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Within the local-density approximation, the interlayer binding and the electronic properties of graphite and
“graphitic” Si have been determined. For graphite, the optimized equilibrium lattice constant agrees well with
the experimental value. The role op2orbitals (= state$ turned out to be twofold: contributing a major part
to the binding of C atoms within basal planes, and giving a minor contribution in the form of the overlay of 2
orbitals, which leads to weaker interlayer binding. The interlayer binding attributed to the interaction of C-C
atoms in different layers yields the calculated binding energy as a function of the lattice constants and is
applied to fit an additional Lennard-Jones-type empirical potential to be included in classical molecular-
dynamics simulations. In contrast to that, the calculated energy pathways for “graphitic” Si show an extended
region of minima within the range ai=3.84 A and forc varying from 5.50 to 6.68 A having two lower
levels, which indicates chemisorption and physical absorption. The obtained electronic density distribution
demonstrates that the atoms in “graphitic” Si tend to form a structure with metal-like electron distributions.
Nevertheless, a Lennard-Jones potential with restricted validity may be fitted to describe the weak long-range
behavior, too.

[. INTRODUCTION acter of graphite although the bands show some disper-
sion. The weak interactions between ‘“graphitic’ planes
Graphite as a prototype layer material has been studiethodify the ideal two-dimensional situation, which leads to a
extensively due to its technological importance. Naturalzero-gap semiconductGrand creates a semimetal. The in-
graphite exists in the forms of a hexagonal struc{idernal  terlayer interaction forces are commonly attributed to a van
structur¢® and a rhombohedral structufeBoth forms of  der Waals type of dynamics interaction between the electrons
graphite consist of carbon atoms arranged in planar hexagen adjacent sheets of carbon. However, within the LDA of
nal networks. The stacking sequences of the carbon atoffie density-functional theoryDFT),24~" the contribution of
layers for hexagonal and rhombohedral structures are ahe exchange correlation is of short-range type. Therefore,
ABAB ... andABCABC ... types, respectively. The ex- the interlayer binding would be poorly described by LDA if
perimental results have shown that a given graphite samplg,e interlayer binding in graphite is dominated by such short-
usually contains 80% of the hexagonal _structure, 14% of th‘?ange interactions. A previous calculattbrusing the LDA
rhombohedral structure, and 6% of disordered gragtite, 04" the  linearized augmented-plane-wave method really

;rt]g dn%:goﬂ?ﬁyﬁd@:\trgﬁgrgoﬁsoaien?sdeteaed in the Is8|'ves a poor result as to the interlayer cohesive energy and
. 9 comp L . the interlayer distance compared with the experimental val-
It is well known that graphite shows a difference in the . 1819 .
Lies. However, two LDA calculatiot&™® with accurate ex-

binding character within and between the layers of carbo . . .
atoms. The spacing between the layers is larger than the ceressions for the kinetic-energy functional and carefully de-

bond-length distance in the layers. The strong binding withire'9"€d pseudopotentials and making use of a large number of
the layers is described by thgp? (25-2p,-2p,) hybridiza- plane waves recently showed that the obtained interlayer dis-

tion of atomic orbitals ¢ stateg, and the weak interlayer tances and cohesive (_en_ergies.may agree well with the experi-
binding is derived from the nonhybridizedp? orbitals (= ment_al values. Thus it is conﬂrmed thgt a careful LDA ca_l—
statey perpendicular to the graphitic planes. This resultsculation can properly describe the interlayer binding in
from the stacking of the graphene plariéereesp? hybrids ~ graphite, providing the proper balance between the attractive
forming a honeycomb structurand the interlayer bindings Vvan der Waals interaction and other contributions to the co-
due top, overlap as calculated, for instance, using the selfhesive energy. The obtained interlayer binding energies have
consistent-field pseudopotential local-density approximatiodeen successfully fitted to the form of a Morse function,
(LDA).*® The resulting band structure including bondimg  which agrees well with the experimental results, but failed to
and 7 states and antibonding* and 7* states shows va- fit a function of the Lennard-JonékJ) type. In addition, at
lence and conduction bands, respectively. Theoretical studiesmbient pressure or at hydrostatic pressures of 5 and 10 GPa,
of the electronic properties of hexagonal graghitéhave the electronic structure of graphite has been calculated self-
demonstrated that normal to the basal planes a slight or nconsistently using the method of full-potential linear-muffin-
dispersion of ther bands leads to a two-dimensional char-tin orbitals?°
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FIG. 1. Two unit cells of thé?65/mmc “graphitic” structures
characterizingr and 8 type atoms and th€l10 planes considered
in the projections of electron densities.

FIG. 2. The interaction minimum energy for graphite C and
“graphitic” Si as function of the lattice parameterfor optimum
ao: DFT database simulated for the optimized lattice constgnt

As elements of group IV, both Si and C have the samdC: 2.44 A, Si: 3.86 A) and varying (continuous curvesand for
best Lennard-Jones potential fitashed curves

valence electron number and a similar distribution of the
outermost electrons for the free atoms. Therefore, to a certain h _ 7ed follows: Th hod of th
extent, Si and C should have similar properties with respect |"€ Paper is organized as follows: The method of the

to their chemistry and physics, as well as crystal Structure(_:alculation is described briefly in Sec. Il. The calculated re-

Carbon and silicon with diamond structure are among theUlts Of graphite and “graphitic” Si are analyzed and dis-
; fyssed in Sec. I, includingl) the energy minimum path-

technology. However, to our knowledge, there is no experiVays of interlayer binding(2) electronic densities, an8)

mental report as to the existence of “graphitic” Si. From thefitting the calculated results to a Lennard-Jones function. Fi-
theoretical point of view and based on the LbA with a nally, the conclusions in Sec. IV discuss the applicability of

pseudopotential, the “graphitic” Si has been investigatedthe results to the refinement of empirical potentials.
and regarded as a hypothetical material with a ratio of lattice

constantsc/a similar to that of graphite. The theoretical in- [I. METHOD OF CALCULATION
vestigations lead to the conclusion that “graphitic” Si can-
not exist due to its relatively weak binding, with a higher
energy than those of the diamond phase. Thus the existen
of “graphitic” Si would require a high negative pressifra
recent theoretical investigation of the planarity of the aro

matic stage of two-dimensional Si and Ge layers showed th : ;
computer codecASTER the details are given elsewhere.

Si and Ge prefer to form the corrugated aromatic stage. : » .
The present work is concerned at first with the interlayer! "€ Crystallographic structures of the hexagonal “graphitic
/mmc space group. The constructed

bindings in graphite using total energy pseudopotential calPhase belong to the6s
culations. The investigation of the graphitic phase is limited
to its hexagonal structure as the rhombohedral graphite oc
cupies only a small partl5%) of natural graphite. The re-
sults of the calculations as to graphite show that tipe 2 0
orbitals (7 state$ contribute not only to the interlayer bind- il
ing, but also to the C-C binding within the layers. The inter- oo 1!l
layer binding is attributed to the interaction between the C i
atoms in different basal planes. Using these properties &
functionality of the LJ type is fitted. It is the basis for con- i
structing a modified empirical potential, which reflects the
short-range forces by a bond-order-type interaction and -2t
which shows a smooth transition to the present LJ fit. Details
of this new potential will be reported in a forthcoming paper. -os}
To understand the similarities of and differences between C
and Si, the hypothetical material, “graphitic” Si, is also in- , . , . ,
vestigated in terms of the interlayer binding and electronic 40 50 60 cunz;m) 8.0 90 100
structures. Although the calculations demonstrate the impos-

sibility of a stable “graphitic” Si phase, the functionality FIG. 3. Interaction energy minimum pathway for “graphitic”
proven between energy and lattice constant allows the fit 08i: The energy as a function of the lattice constaaosing different
the long-range interaction of the LJ type. lattice constants as the parameter.

The calculations were performed using the pseudopoten-
g’gl method within the LDA. The optimized, norm-
conserving, nonlocal pseudopotentials generated byQthe
tuning metho&? were used in the Kleinman-Bylander
a{prm.24 The ab initio calculations were carried out using the
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TABLE I. Comparison of the calculated lattice constaats, and interlayer binding energids,, for
graphite and “graphitic” Si with experimental and other theoretical results. The values marked by * indicate
that thea, ¢, andc/a were extracted from the minimum of physical absorption. The values in parentheses
indicate that the calculations were performed with a figéal ratio obtained from the experiment.

Graphite “Graphitic” Si
Source a(Ad)y c(A) cla E (eViayep a(A) c(A) cla E (eVliayep
Present 2.44 6.62 2.71 0.050 4.07 4.95 1.22 0.35
3.86" 6.68 1.73 0.21*
Ref. 18 2.451 6.70 2.734 0.050
Ref. 19 2.45 6.60 2.69 0.040
Ref. 21 2.49 3.86
Ref. 6 2.47 6.73 (2.726 3.90 10.62 (2.726
Ref. 28(Expt) 2.461 6.709 2.726
Ref. 29 5.60 0.22
Ref. 30 2.47 6.74 2.725 0.12
Ref. 31 2.45 6.87 2.802 0.06
Ref. 32 2.450
Ref. 11 2.459 6.828 2.773 0.28-0.16
Ref. 33(Expt) 0.046

primitive cell includes four atomé@&wo atoms for each “gra- lattice constant is varied from 12.0 A to 15.0 A. For “gra-
phitic” plane and two planes per cell, see Fig. The elec- phitic” Si, the total energy change is less than 0.04 meV/
tronic wave functions are expanded in sets with a plane-wavegtom if ¢ is varied from 16.0 A to 20.0 A witta fixed at the
basis up to an energy cutoff of 670 eV for C and 400 eV forgptimized value of 3.86 A. That means that the interaction
Si. To understand the convergence of the calculated propegnergies between the layers may be neglected, if the values
ties with respect to the number kfpoints, total-energy cal-  of the Jattice constants are larger than 12.0 A for graphite
Sulatlorj_s ior graphite witlag=2.44 A, co=6.62 A, andfor 544 16.0 A for “graphitic” Si. Therefore it is reasonable to
graphitic” Si with a,=3.86 A andc,=6.68 A Were per- - make use of the configurations with,=2.44 A andc.,
formed using 14, 20, 40, and 56 symmetridefioints gen-  _ 154 & anda,=3.86 A andc.=20.0 A to calculate the
erated by the Monkhorst-Pack scheffieThe calculations L e .
i ; E.. for graphite and “graphitic” Si, respectively.
using 56k points were regarded to be completely accurate. The interaction energies as functions of the lattice con-
The discrepancies of the calculated total energy for using 14 . : o
stantsc at fixed ag, where the latter is always optimized

20, and 40 points are 83, 3, and 3 meV for graphite, and 21 ) X o
2, and 2 meV for “graphitic” Si, respectively. That means eforehand, are used to illustrate the interlayer bindifg

that using 20 symmetrizek points, as done in the present Fig. 2, solid lines only; the dashed curves are the finally

paper, may provide sufficiently the desirable accuracy. fitted LJ potential_s as discuss_ed in Sec. llIC be)lo_Whe
energy as a function of the lattice constarghows a differ-

ent behavior for graphitéC in Fig. 2 and “graphitic” Si (Si

in Fig. 2. The optimuma, is chosen to be equal to the
A. Local energy minimum pathways of interlayer binding correspondingp.. as justified below. To evaluate the mini-
mum configurations accurately, in the DFT calculations the
lattice constantc was changed with a small step size of
B as sketched in Fig. 1. The atoms have neighbors as Q.Ol_A around the energy minima. Very small c_jiscontinui-
counterparts immediately in adjacent layers, wher@aat- ties in the total energy curves arise at some points far from
oms are in juxtaposition. Thus the contribution @fatoms ~ the minimum energy in graphite and far from the extended
and 8 ones to the interlayer binding is different. The inter- égion of minima in “graphitic” Si. Though large cutoffs
layer interaction energy within the area with omeand one  Ecu=700 €V and 400 eV for C and Si, respectively, were
ﬁ atom can be used to describe the inter|ayer b|nd|ng It Caﬁsed, the effect of numerical noise with the |argest relative
directly be obtained from the calculated total energies byerror estimated to be Id cannot be cancelled, but should be
Eib=(Esrue— E«)/2. Factor 2 indicates that each primitive minimized as analyzed in Ref. 19. Therefore, those discon-
cell contains two “graphitic” planes. Her&g, . is the total  tinuous points have simply been crossed out.

energy of the primitive cell with different anda values.E., For graphite, only one minimum occurs e§=6.62 A

is the total energy obtained from the configuration with an(cf. the curve marked by C in Fig) 2which does not change
optimizeda value and large values, whereas/a must be  remarkably for varyinga. The calculation of the interaction
chosen as large as to enable the interaction between the basalergy for different lattice constanssproves that the curve
planes to be neglected. In the present work, the total energyith a, is always the minimum energy pathway with respect
changes by less than 0.03 meV/atom if the graphite latticéo the parametea and for varyingc within the interval from
constanta is kept at the optimized value of 2.44 A and the 5.75 A to 15.0 A.

I11. RESULTS AND DISCUSSION

In hexagonal “graphitic” structures, there are two kinds
of nonidentical carborfor silicon) atoms, denoted by and
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FIG. 4. Charge density distributicfeV/A%) within the (110 plane in graphite fofa) all electrons of occupied state®) all occupiedo
states, andc) all occupiedr states éo=2.44 A c,=6.62 A).
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In contrast to the results for graphite, in “graphitic” sili- = to c;;=6.50 A by the curve witha,=3.86 A. Asc

con (marked/by Si in Fig. 2an extend_ed area of minima paocomes smaller thang;;=6.50 A the energy minimum

occurs fromey =550 A toco=6.68 A withao=3.86 A be-  pathway will follow the curve with the lowest energy as

ing optimized. Though the energy only reveals a differenceon in Fig. 3. Therefore, those two minima showndgy

of 2 rr_1eV within this mterv(;al there are two flat minima, - ang co may be interpreted in terms of chemisorptioncgt

occurring atc,=6.68 A andco=5.50 A. This r(:?séult ISVEIY  _4.95 A and of physical absorption e§=6.68 A. That no

ghﬁn(:re%mtg;m“ t?:thci)t?éf"n;d h?; tlhne a;:miovamgoo?j higher barrier occurs between the physical absorption and
grap the chemisorption means that the “graphitic” structure with

:2'72(.5 as ha_ts g.raphlte. Tq Q'SCUS.‘Q‘ the b(_ahawor of the ey large interlayer spacing in Si is meaningless. To verify this
ergy minima, in Fig. 3 the minimum interaction energy path'conclusion, using the same pseudopotential and 60 symme-

Wr?y to tcr)1pt|m|zea IS s'hpwn forf“gra;phltlc”fMhet'pathv'\;ﬁy trized k points, we also optimized Si configurations in the
Shows the energy minima as functions o ration wi diamond structure. The obtained lowest energy is 107.94 eV/

different lattice constants used as parameters. In the case Ofatom. Comparing the experimental difference of the cohesive

graph|t.e, as mentioned "’?bo"e’ only one very stat_)le m'n'mulgénergy of 0.025 eV/atom between the diamond and graphite
occurs; thus the respective curve need not be discussed. For

a<a,—3.86 A, always an extended area of minima occur ee the unpublished report of Bref/efor the cohesive en-

S . .

; - = : ergy at 0 K, the much higher energy difference of 0.60
havmg _the dec_epest minimum 6‘5_.6'68 A. H/owever, W_'th eV/atom for Si indicates that the “graphitic” structure is
increasing lattice constangsthe minimum atcy="5.50 A in

. | meaningless, too. The critical valug,;; may be used to
Fig. 2 becomes deeper and the band is broadenedaFor genarate short and long-range interactions as well as to limit
>a,=3.86 A and with increasin@ the overall energy in-

- . the validity of the potential fit before structural changes oc-
creases and the minimum ap=6.68 A disappears. The cur.
minimum at c,=5.50 A in Fig. 2 becomes deeper and  The experimental values of the lattice constamgsndc,
sharper. Furthermore, the calculations show that the absolutg, graphit® were measured to be 2.461 A and 6.709 A,
minimum occurs ata=4.07 A andcg=4.95 A with the  respectively. In the present work, the theoretical equilibrium
lowest minimum energy of 107.34 eV/atom. lattice constants, andc, for graphite were determined di-
While the stable minimum in graphite a§=6.62 A in-  rectly from the configuration with the lowest energy. Con-
dicates that there is an energy barrier separating other inteidering for “graphitic” Si the energy pathway witla,
actions from that between the basal planes, the minima =3.86 A, which is the curve with the overall lowest energy
Co., andcy in Si are not well separated. The minimum at fulfilling the restrictions of stability discussed above, the lat-
cy=4.95 A reaches its absolutely deepest level fr tice constants,=3.86 A andc,=6.68 A were extracted
=4.07 A within the investigated configurations correspond-from the physical absorption minimum as given in Fig. 2. All
ing to the bond length in the diamond structure, which will attained equilibrium lattice constants together with the ex-
be discussed below considering the electronic densities. Thyserimental and other theoretical values are listed in Table |.
for the hypothetical “graphitic” Si the minimum pathways Especially for graphite, there is a good agreement with the
of the interlayer interaction energy can be described foom calculated values,=2.44 A andc,=6.62 A.
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FIG. 5. Electronic density distributiofeV/A%) within the (110)
plane in “graphitic” Si fora=3.86 A andc=7.2 A (a), 6.68 A
(b), and 5.5 A(c).

The interlayer binding energiel;,, obtained from the
calculated lowest energy b¥;,=(E,,w—E.)/2, are also
listed in Table I. The interlayer binding energy of 0.05 eV/
layer for graphite agrees well with the experimental and the-
oretical values in Refs. 19 and 21. This indicates that our
result reasonably well reflects the weak interlayer interaction
of the van der Waals type in graphite, too. For “graphitic”
Si and using the energy value a,=3.86 A and c,
=6.68 A the interlayer binding energy of 0.21 eV/layer is
obtained. Though stronger than that in graphite, the binding
energy still indicates that the interlayer interaction is a weak
one. The binding energy of 0.35 eV/layeragt=3.86 A and
cy=4.95 A indicates that the interlayer interaction at the
minimum of chemisorption is stronger than that at the mini-
mum of physical absorption. A detailed discussion will be
given in Sec. Il B considering the electronic density distri-
bution as a function of the lattice parameters.

B. Electronic densities

Figure 4 shows resulting electronic structures of the low-
est energy configuration within tH&10 planes of graphite.

In Fig. 4(a) the character of stronger covalent bonds between
the C-C atoms within the basal planes and weaker interac-
tions between the C atoms in different basal planes is mani-
fested evidently. The lower electronic density of the order of
0.08 eV/A®, occurring in the region between the basal
planes, indicates that the interaction between the interplane C
atoms is weak. In order to understand the binding features of
the 2p, orbitals of C atoms within the basal plane and be-
tween the basal planes, the electronic densities af aliates
and of all = states have been uséd. Figs. 4b) and 4c),
respectively to illustrate their contributions to the binding.
The electron density distributions of alt states shown in
Fig. 4(b) really present features of thep? hybridized 2s,
2py, and 2, atomic orbitals within the basal planes. How-
ever, the role of allr-state electrons shown in Fig(c} is
twofold: (i) providing asr-bond binding between all C atoms
within the basal plane, which is added to the origimal
bonds, strongly correlating to the C atoms, dig contrib-
uting to the interlayer binding due to a superposition of the
orginal 2p, orbitals. The lower density of the order of
0.02 eV/A3, present in the region between the basal planes
as shown in Fig. &), indicates that the interplane C-C bind-
ing of different layers is weaker than the in-plane binding.
This explains why the interlayer binding is a weak interac-
tion in graphite.

The distribution of electronic densitiy of “graphitic” Si
within the (110 planes is shown in Fig. 5, witha,
=3.86 A andc=7.2 A, 6.68 A, and 5.5 A in Figs. (8),
5(b), and c), respectively. In Figs. ®) and 5b) the elec-
tronic density between the interplane Si atoms is lower than
that within the basal planes, indicating that the binding of
interplane Si-Si atoms is weaker than that within the basal
planes. The lower density of the order of 0.07 eV/4nd
0.10 eV/A®, occurring in the regions between the basal
planes, is very similar to that of C in Fig(&. It indicates
that the interlayer interaction is weak, too. Nevertheless, the
density increases wittt decreasing from 7.20 A ta,
=6.68 A. This explains why the minimum at=6.68 A
may be regarded as the optimum value of the weak interlayer
interactions, i.e., the minimum of the physical absorption.
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The electronic density of the order of 0.26 e\#Accurring  Way and the electronic densities, the obtained data foc all
in Fig. 4(c) indicates that the chemical bond is formed be->C¢i;=6.50 A with a,=3.86 A as shown in Fig. 2 de-
tween the interplane Si atoms and the interlayer interaction iscribe the long-range behavior and are used in the simulated
not a weak one. The binding between the in-plane Si atomgnnealing procedure to fit the weak long-range potential. Ap-
in “graphitic’ Si becomes weaker, whereas the interlayerplying the restricted fit procedure one gets a well-fitted LJ
binding becomes stronger. In all calculated density patternpotential withe=0.0171 eV andr=3.3362 A for extending
of Fig. 5 and in contrast to Fig. 4, we cannot clearly displaythe empirical potential to the long-range region, too.
the distribution of electron states, because the occupied or-
bitals in the *“graphitic’ phase cannot be distinguished. V. CONCL USIONS
However, from the obtained lowest-energy configuration at
a=4.07 A andc}=4.95 A, we may find that the interlayer Based on the interlayer interaction _minimum energy lev-
distancec)/2=2.475 A is close to the in-plane bond length els and the e!ectronic st_ructures obtam_ed from total-energy
of 2.35 A. For this configuration, the valence electron distri-PSeudopotential calculations, the most important results can
bution of Si atoms does not only contribute to the in-plang?® Summarized as follows. _
Si-Si bonds, but also to the interplane Si-Si bonds. Consid- (1) In graphite, the role of the, orbitals (7 states of
ering that the neighbor number of each Si atom exceeds fodp€ C atoms is twofold: First, the orbitals make a con-
and that the order of the electronic density between intertribution to the in-plane C-atom binding, providing a stron-
plane Si atoms becomes close to that between in-plane §f" C-atom b'”%‘”g than does the combination with contri-
atoms, one can conclude that the distribution of the electrongutions of thesp” hybridization ( states. Second, there is
of the Si atoms in a “graphitic” structure will tend to give a @n additional contribution to the interlayer binding in the
metal-like electron distribution. form of an overlap of P, orbitals. The interlayer binding is
attributed to the interaction of interplane C atoms, and is
fitted to the form of a LJ function. The good agreement be-
tween the theoretical results and the experimental data dem-
As dissussed above, the obtained interlayer binding enonstrates that a LJ potential function can describe the inter-
ergy for graphitg50.0 meV/layeris in good agreement with - |ayer interaction appropriately well.
the experimental valug46 meV/layey and theoretical (2) Compared to graphite, the binding between the in-
ones®™ (cf. Table ). In Ref. 19, the obtained interlayer plane Si atoms in “graphitic” Si becomes weaker, whereas
interaction energies were successfully fitted to the form of ahe interlayer binding becomes stronger. The interlayer inter-
Morse function without considering the difference betweenaction is no longer of the van der Waals type due to chemical
the @ and 8 atoms. Here, the interlayer binding is attributed honds formed between the in-plane Si atoms. The resulting
to the interaction between the C atoms in different basapetal-like electron distribution means that it is impossible
planes, which is regarded to be of the van der Waals type anfdr Si to exist in the “graphitic” phase. Nevertheless, a re-
may be described by the LJ functidg,_.=4€[(0/R;)*  stricted LJ potential fit enables one to describe long-range
—(O'/Rij)e]. Then, within the range of the basal platie- interactions, too.
cluding onea atom and ong3 atom), the interlayer binding For including the interlayer forces into empirical poten-
energyE;,, (in the unit of eV/layey is fitted to the function tials it is necessary to parametrize a suitably chosen short-
Eib=2i_apj-14€ (0/Rj)?(a/R;j)°]. Here,R;; indi-  range potential and to smoothly combine both the short-
cates the distance between tiie C atom in the reference range and the LJ potentials at a common cutoff value.
basal plane and thgh C atom in the nearest-neighbor basal Different empirical potentials are tested and fitted, and a new
plane, where a maximum of seven nearest-neighbor atomshort-range parametrization has been found. Respective de-
within the adjacent planes is assumed. The method of simuails, the comparison with bond-orderlike analytical
lated annealing was used to fit the theoretical values to the Ldevelopmenté? and the test of applicability especially for
function. The optimized parametessando are 0.00188 eV interacting surfaces as, e.g., relevant for wafer bonéfing,
and 3.3264 A, respectively. Figure(@ashed curvesshows  will be published in a forthcoming paper.
the comparison between the calculated data points and the
fitted LJ potential; they agree fairly well. The fitted LJ form
can also be used to handle the long-range interaction of C
atoms within the validity of thesp? hybridization. We are grateful to H. Kirschner for the help in implemen-
For “graphitic” Si, the situation is very different from tation of the simulated annealing procedure. Y.C.W. is grate-
that in graphite due to the existence of at least two locaful to the National Pandeng Research Project No. 95-Yu-41
minima. However, based on the analysis of the energy pattand the Max Planck Society for financial support.

C. Fitting the calculated results to a Lennard-Jones function
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