEL spectrum
immediately above the Fermi energy. It is clear, however, that bothhoteneutralisation techniques are
artificial, but_nevertheless necessary to prevent tted smpercell energy diverging to infinity. (iii) Electro
relaxation timesalés are to the order of ~'10- 10%°s# whereas structural relaxation (i.e. of nuclear positions)
is mueh slowerrat about ~ b 10™s. For this reason, it is expected that structural relaxation in rEspom

beamelectrorinduced coréhole has no influence on the energy loss of the transmitted electrol stmetures

were relaxed without a cofwle. (iv) AlthoughK-edge EEL spectra probe localised states, the issue of
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supercell size actually goes slightly beyond simply making theaeipiarge enough for a converged spectrum.
This is because of the-salled ‘3 rule’ for graphene with a single substitutional dopant, which states that the ©

and 7* bands coincide, or nearly coincide, at the reciprocal supercell's gamma point (I'3.x3,) rather than at the
usual Dirac point (Kxa,) if the supercell is formed from an array ax3n unit cells, wheren is any positive
integer. As a consequence, while the density of a given {Sblam state(s) may be clearly localised and
smoothly convergentith increasing supercell size, that state can exhibit different band si@pd&rehaviour
near the Fermi energy depending on thewe. The issue is therefore only one of data interpretatemmissue
worth mentioning, nevertheless and illustrates th level of care needed when invoking the terminology
typically associated with band theory (such as “n*” — see Results) for labelling spectral peaks. 7x7 supercells
are used for the mailK spectrum calculations, with the 6x6 cases summarised in the Seppden

Information for comparison
C. Main calculations

The K-edge EEL spectra of substitutional N and B dopants inhgrag were calculated using at least 2048
unoccupied bands in relaxed 7x7 superceite and without'a corbele, and compared with experimental data.
Lattice symmetries were fully exploited to reduce the cdatimnal loadGaussian instrumental broadening
was used with fullvidth-half-maxima (FWHM) of 0.3 eV, along with Lorentzian bdeming to account for
lifetime effects with FWHM of 0.16 eV, 0.17 eV and 0.18 eV for B, C and N ré&spBcbased on semi
empirical value§? The theoretical spectra were then rigidly shifted along the energy axibiavathe best fit

to the experimenl datd’ and normalisedito their highest peaks. Mizoguchi’s @it threshold energy cress
check forpseudopotentiatd was also‘performed and it was confirmed that the edge onset energy calculated in
this way approximately matches the experimental values. The optipiaee wave densities were projected
onto LCAOp basis functions to. obtain theDOS associated with the nuclei of interest usdmaDOS$* with

the adaptive broadening.schefi@and structures of the optimised electronic structures were evaluated alon
the highsymmetry path$ 7., — Myz.; — K77 — T7x7 (Where &7 in subscript signifies correspondence to the
Brillouin zone of the entire 7 cell) by calculating the eigenvalues at a total of 1lindisk points (distinct
from the 4&4x1 Monkhorst Pack grid used for the EELS stagee Supplementary Information) three of which
were'located exactly dt;.;, M7z and K. All such kspacings are smaller than 0.0%.Arhe EEL spectra

DQOS and band structures were all then aligned at their Ferngiies@n order to allow a transparent analysis of

the.electronic structures underlying the calculated spectra.
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2 D. Experimental details

; The doped graphene specimens were prepared by low energy implantatistaricieg graphene (prepared by
9 chemical vapour deposition techniques). The implantation was performetlydmeqraphene suspended on
10

1; Quantifoil Transmissioilectron Microscopy grids. A detailed account of the synthesis conditiontseciund

1

13 in the previous works of Xu et #l.and Bangert et &f. Electron energy loss measurements from single N or B
14

15 dopantatoms as well as and their single C neighbours in implanggthgne samplesvere performed on a Nion
16

17 UltraSTEM100 aberrationorrected dedicated STEM instrument operated at 60 kV. A detailed descopt
18

19 the optical conditions and EELS acquisition paegers can be found in previous works by Bangert taaid

20

21 Kepaptsoglou et &f.

22

23 IIl. RESULTS AND ANALYSIS

24

25 A. Initial checks

26

27 Figure 1 shows an experimental/theoretical comparison for the atomresdiived (i)(iii) boron, (iv)-(vi)

28

29 carbon and (vii(ix) nitrogenK-edge spectra, along with the corresponding band structures for each supercel
30

31 With the important exception of spectral features dyestraddling the Fermi energy, a basic trend in the
32

33 theoretical spectra is that a cdrele calculation mults in“a higher intensity of low energy features and a
34

35 suppression of high energy features, compared to a ground state BEL&ton. This confirms a basic
36

37 theoretical expectation: a cemele causes.both,occupied and unoccupied states to sink todoergies due to
38

39 the increased attraction to the nucleus:

40

41

42 . : - : . .

43 It is also worth briefly pointing out.some trends in the band structuneerify the expected doping effects and
44

45 to confirm the reasonablenessiand correctness of the calculations:olind gitée C {.e. pristine graphene)
46

47 band structure in Fig./1 (iv) exhibits a Dirac cone viith Fermi energy intersecting the Dirac poini/Kas

48

49 expected. Also, the bandstructures of the B (+boie) supercellin Figs. 1 (ii) and (iii) strongly resemble the
50

51 pristine graphene band structure,in Fig. 1 (iv). This follows basicioruithe corenole makes the B nucleus
52 .

53 carbonlike, and the «* band is either partially occupied (background potential) or fully occupied (extra Kohn

25 Sham state) depending on the ebode neutralisation method, with the Fermi energy being shifted upeto t
g? Dirac'point Kyzin the latter case. There is an equivalent similarity between the grouad\ssaipercell band
gg structure in Figl (vii) and those of the two C (+cehmle) supercells in Fig. 1 (v) and (vi): in these cases, the
60

corehole makes the C nucleus nitrogigte, and the Fermi level either fully populates the 7 band (background
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potential) or partially populates the n* band (extra KohAaSham state). Small n/n* band gaps are also observed at
K7x7 With corresponding large gaps B, in Figures 1 (i) and 1 (vii) in agreement with Casolo’s, dedai
symmetryargument¥ for N and B dopants in the ground state. The same effettsisrved for the € (+core
hole) supercells’ bandstructures in Figures 1 (v) and 1 (vi) which htse the same small band gap atK
where Casolo’s arguments can be safely assumed to apply. Finallystad Zéou’s ‘3n rule” by calculating
band structwes for 6x6 supercells (see Supplementary Informatiad)the n/n* band gaps ‘were found to be

large at kg, and small af's,s as expected.
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Figure,1 Atomicallyresolved backgroundubtracted experimental-&dge EEL spectra (green lines) recorded
using aberratiorcorrected STEM for single substitutional B and N atoms in graphenectsasvfor pure
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graphene, with theoretical spectra (solid black lineggrlaid. Band structure plots calculated at three levels of
theoretical approximation using 7x7 supercells are provided below eadf spectra. All theoretical spectra
were rigidly translated along the energy axis to achieve theftiastthe experirantal curves. The 186and
197" bands are identified as the & and n* bands throughout. The theoretically calculated Fermivenergy. is
defined as zero on the energy (calc.) axis and is indicated by the red dashed line. Cqidtsnéat B (i)
ground state(ii) core-hole with neutralising background potential, (iii) celnele with neutralising extra Kehn
Sham state. (ivjvi) Similar plots for C and (viifix) similar plots for N.

B. Theory/experiment comparison
Overall, the theoretical ground stéteedge spectra provide a better match to the experimental data compared to
their corehole counterparts which are unreliable and systensitive. The improvement.in accuracy achieved
as a result of using the ground state instead of ahmieeis significanfor N as shown in Figures 1 (vii)(ix),
insignificant for C as shown in Figures 1 (iMVi), butcritical for B as shown'in Figures 1 €Yiii). The task in
this section, therefore, is to assess the various factatdethd to this result. A detaileand selcontained

analysis of the calculation outputs without reference to the expetdidata is given separately in section Il C.

Theoretical spectra using a half cér@le (Slater transition state) are given in thefempentary Information.

On the energy axis, all N and C cediele spectra underestimateithe energy difference between the n* and o*
peaks, with the ground state spectra giving a slight improvement (C) or atemtxogtch (N) in this energy
difference. As for intensities, both celiele N spectra, significantly underestimate the n* peak intensity
compared to that of the 6* peak, whereas the,ground state N spectrum only slightly overestimates the intensity

of the ©* peak compared to 6*; a slight improvement, therefore. The C core-hole spectra overestimate the 7*
intensity compared to the o* peak intensity only.slightly, and this is actually worsened in the ground state case.

It is the case of B where the cérele’ approximation fails critically, resulting gualitative changes to the
spectrum. The inclusion of @ B cehele-causes the emergence of clearly identifiable n* and o* spectral peaks

in the theoretical B spectrum which‘are completely absent in the ground state case, and indesxbittied
experimental data. The pivotal sdinsiy of the theoretical B spectrum to the inclusion of aedwle has an
intuitive physicalvinterpretation: the B nucleus, withoa corehole, is the only nucleus from all nine
calculations whichs significantly less electronegmtihan its C neighhws, and is therefore the only nucleus
whoseK-gdge spectrum has suppressed n* and o* regions and culminates instead in a high-energy peak. A
detailed 'and selfontained analysis of the calculation outputs withafiérence to the experimental data is
given separately in section Ill C. In the Supplementary Informatienalso provide plots showing how the
theoreticalspectra change with respect to the dopant’s Mulliken chartigerbgsing the fractional number of

1s coreholes from zero to two in incremts of 0.E.
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It is a good idea to consider the data in Figure 1 in the cootecme established wisdom. It is wietlowrf®®°

that theoreticaK-edge spectra are usually reasonably accurate in gisiatel singleparticle theory despite
ignoring theeffects of the electron sailfiteraction described in Hedin's "GW" approximatioy two-particle
effects as in the BetH®alpeter equation (BSEj.However, the question of whether to include ‘a frozen-core
hole within the singlgarticle DFT formalismd known to be highly dependent on the material. Metals, being
well screened, are generally expected to be mostly unaffected brettimic of a bearmduced coréiole, so
that EEL spectra of pure metals obtained experimentally will not exhibit gnifisafit corehole effects’
Expressed alternatively, the unoccupied states that are thought to exisstanderd conditions in a metal are
the same as, or similar to, the unoccupied states that are probed duringctrmnedcattering event. This
expectation is based on the notion that delocalised metstites quickly screen the cdrele, leaving the
unoccupied stateson which the spectrum dependsiore or less unchanged. There is evidence that theoretical
EELS calculated using singferticle OFT produces accurate results in the ground state for tKeetigé* and

Ni Ls-edge€® and it is generally agreed that using a ground state ctidculeorks well for metal EELS
modelling®*(Luitz et al. published a counterexampléto this trend with thé@&dge which was found to
agree very well with experiment when using a half ¢wke on all metal nuclei in the cell, better than a ground
state calculatiof’) Furthermore, the apparent adenyu@f ‘groundstate DFT for cordoss spectroscopy of
doped graphene demonstrated in this_paper is consistent with studiesagfe8f and Rdoped® graphene
published by our group previoushA similarargument’ can be made for, for example, anions @mic
insulators, whose intrinsic, localised excess electron gessiixpected to screen the chr@e effectively. This

is in contrast to cations which are‘more exposed due to thémsintdeficit of electron density and usually need

a theoretical ca-hole treatment for.an accurate experimental match.

For metals, a comparison between two theoretigallgulated EEL spectra, one with a cbe and one
without, gives immediatesinsight because the two calculations caonygaced. If the two theoretical spectra
are similar and they/both accurately matish experiment, then it can be said that the calculations accurately
describe the metallic screening in the material. If the two theoretical spectvat aimilar and the ground state
spectrum gives adbetter match, it follows that the-tme calculabn does not accurately describe the metallic
screening. Itistimportant to remark at this point that the exotic systedisdsin this work- single, isolated
atomicsized defects in a covaleniynded 2D semimetal with a highly delocalised m network - cannot

necessarily be described in a valid way by simply adopting thén@ogy conventionally used for bulk metals,
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or for that matter, bulk insulators. Nevertheless, considering the highly conductive and delocalised n electrons in
graphene, the groursdate spectra in Figure 1 which show mostly good agretewignexperimental results are
clear evidence that the sample probed in the microscope is behaving like a metasp&tt to cordole
screening, in agreement with the existing body of liteeategarding theoretical singlearticle DET EELS of

metals.

As for the failure of the corbole approximation for this system, Rez and Muller havted?that the frozen
corehole approximation tends to exaggerate the effects of thehoteevhen used in periodic supercells, and
the results in this work appear to be evidence of this. In contrast to what would beeéxpe a material with
delocalised andighly conductive states such as graphene, thedtieal spectra in,Figure 1 show that inserting
a frozen coréhole does cause the unoccupied states and the corresponding. spectrum to chiicgatkig
This is despite the supercells' large size,xerlageometries and converged spectra. This mismatch of the
calculation outputs with the conventional understandihgnetallic corehole screening in real laboratory
samples discussed above, and of course the mismatch with the experidaatathould béaken as an
indication that the final electronic states calculated using, the frozerhalerepproximation in singlparticle
DFT simply do not give a realistic description of the states being pinkibd microscope. To go some way to
corroborating thisinding, we have calculateld-edge spectra using CASTEP on pure bulk Al using an identical
methodology and compared them with-a published experimsptsitrum® shown in the Supplementary
Information. While the ground state Kledge matches well at the edge onset, the halflwaeeand full core
hole calculations show a progressive joverestimation of the relative iptetisihe onset compared to the
experiment, with the intensity in'the‘higher energy regions beirgrgssively underestimated, therediowing
similar behaviour to that of the,theoretical doped graphene spectra e Higlihus, while the ground state
approximation has its limitations, we conclude that the frozentwaeeapproximation should be regarded as an
ad hocmodification which,causes the models considered in this work to diverge away fildy, ratoer than
converging towards it. In.any case, singlaticle DFT EELS modelling is not perféff,and we expect that
accounting for cordole effectsa priori by using the GW or B formalisms would be likely to improve the
theory/experiment match compared to the grestiatle, although the computational cost of such calcoktio

withdarge supercells is at present prohibitive.
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Figure 3 Combined theoretical DOS/EELS plot for a substitutional B dopant with a Bhodeeneutralised by
a background potential with elgon density plots of (i) the occupied density with the -¢mle, (i) the density
fromithe partiallyoccupied © band which is more evenly distributed through the cell than its ground-state

counterpart in Figure 2, (iii) the owtf-plane ©* states of p, character with a slight excess on the B, (iv) the in
plane.c* states of antibonded (60°-rotated) sp character with a slight excess on the B and (v) the-biggrgy
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in-plane states with a very subtle deficit on the B. Note thaetleno counterpart to ¢hhigh energy B

localised state from Figure 2 (vi).
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Figure 5 Combined theoretical DOS/EELS plot for a substitutional N dopant with ahadeeneutralised by a
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excess on the N and (iv) the highergy inplane statesvith a significant deficit on the N.
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C. Selfcontained theoretical analysis of calculated spectra
In this section the ground state and eoote (with background potential) approximations are /selected for
detailed analysis for the cases of B (Figures 2 and 3) and N (Figured 8). The theoretical EEL spectra
shown in Figures 2, 3, 4 and 5 are the same as those shown in Figures 1 (i), (@hd\Wjii) respectively.
Combined DOS/EELS plots with electron density images are provided in ardeledly illustrate the
characteristics of the states underlying the theoretical spectra, withvdosgain a better understanding of the
states being probed experimentally. The projected DOS of the dopargstn€aand furthest C give some
helpful insight into the electronegativity of each nucleus by showingrthagies at which DOS peaks occur at
varying distances from the dopant. The hexagonal panels within Figugestbwi(in addition to the occupied
electron density) the electron density found by ysating all unoccupied bands in the Wigiggitz cell
(centered on the dopant) lying within a selected energy windovweghe Fermi energy. These energy windows
were iteratively optimised according to the visual appearance/of the stadethesnform thebasis for the
denominations into * states (out-of-plane), c* states (in-plane) and higheenergy states (iplane) indicated on
each of the DOS plots. The reader should note that the density,paneai$ aibsalutely comparable due to the

varying colourscales.

The ground state B-edge spectrum in Figure 2 shows a small © peak immediately above the Fermi energy due

to the partially occupied m band whose density is highly localised on the B nucleus. This represents the filling of

the p-type hole in thedrm of a g-like state in the partially occupied n band straddling the Fermi energy. The
spectrum also shows suppressed w* and o* peaks owing to the lesser electronegativity of the B nucleus
compared to its C neighbours, and finally a hégiergy inplanestate localised very strongly on the B nucleus
at about 26 eV above'the Fermi energy. The large energy barrier requiredconm/éhe lesser attraction of
the B nucleus causes the spectrum to culminate in theehigityy peak at 26 eV, which, when conauairwith

the suppressed n* and 6* states at lower energy, gives rise to the unusual B K-edge spectrum which matches the
experimental spectrum_quite convincingly. The BOS peaks in the n* and c* regions occur at higher energies
than the clearly identifidb furthest Qo DOS peaks, which confirms the lesser electronegativity of B compared
to Ca#'Some antibonding states between the B and n€aiisstlso evident from the coincidence of shapOS
peaks, especially in the o* region. The effect of including a corehole on the B nucleus, as shown in Figure 3, is

to.increase its electronegativity. This eliminates tlgtHenergy state found at +26 eV in the ground state case
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because there is no such energy barrier to be overcome with-aoteneresent. In factll states of character
n* and o* now lie in approximately the same energy range whether they are localised on B or C, which is
evident from the more subtle differences in the projected DOS and electron density. The EELS =n peak is
suppressed to a sub#boulder corresponding to a state which is much less localisth@ @than in the ground
state case. Neutralising the cér@e using an extra KokBham state as in Figure 1 (iii) completely suppresses
the  peak due to the n band now being fully occupied. The overall result of including the‘cenele is thus the
emergence of clearly identifiable n* and o* EELS peaks in the B K-edge spectrum since the cdrele makes

the B nucleus approximately carblike.

The NK-edge ground state spectrum in FigureH$ibits a clear n* peak due to prlike states localised on the N
and its nearest neighbours, and a 6* peak due to states consistent with antibonded (60°-rotated)sp’-like orbitals
strongly localised on the N nucleus. Note that the INOS peaks in the 7* and ¢* regions now occur at lower
energies than those of the C due to N's higher electronegativity (withre@resnheighbour antibonding again
evident), in contrast to the B case in Figure 2. Figure 5,shows that the effacludirig a N cordole is to
exacerbate the effects caused by the difference in the electronegativity,of N and C: the n* and c* peaks of the N
K-edge spectrum now occur at lower energies with thetoale and the energy difference betweengi¥OS
peaks ofliec N and nearest C is now higher. The o* peak in particular is attributable to a very sharp N p DOS
peak at about 5.5 eV where the electron density localisation on N has riesmced by the cofieole.
Interestingly, the N EELS ©* peak is actually suppresed by including the cordole. This can be rationalised to
some extent by comparing Figures 4 (i)»and 5 (i), which reveals that thalereauses the occupied electron
density to accumulate more strongly around the N, resulting in nuclesmgtg thais sufficiently strong to
make the N nucleus less energetically attractive than the nearest neiGhtuaciei. This is corroborated by the
p DOS peak of the Nidirectlyron the Fermi energy which is lower in intensity thap Bf@S peak of the
nearesC with which it coeincides. If the coileole is instead neutralised using an extra kS8ham state,
corresponding to Figure 1 (ix), then this n* peak is further suppressed since the first =* band is then fully
occupied.

IV. CONCLUSIONS
It was found that the theoretical cdrele approximation in singlparticle DFT EELS is significantly less
successful in predicting atomicaltgsolvedK-edge spectra in Band Ndoped graphene than the simpler

ground state approximation, and fails to offer any improvement of tke@e in pure graphene. We conclude
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that the frozen corbole approximation is not a realistic description of theetiole and should be discarded in
favour of the ground state approximation for this system. To confirm thestrolature of the calculations, a
detailed and independent analysis of the theoretical resultsef@ and N cases under both approximations was
given which allows for an understanding and visual comparison of the calcgletetlim states, identified @n
discussed using the conventional terminology@fbonded materialdModern electron micreseopes are now
sufficiently advanced to push the validity of the approximations used in thoabretectronic structure
calculations, and there is evidently a growing need to increase the efficenuyre advanced computational

schemes using the GW and BSE formalisms, among others.
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