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Modeling vacancies in graphite via the Hiekel method
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It is known that when irradiating a graphite surface with ions the predominant source of defects are vacan-
cies. Vacancies are also formed in a growing graphite sheet and cannot be filled. The theoretical work that has
been carried out so far on the properties of these defects has only involved quite small model systems.
Calculations on graphite, or closely related carbon phases like nanotubes, with randomly distributed vacancies
require very large systems allowing only the simplest model to be used. We have usectket tHethod to
model vacancies, both ordinary and hydrogenated, by fitting trekélienergy levels to those resulting from
a valence effective Hamiltonian calculation. The three atoms neighboring a vacancy are treated asrpseudo-
orbitals and our calculations suggest that they together contribute with one7exlectron to the system.

Using this model optical and electronic properties of a graphite sheet as a function of vacancy density have
been calculated.

[. INTRODUCTION case is interesting since infrared spectroscopy indicates that
protonated carbon, in this case, is almost entirely’

Irradiation damage in graphite has been studied very excoordinated indicating that two hydrogen atoms are bonded
tensively because of its application as a moderator in thermdp each carbon atom at the vacancy. Naturally this leads to a
nuclear reactorS.However, theoretical work on the proper- different electronic structure compared to the ordinary va-
ties of point defects and their effects on the electronic propcancy. Arguments have been made that graphite with this
erties of graphite have not been carried out until quite rekind of defect will have the propertiggspecially the optical
cently. Upon radiating graphite with ion clusters, interstitial 9ap of hydrogenated amorphous *“diamondiike” carbtn.
atoms between the surface and underlying planes are formed
in significant numbers but vacancies are the predominant Il. METHODOLOGY
source of defects. )

Density-functional theory has been used on systems with The Hickel hopping parameter in an all planaselectron
about 50—90 atoms to deduce the electronic structure of gystem is assumed to vary with interatomic distaRgeas
graphite surface containing a few vacan&ésA tight-
binding scheme based on an effective carbon potential has B=Boe!Ri~Ro), (1
also been used to simulate the migration of vacancies in sys-
tems with up to 240 atonfSFor systems comprising thou- Where gy is the hopping for distancB, between the atoms.
sands of atoms one is left with the simple dkel model Together with the on-site energy, these parameters could
(extended Hakel is also possible but will enlarge the size of be obtained from{least-squanefitting Huckel energy levels
the problem with at least one order of magnitudguch a  of a suitable model system to valence effective Hamiltonian
large number of atoms is also common in calculations orfVEH) levels of the same system, just as in Ref. 13. VEH is
closely related structures like nanotubes. A simple scheme tan effective potential method that has proven to be versatile
simulate a vacancy by setting the hopping parameters to zeio describing valence electronic structures of hydrocarbons
and the on-site energy at the defect site equal to a large valweith the same type of accuracy as double-zdidnitio self-
outside the range of the unperturbed density of states ha®nsistent-field calculatior{seproducing valence orbital en-
been used both on graphitand on nanotubesThis over-  ergies within a mean error of less than 0.001 @ef. 14].
simplification will misplace the highest-occupied molecular VEH results have shown to fit very well to experimental data
orbital-lowest unoccupied molecular orbita HOMO-  (ultraviolet photoemission spectroscopy and optical absorp-
LUMO) gap of systems with finite size. tion) of r-conjugated systems. In contrast to Hartree-Fock

The vacancy itself has been studied by Coulson andalculations, single particle band gaps and excited states are
other$~? treating the defect and its immediate three neigh-accurately predicted from VEH calculatiofsThis is the
bors as a molecule contained within the graphite matrixmain motive for using the VEH spectrum as a reference.
Based on cluster calculations using a self-consistent all- As a model system to optimize the ekel parameters for
valence linear combination of atomic orbitdLCAO) graphite we used an all-benzenoid polycyclic aromatic
scheme it has been argued that unlike vacancies in diamorgdrocarbo® (PAH) consisting of 114 carbon atoms.
and silicon, many-electron effects are probably very smalPAH's are planar and can formally be regarded as two-
for the neutral vacancy in graphite and one can safely adogtimensional graphite sections. The all-benzenoid PAH's
the one-electron LCAO descriptidfi. (constructed by fusing six-membered carbon rjrigsve the

In this paper we present ldkel parameters for an ordi- greatest chemical stability and the lowest reactivity of all
nary vacancy as well as a hydrogenated vacancy. The lattétAH’s and their density-of-staté®OS) curves all resemble
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TABLE I. The optimum Hickel parameters obtained from the
VEH fit. The three carbon atoms neighboring a vacancy are labeled
A atoms, while the non-neighboring atoms are lab&edoms(see
Fig. D).

(a)

B-atom on-site energy a=—6.022 eV
A-atom (ordinary) on-site energy a'=-6.793 eV
A-atom (hydrogenatedon-site energy a"=-14.365 eV
%A
B-B hopping B=Boe’Ri~Ro) . E
Bo=—3.292 eV |
(=-1.902 A? ;
Ro=1.40 A T
N
A-B hopping(ordinary vacancy Bag=—3.37 eV
A-B hopping(hydrogenated vacangy Bag=—2.34 eV

that of a graphite layer even for clusters with only a few
rings’ The C,,, was geometry optimized using the semi-
empirical method AMT2 In principle such a cluster is too
small to obtain the correct vacancy geometry since the effect
of the boundary is rather large. We have compared the re-
sults within an ensemble of geometry optimizations using
different number of vacancies and different vacancy posi-
tions to draw conclusions about the relaxed geometry. For
the same reason it is also very hard to compare, e.g., the
charge distribution from first-priciple methods with the one
resulting from our Hakel calculation. Due to relaxation of
the cluster boundary slightly different bond lengths were ob- FIG. 1. Schematic picture of the lattice relaxation for the two
tained in the cluster making it possible to determine flge  types of vacancies, ordinafg) and hydrogenateb). The relax-
and{ parameters. These parameters were found by fitting o@tion is exaggerated fqr clarity and the relaxed structure is repre-
Hiickel energy levels around the HOMO-LUMO gap to the Sented by the dashed lines.
responding VEH levels. The on-site energies were chosen so
that the energy scale coincides with the VEH energse  implies that the threé atoms together contribute with four
Table ). With the interatomic distance of 1.42 A in graphite 7 electrons to the system, contradicting the so-catlefict
these parameters will give a hopping=—3.17 eV, which moleculeapproach of Coulsoet al® where the vacancy is
can be compared to values of the Slonezewski-Weissrepresented by the three-type sp? dangling orbitals that
McClure (SWC) model parameté? y, found from fitting the ~ used to bond to the removed atom. Linear combinations of
single layer tight-binding band structureab initio bands as  these three orbitals will in that case form purestates with
well as to experiments. Our hopping is somewhat lower inno overlap with thewr system, while other orbitals on the
energy than theab initio value, yo=—2.92 eV?? but is  threeA atoms are considered to be unaltered.
close to the value determined from experimentg= Consistent with the nonvacancy fit, the geometry of the
—3.16 eVv® model system was optimized using the AM1 method allow-
ing the lattice to relax around the vacancies. Our calculation
) suggests that the relaxation is entirely in plane, which is
A. The ordinary vacancy supported by atomic force microscopy measurem&rithe
By treating the three carbon atoms surrounding the vacard sites are displaced symmetrically from the center of the
site (here denoted\ sites, see Fig. )las pseudar-orbitals, ~vacancy[see Fig. 1a)] rendering a bond length of 1.38 A
with Hiickel parameters differing from those of the non- betweerA and neighboring sites. As indicated in the figure
neighboring atomgdenotedB site9, a fit was done to the the other atoms surrounding the vacancy are displaced so
VEH spectrum orC;,, containing two vacancies. The hop- that one of the bonds involving the next-nearest neighbors is
ping between the threa sites should be smaltomparable prolonged to 1.45 A. Other interatomic distances are altered
to next-nearest-neighbor interactjoand was set to zero in by less than 1%. For simplicity we have only considered the
our model. Since the parameters obtained from fittings orshortening of theA-B distance in our Hekel calculations,
systems with different separation between the vacancies dind the correspondingA-B hopping is then Bjg=
fered negligibly, the parametrization would be valid for vari- —3.37 eV(see Table)l
ous vacancy concentrations. A good fit could however only The optimized on-site energy’ for the A atoms corre-
be obtained ibne extra Hekel energy level is assumed to be sponds to a lowering of the on-site Coulomb energy. Ahe
occupied in the ground statéThis rather surprising result sites are more attractive than tlBesites, which is clearly
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The optical absorption can be derived by calculating the
-0.07 oscillator strength for transitions between occupied and un-
occupied states. The oscillator strength between state
andV, is defined as

-0.07

fnn=(En—EnMZ ... (4

The transition moment ,,_,,, is calculated from the LCAO
coefficients using the following approximative relatioh:

Mman:\/zg CmiCnjfj» 5

-0.07

FIG. 2. The additionabr charge in units ofq.| on the atoms ~Wherer; is the vector defining the position of atopin the
surrounding a vacancfordinary obtained from a Hokel calcula- ~ coordinate system fixed for the molecule.
tion.
B. The hydrogenated vacancy

seen as ar-charge accumulation on tieatoms. Our Hakel When graphite is exposed to hydrogen ordinary vacancies
calculation shows that it is mainly a few states near th%resent in the graphite can be hydrogenated_ Our AM1 cal-
Fermi level Ef) that contribute this extra charge. This is culations show that a hydrogenated vacancy is 6.11 eV lower
why a vacancy is viewed as a bright sp@rotrusion in iy energy than the ordinary vacancy plus three isolated hy-
scanning tunneling microscopySTM), since protrusions drogen molecules. As mentioned in Sec. I, gatoms are in
originate from an increased partial charge density f8ar thjs casesp® hybridized, i.e., two hydrogen atoms directed
(Wthh can be seen in the DOS p|0tt8d in Flg, Slthough out of the p|andone up, one dov\bnbond to eachA atom.

the actual topography is almost ffdtWe find this additional  pespite thesp? hybridization these carbon atoms together
w charge only on the atoms surrounding the vacaf®®e  with the attached hydrogen atoms have to be treated as part
Fig. 2), with —0.19q,| on theA atoms, nothing on the atoms of the 7 system since there will be an overlap interaction
next to theA atoms, and—0.07q,| on their second next petween the out-of-plane-like C-H bonds and ther sys-
neighbors as indicated in Fig. 2. Such a charge distributiogem.

has qualitatively been predicted by Sotdor the ground Huckel parameter values for the hydrogenated vacancy
state of the vacancy. In total about 80% of the extralec- were then obtained in the same way as for the ordinary va-
tron introduced in our model is localized in the abSO'UteCancy, and just as in the former case, one extrakduen-

vicinity of the vacancy, a result that supports the assumptiorgy level has to be occupied for a fit to be possible.
that it is theA atoms of the defect that contribute this exira The Hickel and VEH calculations were performed on
electron. systems that were geometry optimized using AM1. Upon
The localization of the new electronic states introduced byelaxation theA atoms are displaced in the same way as in
the vacancies has been studied USing the inverse parthlpatl%]e Ordinary vacancy. Thé&-A distance is, however, en-
ratio (IPR), defined as larged somewhat compared to the previous case because of
the hydrogen atoms contained inside the vacancy. This dis-
E ct placement is accompanied by a movement of the surround-
T ing carbon atoms thus prolonging t#eB bond length to
Ri=7—2 2 1.47 A as shown in Fig. 1. As indicated in this figure more
(2 cﬁ) atoms take part in this relaxation compared to the ordinary
J case but only three different interatomic distances are signifi-

with c;; being the coefficients in the LCAO expansion of the €antly changed; thé\-B bond length and two other bond
ith molecular orbital resulting from the ldkel calculations: !€ngths in the vicinity of the vacancy are altered by 0.02 A
and 0.03 A, respectively, and other interatomic distances are

changed by less than 1%.
W= Cij &; - ) Only the change irA-B distance has been accounted for
: in our Hickel calculations. With the optimized parameters

Hence for normalized states in an infinite systétpranges the A-B hopping isBg=—2.34 eV (see Table) which is
from 0 (completely delocalizedto 1 (highly localized. Itis ~ 30% lower than for the ordinary vacancy. TAeatom with
clear from the results presented in Sec. Il that the new statdsydrogen atoms, all together treated as a pseudwobital,
introduced by the vacancies are fairly localized and fromthus has a smaller overlap with the system. The on-site
inspection of the wave functions, it was seen that the localenergya” is more than doubled. Note, however, that the site
ization is around the vacancies. This finding agrees very weih this case consists of a Giroup, which explains the large
with the results of electron spin resonan&SR measure- difference as compared to the previous case. Because of the
ments, which show that electrons with unpaired spin are lolow «”, states associated with tifesites will appear at an
calized to this kind of defec® These electrons can be iden- energy close to that af”. These new states are also present
tified within our model as the extra electrons originating in the VEH calculations and correspond to states with a large
from the A atoms. 7 content at theA atoms.
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FIG. 3. The Hickel density of states for a graphite sheet with Enerey (8)

3786 atoms, plotted for various concentrations of ordinary vacan- G, 5. The oscillator strength for the ordinary vacancies plotted

cies with the curves vertically displaced. The Fermi energy isfor 0% (—), 3% (- -), 6% (= —) and 8%(- —-) vacancy concentra-
marked in the curves with a vertical b&a) No vacancies(b) 3%

vacancies(c) 6% vacancies, an() 8% vacancies.

tions.

states within the graphite bands. By inspection of the wave
IIl. RESULTS functions, we can confirm that the states are associated with

) ) ] individual vacancies, in very nice agreement with the STM
The density of states and the optical absorption of graphrmage of vacancies as “bright spot&®”

ite with varying vacancy concentration have been studied for The oscillator strength for the largest systéshown in
both types of vacancies. We define the vacancy concentrgsjy 5g)] exhibits an absorption peak for the undisturbed
tion as the number of vacancies divided with the number OE]raphite at B (=6.34 eV herg This absorption is clearly
carbon atoms in the system with no defects present. Th§ e to transitions between the two peaks in the OEI§. 3
maximum concentration is then about 10% for a randomy,q has been found experimentally at about 52&Whe
distribution of isolated vacancies. _ __discrepancy between our calculated value and the experi-
By performing the calculations on all-benzenoid PAH'S henta| data can be explained by the fact that electronic
of increasing size, conclusions about the infinite Systenhangs from VEH calculations usually are a factor of 1.2—1.3
could be made. The number of atoms used in thekdll  poager than the measured bandwitftiSince we have used
calculations were 546, 1986, and 3786, with little differencey,o \veH spectra to obtain el parameters, this effect also
in the results indicating that the largest system is a goodpqys up in our results. For increasing vacancy concentra-
model for the mﬂmte graphite sh'eet. In Fig. 3 the DOS fortion, the 28 absorption peak is gradually decreased in inten-
the 3786 system is plotted for different vacancy concentrag;y, and the oscillator strength shifted to a new peak around
tions. The energy scale used is the absolute value of theg Note that the oscillator strength spectrum is quite sensi-

hopping3(=3.17 eV) between the carbon atoms in graph-ye 1o the defect concentration. Thg8eak is reduced by
ite As can be seen, the vacancies create new states that a&j§u, for a defect concentration of 3%.

rather uniform in energy, demonstrating little interaction be- Reflectivity —measurements on  neutron-irradiated

tween the vacancies even for high concentrations. The rise i&raphités show that a small absorption band grows around 3
the IPR valuegsee Fig. 4at the vacancy-induced DOS peak gy while the 5-eV peak diminishes with increasing neutron

shows that these states are much more localized than g, This is in excellent agreement with our result if again
some energy broadening is accounted for. Thus our relatively

_ 020 simple model gives a clear indication of the electronic prop-
E erties of the vacancy.
; 1015 It is interesting to note that the Fermi enerdy], here
& taken as the energy in the middle of the HOMO-LUMO
g 1010 E “gap,” (the “gap” is in this case some 0.01 eV onlgeems
Qi to be located at a local minimum in the DOS spectrum. By
B 1005 comparing Figs. 3 and 5 it is seen that the observed absorp-
z 3\ tion reflects transitions between the vacancy induced states
- : 0.00 and the states at an energy g8.1Despite an increase in the
-8 -2 ';m; (ﬂ; 2 3 DOS at and arounég, the low-energy absorption actually

decreases with higher vacancy concentrations. This is attrib-

FIG. 4. The Hekel DOS(solid line) and IPR(dot9 for a graph-  uted to the strong localization of the vacancy-induced states,
ite sheet of 3786 atoms with 3% concentration of ordinary vacanwhich thereby couple more weakly to the delocalized states
cies. The Fermi energy is marked in the curve with a vertical bar.aboveEg .
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FIG. 7. The oscillator strength for the hydrogenated vacancies
plotted for 0% (—), 3% (--), 6% (— —-), and 8%(- —-) vacancy
FIG. 6. The Hikel density of states for a graphite sheet with concentrations.
3786 atoms, plotted for various concentrations of hydrogenated va-
cancies with the curves vertically displaced. The Fermi energy igjuartets  of sp’-hybridized atoms embedded in an
marked in the curves with a vertical bae) No vacancies(b) 3%  Sp*-hybridized matrix yield a band gap of about 2 eV. Their
vacancies(c) 6% vacancies, ant) 8% vacancies. calculations refer to diamondlike amorphous carbon, but are

likely a good description 0&-C:H as well.
The hydrogenated vacancy has a greater effect on the yag P

electronic structure than the ordinary vacancy as seen in Fig. V. CONCLUSIONS
6. The DOS is considerably modified when the vacancy con- '

centration is increased. Apart from a large peak at low ener- e have shown that the complicated structure of the elec-
gies (—3p) which is attributed to the low on-site energy of tronic wave functions surrounding vacancies in graphite can
the A atoms, new states also form a peak in the unoccupiegle accounted for using the simple ¢kel method. Our cal-
region. The number of-14 and 13 states are reduced on culations are in agreement with experiments reported for the
account of these new states, leading to a strong suppressigfhgle ordinary vacancy. Thus the parameter optimization
of the 5-eV absorption peak when the vacancies are introscheme used, involving VEH calculations, seems reliable
duced. Transitions between thel 3 states and the vacancy- and the results obtained for the hydrogenated vacancy could
induced states that form the major peak to the righEpf  pe trusted. We emphasize the importance of the extetec-
result in an absorption peak that is slightly blueshifted withtrons induced to the system when vacancies are introduced.
increasing vacancy concentration. It is hard to distinguish aFor noninteracting vacancies, this extra electron gives rise to
optical gap in the data presented in Fig. 7, a quantity that liean unpaired spin associated with the vacancy, in agreement
in the 0.8—2.0 eV range for hydrogenated amorphous carbofith ESR data. Local probes of the DOS, like STM, have
(a-C:H).** The presence of such a gap in graphite with hy-detected a bright spot associated with the vacancy. We have
drogenated vacancies is the key assumption in the defectegkplained this observation as a result of a strong increase in
graphite model fom-C:H proposed by Tamor and WaIn  the DOS just below the Fermi energy in the case of the
contrast to this assumption, our results show that the descri@rdinary vacancy. Finally, we have argued that large graphite
tion of the electronic structure in terms ofrasystem always clusters in general never give rise to a band gap. Carbon

results in a nonzero oscillator strength at low energies irsystems with band gaps are therefore better describeg’as
disagreement with the detection of an optical gap. Othenybridized.
models?® assuming large graphite clustersarC:H to pro-

duce an optical gap of the right size, should also be ques- ACKNOWLEDGMENTS
tioned since our calculations show that such clusters only in
special case¢e.g., all benzenoid structunegroduce a large Financial support from the Swedish Research Council for

gap. More relevant, we believe, is the result of Wang andEngineering Scienc€lFR) and the Swedish Natural Science
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