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Ab initio calculations of the atomic and electronic structure of diamond„111… surfaces with steps

G. Kern and J. Hafner
Institut für Theoretische Physik and Center for Computational Materials Science, Technische Universita¨t Wien,

Wiedner Hauptstraße 8-10, A-1040 Wien, Austria
~Received 30 January 1998!

We presentab initio local-density-functional calculations of the atomic and electronic structure of stepped
diamond~111! surfaces. The relaxation of an ideal monoatomic step with bulk-terminated terraces results in
sp2 bonding near the step. The spacing between the surface layers is also increased. A (231) reconstruction
of the terraces lowers the surface energy and decreases the distance between the first two bilayers, but the step
energy is increased. As on the flat~111! surface, hydrogen stabilizes the unreconstructed (131) surface on the
terraces. The carbon atoms at the edge of the step have two dangling bonds. As the energy gained by forming
an extra C-H bond is larger than the step-formation energy, exposure of C~111! to atomic hydrogen can lead
to a roughening of the surface. The local electronic structure close to the step has been investigated.
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I. INTRODUCTION

Due to the technological importance of thin diamo
films as wear-resistant surface coatings and as a prom
material for high-temperature electronics, an enormous
search effort has been directed towards a better unders
ing of their synthesis by chemical vapor deposition~CVD!
techniques.1 The first feature determining the growth rate
a diamond film in contact with a carbon-hydrogen plasma
the number of active diamond growth sites, i.e., surface
bon sp3 radicals, which is determined by the equilibriu
between the removal of H from C-H bonds at the surface
the recombination of gaseous hydrogen with the free sur
C radicals. The second feature is the addition of the gro
species to the surface radicals~under usual CVD conditions
methyl radicals and acetylene are the most abundant spe
but other CnHm radicals as well as atomic C may reach s
nificant concentrations!. A unique aspect of diamond growt
is the competition between the deposition ofsp2- and
sp3-type carbons—in contrast to silicon whe
sp2-hybridized species do not exist. For an understanding
these elementary reactions a detailed knowledge of the s
tural and electronic properties of clean and hydrogenated
mond surfaces is required. During the last decade,ab initio
local-density calculations have lead to a thorough und
standing of the properties of the low-index surfaces of d
mond under various degrees of hydrogenation.2–9

Although most mechanisms for CVD growth have be
described in terms of~111!, ~100!, or ~110! surfaces, a close
inspection of these surfaces structures shows that there
only a few elementary sites that are favorable for hydroc
bon attachment.10 Figure 1 shows that steps on~111! sur-
faces lead to the formation of small facets with a geome
identical to that of either the~110! or ~100! surfaces. Such
steps on diamond~111! surfaces are assumed to form t
starting point for a growth sequence based on the additio
acetylene or methyl radicals.11,12

However, the model sketched in Fig. 1 assumes a b
terminated structure of both the~111! and ~110! or ~100!
surfaces. It is now well established that the clean~111! and
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~100! surfaces undergo a (231) reconstruction@which will
be removed by a monolayer hydrogenation on the~111!, but
not on the~100! surface#,6,7 whereas the~110! surface does
not reconstruct.9 It is largely unknown how a possible recon
struction will affect the surface bond lengths and angles,
next-nearest-neighbor environment, and the relativesp2/sp3

FIG. 1. Diagrams of the diamond~111! surface and steps. Al
circles represent carbon atoms. Black and gray circles illustrate
first and second layer of~a! a $111% plane,~b! a $110% plane, and~c!
a $100% plane.
2161 © 1998 The American Physical Society
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2162 PRB 58G. KERN AND J. HAFNER
character of the C-C bonds close to steps under various
grees of hydrogenation. This is precisely the problem
address in this paper.

The investigation of the structure and energetics of st
on diamond surfaces has acquired additional interest by
observation that a roughening transition occurs on
Si~111! surface13 and the prediction, based on Monte Car
simulations, that roughening and preroughening transiti
occur on the diamond~111! surface.14 A conventional rough-
ening transition is driven by a vanishing free energy of st
~ledge energy! on the surface and results in the spontane
formation of steps eliminating the facet from the equilibriu
crystal shape. A preroughening transition results in a surf
that is macroscopically flat, but microscopically rough due
the formation of steps with long-range up-down order. T
transformation occurs when the free energy of an isola
step vanishes, although the ‘‘disordered flat’’ surface with
up-down sequence of steps is still stabilized by step-step
teractions. A preroughening transition could lead to a d
matic lowering of the barrier for both growth and etchin
processes. However, so far the reconstruction of the sur
and its possible influence on the ledge energy have not
been considered in the modeling of the~pre!roughening tran-
sition. Here our study could provide valuable information

The clean flat diamond~111! one-dangling-bond surfac
is known to reconstruct in a (231) geometry withp-bonded
chains in the first two bilayers.15 The structural details of the
reconstruction such as intrachain dimerization and/or bu
ling of the surface chain are still the subject of debate. Ea
semiempirical calculations15–18 and the molecular-dynamic
study of Iarloriet al.3 favor dimerized chains, whereas mo
ab initio studies2,4,7 find undimerized chains. All theoretica
calculations predict a flat surface with no buckling. The o
served optical transition at 2 eV as seen by electron-ene
loss spectroscopy19 is attributed to the presence of a gap
the surface band structure. However, a (231) surface with
undimerized and unbuckled chains is semimetallic.7 Many-
electron effects on the surface gap have been studied
Kresset al.20 within theGW approximation. The conclusion
is that theGW approach predicts a surface gap only if a
plied to a dimerized surface geometry, but not for symme
or buckled chains. Huismanet al. performed an x-ray dif-
fraction structure analysis21 and a medium-energy ion sca
tering study22 of the reconstructed diamond~111! (231)
surface. They report a buckling of the surface chains by
Å and no dimerization.

Deposition of a monolayer of hydrogen leads to a de
construction of the surface. The structure of the (131):H
surface is almost ideally bulk terminated and the electro
structure of the subsurface layers is nearly bulklike.7 Anneal-
ing of the hydrogenated surface removes the hydrogen
the surface reconstructs in the (231) structure. Pate23

showed that after subsequent anneals the low-energy ele
diffraction ~LEED! pattern remains (131), although the
photoelectron spectra are the same as on a clean (231)
surface. He related the persistence of the (131) LEED pat-
tern to a roughening of the surface.

Scanning tunneling microscopy has been employed in
observations of CVD diamond~111! surfaces by Sasaki an
Kawarada.24 They report on H-terminated (131) surfaces
with very straight single-atom height steps which form
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downward slope in the~112! direction.
Davidson and Pickett25 studied a stepped diamond~111!

surface using a semiempirical tight-binding method. Th
claimed that the top bilayer of C atoms adjacent to the s
spontaneously relaxes to a graphitic structure, which
volves breaking the bonds to the second bilayer and refo
ing the sp3 configuration intosp2 bonding. However a re-
construction of the surface close to the step was not allow

This paper is organized as follows. In Sec. II we give
short outline of the theoretical and computational ba
ground. In Sec. III the computational aspects are listed. S
tion IV presents the results of the structural optimizations
the stepped surfaces. Their electronic properties are anal
in Sec. V.

II. THEORY

For our calculations we used the Viennaab initio simula-
tion package,26,27which is based on the following principles

~1! We use the finite-temperature version of local-dens
functional ~LDF! theory28 developed by Mermin,29 with the
exchange-correlation functional given by Ceperley and Al
as parametrized by Perdew and Zunger.30 Finite-temperature
LDF theory introduces a smearing of the one-electron lev
and helps to solve convergence problems arising from us
a small set ofk points for Brillouin-zone integrations, the us
of fractional occupancies eliminates all instabilities that c
arise from a crossing of levels in the vicinity of the Ferm
energy. The variational quantity in finite-temperature LD
theory is the electronic free energy.

~2! The solution of the generalized Kohn-Sham equatio
is performed using an efficient matrix-diagonalization ro
tine based on a sequential band-by-band residual minim
tion method~RMM! applied to the one-electron energies.27,31

~3! In the doubly iterative RMM method it is essential
use an efficient charge-density mixing-routine to avo
charge-sloshing problems. We use an improved Pulay m
ing for calculating the new charge density and potentia32

We have found that the sequential band-by-band algori
combined with an efficient mixing algorithm is considerab
faster than conjugate-gradient algorithms attempting a di
minimization of the energy by treating all band
simultaneously.27

~4! The optimization of the atomic geometry is perform
via a conjugate-gradient minimization of the total ener
with respect to the atomic coordinates.

~5! After moving the atoms, the new charge densities
estimated by extrapolating the results of the last steps.

~6! The calculation has been performed using fully no
local optimized ultrasoft pseudopotentials.33,34 The nonlocal
contributions are calculated in real space, using the o
mized projectors introduced by King-Smith, Payne, a
Lin.35 Details of the pseudopotentials with a cutoff energy
Ecut5270 eV are given in Refs. 7 and 36.

III. COMPUTATIONAL ASPECTS AND DEFINITIONS

A. Modeling of the surfaces

The stepped surface is modeled by slabs with perio
boundary conditions in all three directions with 120 C and
H atoms per unit cell@see Fig. 2~a!#. The triclinic cell con-
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PRB 58 2163Ab initio CALCULATIONS OF THE ATOMIC AND . . .
sists of 10 carbon layers separated by 6 Å of vacuum. The
second surface is passivated with hydrogen to allow fo
thinner slab. Only for calculating the absolute value of t
energy of the ideal bulk-terminated step we had to us
symmetric slab. Therefore the accuracy of the absolute
ues of the energies is not as good as the relative en
differences between different configurations. In the@2 1̄ 1̄#
(x) direction perpendicular to the steps we have six elem
tary units ~sixfold rings! and in the@0 1 1̄# (y) direction
parallel to the step we have two unit cells, respectively,
sulting in a (632) cell. Thus, the steps are separated by
surface C-C bond lengths. For the relaxation of the ato
where we allowed the first four layers to relax, differe
starting configurations were used. Due to the symmetry
the forces the relaxation of the bulk-terminated step result
a structure where the terraces are in a (131) structure. In
the following this structure is calledrelaxedstep~or surface!.
As on the flat surface the reconstructed (231) surface is the
stable structure, we also started the relaxation with (231)
reconstructed terraces. This structure is calledreconstructed
step. Energetic, structural, and electronic details are give
the next sections.

FIG. 2. Perspective views of the relaxed~a! and reconstructed
~b! stepped C~111! surfaces. Carbon atoms, large spheres; hydro
atoms, small spheres. Thez axis is oriented along the@111# direc-

tion, they axis along@011̄#, thex axis along@21̄1̄#. The dashed line
in ~a! marks the extent of one supercell.
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In the bulk the interatomic distance isd51.529 Å at the
calculated equilibrium lattice constant ofa053.531 Å. The
experimental value of the lattice constant isa053.567 Å.
This difference is due to the characteristic LDF error.
introduce no stress we used the theoretical lattice cons
for our surface calculations.

B. Definition of step energies

For the characterization of the steps we define two diff
ent energies. The ledge energyEledge5(Etot2Ebulk
2NsurfEflat)/Nstep is the energy of the step whereEtot is the
total energy of the stepped surface,Ebulk is the total energy
of a bulk crystal with the same number of atoms in the co
putational cell,Nsurf is the number of surface atoms,Eflat is
the surface energy per surface atom of a flat surface andNstep
is the number of atoms at the edge of the step. Our (632)
cell has 12 surface atoms and two step atoms, soNsurf512
andNstep52, respectively. For the different stepped surfac
the corresponding values ofEflat have to be taken, i.e., fo
instance, for the bulk-terminated step the surface energy
flat bulk-terminated surface has to be used. The ledge en
is conventionally used to characterize the energy neces
to form a step on an otherwise flat surface. The second
ergy we call step energy and define it asEstep5@Etot2Ebulk
2(Nsurf22Nstep)Eflat#/Nstep. Thus it is the change in the en
ergy of atoms located immediately at the step edge~in our
case these are atoms 1 to 4, cf. Fig. 3 for the labeling of
atoms!, because their surface energy is not subtracted in
calculation of the step energy. The rationale for the definit
of this second energy is that the atoms 1 to 4 do not occ
positions corresponding to a (231) reconstructed or (1
31) relaxed terrace. Therefore, the subtraction of the s
face energy for a flat (231) reconstructed surface for thi
atom does not describe the local changes at the step.

n

FIG. 3. Side view of the relaxed~a! and reconstructed~b!
stepped C~111! surfaces. Interatomic distances are given in Å; t
atom numbers are used for the discussion in the text and o
figures.
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2164 PRB 58G. KERN AND J. HAFNER
energies for the bulk and the flat surfaces were calcula
with similar supercells andk-point settings as for the steppe
surfaces~see Table I!.

C. Brillouin-zone integration

For the Brillouin-zone integrations we used various gr
of Monkhorst-Pack special points,37 together with the
Methfessel-Paxton technique for a smearing of the o
electron energies38 within the finite-temperature LDF
scheme. In the Methfessel-Paxton approach, the step f
tion representing the Fermi-Dirac occupation probability
approximated by an expansion in terms of Hermite poly
mials. In combination with a first-order approximation to t
smearing function, a width ofs50.2 eV has been deter
mined as the optimal choice. For the calculation of the str
tural relaxation a 13331 grid with two irreduciblek points
in the Brillouin zone of our (632) cell seems to be suffi
cient, but for the structural details of the (231) recon-
structed surface a denser 23531 grid with five irreducible
k points is necessary~see discussion in Sec. IV!. The surface
energies and the local densities of state are also calcu
with this denser 23531 grid to improve the resolution o
the spectra.

IV. OPTIMIZATION OF THE SURFACE GEOMETRY

All energies of the stepped surfaces are compiled in Ta
II. We included also the energies calculated with the 133

TABLE I. Surface energies of the flat C~111! surfaces~in eV
per surface site!; calculated with a similar supercell andk-point
settings (k13331 corresponds to the 13331 grid andk23531 to
the 23531 grid, respectively! as the stepped surfaces~cf. text!.
Esurf refers to the absolute surface energy.

Structure Esurf ~eV/atom!

k13331 k23531

(131) ideal 2.683 2.714
(131) relaxed 2.130 2.153
(231) 1.328 1.375
(131):H 22.778 22.772
d

s

-

c-

-

-

ted

le

31 k-point grid to show the convergence with respect to
k-point sampling. Except for the step energy of the reco
structed step all energies are converged within 1%. The
son for the larger error is that the step energy is very se
tive to the surface energy of the flat surfaceEflat . For the flat
C~111!-(231) surface the difference between the surfa
energies calculated with the two differentk-point meshes is
0.05 eV per surface atom.

The step on the~111! surface can also be seen as a ti
~110! facet formed by atoms 1 and 2. So if we subtract t
surface energy of one atom on the bulk-terminated diam
~111! surface@for atom 4, which is on the terrace of ou
~111! slab# from the step energy and divide this by 2 we g
Esurf5(6.7022.71)/252.00 eV. This is in good agreemen
with the surface energy of the bulk-terminated~110! surface
of Esurf52.09 eV.9 The ledge energy of the bulk-terminate
step isEledge51.27 eV.

A. The hydrogenated step

The dangling bonds of the second surface were satur
by hydrogen. Twelve atoms saturate the dangling bond
the @111# direction and two more saturate the extra dangl
bonds on the step atoms 1@there are two in our (632) cell#.
For the structural optimization the hydrogen atoms and
first two layers of carbon atoms were allowed to relax un
the forces were smaller than 0.1 eV/Å. Two carbon layers
enough because the relaxations on the fully hydrogena
diamond~111! and~110! surfaces are very small.7–9 Also the
residual forces in the first four layers of the hydrogena
surface are all smaller than 0.3 eV/Å; most of them a
smaller than 0.15 eV/Å. All C-H bond lengths are 1.11
On the step they are 0.005 Å shorter than on the flat part,
distance between the hydrogen atoms is 1.98 Å. The b
angle between the atom of the third layer, the step atom,
the hydrogen atom is 110°, i.e., close to the tetrahedral va
of 109.5°.

The step energy of the hydrogenated is stepEstep5
28.13 eV. If we again try to estimate the surface energy
the C~110!-(131):H facet we get (28.1312.77)/25
22.68 eV, which is exactly the energy we got for the fl
surface.9 The reason for this perfect agreement is that
ith
tive
was

a free
TABLE II. Energetics of the stepped C~111! surfaces.Etot refers to the energy of the stepped surface w
12 surface and 2 ledge atoms.DEtot is the energy gain by relaxation or reconstruction, respectively, rela
to the bulk-terminated surface. ForEstep the surface energy of the flat surfaces with eight surface atoms
subtracted~see Table I!, so it is the energy of the step atoms 1–4~cf. Fig. 3 and text!. Eledge is the formation
energy for a step~cf. text!. The reference energy for the hydrogen atoms is the spin-polarized energy of
hydrogen atom. The usedk-point grid is indicated byk13331 andk23531, respectively.

Structure Etot DEtot Estep Eledge

~eV/surface! ~eV/surface! ~eV/atoms 1-4! ~eV/step atom!

Bulk terminated k13331 35.04 6.79 1.42
k23531 35.11 6.70 1.27

(131) relaxed k13331 26.43 28.61 4.70 0.44
k23531 26.55 28.57 4.66 0.36

(231) reconstructed k13331 21.55 213.49 5.46 2.81
k23531 21.48 213.63 5.24 2.49

(131):H relaxed k13331 238.78 273.82 28.28 22.72
k23531 238.43 273.55 28.13 22.58
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PRB 58 2165Ab initio CALCULATIONS OF THE ATOMIC AND . . .
structural properties of the C~110!-(131):H surface and the
hydrogenated step are very similar. The ledge energy
Eledge522.58 eV. As we calculate the energies of hydrog
nated surfaces always relative to the spin-polarized free
drogen atoms, this means that if atomic hydrogen is pre
the formation of a step and the adsorption of the atom
hydrogen is anexothermicprocess. For the formation of
step in the presence of molecular H2 we have to add the
binding energy of the H2 molecule to the ledge energy~the
LDA value is 2.45 eV per H atom!, resulting in an ledge
energy of20.13 eV. Thus if the hydrogenated~111! surface
is exposed to atomic hydrogen, a creation of steps and th
fore a roughening of the surface is energetically favorab
whereas with H2 the energy gain of 0.13 eV is probably t
low to overcome the energy barrier. Although we can g
no estimation of the energy barrier, this confirms the exp
mentally observed roughening after the hydrogenation of
clean surface with atomic hydrogen.23

For the following calculations the hydrogen atoms and
carbon atoms of the second surface were kept fixed. All
ergy differences are calculated relative to this slab.

B. The clean relaxed step

Relaxing the slab in a constrained (131) geometry low-
ers the energy of the slab byDEtot528.57 eV. In connec-
tion with the surface energy of the flat relaxed (131) sur-
face, this leads to a step energy ofEstep54.66 eV, which is
2.04 eV less than the step energy for a bulk-terminated
ometry. The relaxation lowers also the ledge energy by 0
eV to Eledge50.36 eV.

The structure of the relaxed step is shown in Fig. 2~a!; the
bond lengths and the numbering of the atoms are displa
in Fig. 3~a!. The first two zigzag rows next to the edge a
relaxed outwards from the flat terrace. The bond length at
step is 1.43 Å. At the step the atoms 1-2-3-4-38-28 ~primed
numbers stand for equivalent sites displaced in they direc-
tion! form twisted sixfold rings, so-calledboats @see Fig.
4~a!#, with bond lengths of 1.43 Å and 1.42 Å in the cant

FIG. 4. Sixfold rings at the surfaces:~a! boat configuration,~b!
chair configuration. The dihedral anglesa1 and a2 are indicated.
The numbers correspond to the atom numbering of Fig. 3.
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part @bonds 1-2(28) and 3(38)-4# and 1.46 Å in the flat part
~bonds 2-3 and 38-28), respectively. The bond angles in th
canted part are 122° between atoms 2-1-28 and 124° be-
tween atoms 3-4-38, respectively. The other bond angles a
117o. The dihedral angles area15158.1° anda25165.1°
@cf. Fig. 4~a!#. Next to the step the atoms 3-4-5-6-58-48 form
chairs @see Fig. 4~b!# with a15161.6o anda25149.2° and
bond angles of 123.1° between the atoms 4-3-48, 119.5°
between the atoms 5-6-58 and between 115.6o and 116.9° on
the other four triplets. The dihedral angles in thechairlike
sixfold rings on the bulk-terminated flat~111! surface are
125.2°; the relaxation of the flat (131) surface increases th
angle to 150.7°. The step energy characterizes theboats,
although the step energy is the energy of atoms 1–4 but
boat consists of two atoms 2 and 3.

Davidson and Pickett25 claimed that the relaxation of th
C~111! step results in a graphitization of the surface with
average bond length of 1.44 Å in the surface plane an
layer spacing between the surface plane and the subsu
plane of 2.04 Å. Although we find that at the step t
nearest-neighbor topology is similar to graphite due to
formation of the graphitic boat~graphite has a bond length o
1.42 Å, bond angles of 120°, and dihedral angles of 18
and the large distance between atoms 3 and 16 of 2.42 Å@cf.
Fig. 3~a!#, the rest of the surface is similar to the flat C~111!-
(131) surface. The average bond length of the flat par
1.46 Å, which is the same as on the flat surface, and
average interlayer distance is 1.71 Å, which is again clos
the value on the flat surface of 1.68 Å.

C. The clean reconstructed step

If the structural optimization is started from flat (231)
reconstructed terraces, this leads to an energy gain ofDEtot
5213.63 eV relative to the bulk-terminated surface. This
5.06 eV lower than the total energy of the relaxed surfa
Due to the much lower surface energy of the flat (231)
surface, the step energy of the reconstructed surface is
eV, which is 0.58 eV higher than on the relaxed surface. T
reason for that is that on the reconstructed surface the at
3 and 4 are further away from the step than on the (131)
surface~see Fig. 3 for the bond lengths!. The bond length
between atoms 2 and 3 is increased to 1.49 Å and there
the step on the (231) surface is under a larger strain, whic
costs energy. The dihedral angles of the boat on the rec
structed step area15165.4° anda25160.6°. Hence relative
to the relaxed step the first angle is increased by 7° and
second is decreased by 5°. Due to the large rearrangem
at the step relative to the (231) reconstructed chains th
ledge energy is as high as 2.49 eV. This is 2.13 eV hig
than on the relaxed step and even 1.22 eV higher than
ledge energy of the bulk-terminated step. On the rec
structed stepped surface the step energy characterizes th
cal bonding at the step better than the ledge energy, bec
the ledge energy assumes that atoms 2 and 4 are re
structed, which is not the case. But if the terrace width on
stepped surface is larger than or equal to 4, the energy
due to the reconstruction: 4@Esurf(231)2$Esurf(131)%
54(2.1521.37)53.12 eV# is larger than the energy loss a
the step. So even with the minimal width of the terraces
four ~then there are eight atoms in the first two layers—fo
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FIG. 5. Layer-resolved total and partia
~angular-momentum decomposed! electronic
density of states of the relaxed~a! and recon-
structed~b! stepped C~111! surfaces. The num-
bers correspond to the numbering convention
Fig. 3. Full line, total DOS; dashed, dotted, an
dash-dotted lines,s-, p-, and d-DOS, respec-
tively. The energy is measured relative to th
Fermi level.
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of them are at the step and the other four are forming
fivefold and one sevenfold ring! the surface will reconstruct
This explains the experimental results of Pate:23 on a rough
surface there is no long-range order that would be neede
observe a (231) pattern, but the electronic structure is th
of a clean reconstructed surface.

The interatomic distances of the reconstructed surface
laxed with the fine 23531 k-point grid are shown in Fig.
3~b!. If we relax only with a 13331 k-point grid the step
and the chains at the surface are dimerized, i.e., there is
a relaxation in they direction. The dimerization varies be
tween 1.2% at the step and 6.1% in the middle of the terra
This dimerization is almost completely removed by the
laxation with the fine grid. Therefore to calculate the ex
structural details of the reconstructed surface the numbe
k points is very crucial. Only a fully converged calculatio
can give the correct results. Thek-point dependency is the
same as on the flat surface.7

A difference between the flat and the stepped surface
the buckling along the chains. On the stepped surface it
ies between 0.01 Å at the chain 7-8 and 0.04 Å at the ch
11-12 @see Fig. 3~b! for the numbering of the atoms#. The
chain at the step~atoms 3-4! is buckled by 0.07 Å. This
buckling is lower than the experimental result of 0.3 Å r
ported by Huismanet al.,21,22 but higher than on the flat sur
e
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face. There is also a buckling between the chains of 0.15
The buckling is not affected by thek-points sampling.

V. ELECTRONIC PROPERTIES

For the determination of the local density of stat
~LDOS! the eigenstates given in a plane-wave basis mus
projected onto a local basis. This was done by projecting
individual plane-wave components onto the spherical wa
within the atomic spheres drawn around each atomic s
The radius of the spheres is chosen such that the sum o
local density of states reproduces the total density of st
~slightly larger than the Wigner-Seitz radius!. Details of the
projection technique are described in the paper by Eich
et al.39 As the number ofk points for the determination o
the LDOS with the 23531 grid is not very high, we use a
large Gaussian smearing of the eigenstates of 0.8 eV.

At the step~atoms 1 and 2! the density of states of the
relaxed and the reconstructed surface~Fig. 5! are quite dif-
ferent. The LDOS of atom 1 of the relaxed (131) surface
@see Fig. 5~a!# is very similar to that of the C~110! surface9

~although on the flat surface we have used a much de
k-point grid!, whereas on the reconstructed (231) surface
the LDOS of atom 1 is sharply peaked at the Fermi level@see
Fig. 5~b!#. This difference reflects the geometrical diffe
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ences of the two surfaces. Atoms 3 and 4 of both surfaces
relatively similar in geometrical and electronic concerns.

On the terraces of the relaxed (131) and the recon-
structed (231) surfaces~atoms 6 and 7, respectively! the
LDOS are just like the corresponding ones on the flat s
faces. The atoms 16 on both surfaces have a high peak a
Fermi level. The reason is that these atoms have only th
nearest neighbors and are therefore like the surface atom
a flat (131) surface.

Figure 6 shows the total valence-charge distribution cl
to the step. The contour plot drawn in a plane perpendic
to the surface@Fig. 6~a!# displays very clearly the charg
accumulation in chains of nearest-neighbor bonds in
bulklike regions, the reorientation of the surface-bonds at
flat terraces due to the (231) reconstruction, and the break
ing of the nearest-neighbor bonds inside the edge of the s
A contour plot in a plane parallel to the surface@Fig. 6~b!#
shows the bond charges associated with thep-bonded Pan-
dey chains on the flat part of the terraces~atoms 7-8!, distri-
butions associated with the boat at the upper level of the
~atoms 1-2-3-4-38-28), and with the flattened chair at th
lower edge of the step~atoms 11 to 14!.

Electronic surface states associated with the step are
lyzed in Figs. 7–9. Figure 7 shows the charge densities
several eigenstates with dangling-bond character distrib
around the Fermi level. Part~a! shows thepz-like dangling
bonds belonging to atom 1 and 4, which are part of
graphitic boat at the upper edge of the step. These state
not too different from the dangling-bond states localized
the flat part of the terraces@atoms 7 and 11, see part~b!#.
Similar dangling-bond states at essentially the same en
have also been identified on the flat reconstructed C~111!-

FIG. 6. Total charge density of the reconstructed stepped C~111!
surface: ~a! shown in a plane perpendicular to the surface,~b!
shown in a plane parallel to the surface marked in~a! with the
dashed line. The shading of the atoms corresponds to the distan
the atoms to the plane. Lighter shading means larger distance.
numbers of the atoms correspond to the numbering conventio
Fig. 3. The contour intervals are 0.4 electrons per Å3.
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(231) surface.7 Immediately at and slightly above th
Fermi energy we find states with a strong dangling-bo
character inside the step, located on the threefold
coordinated atom 16@see Figs. 7~c! and ~d!#.

Figure 8 shows bonding~a! and antibonding~b! ppp
states localized on the graphitic boat~atoms 2 and 3!. These
states are similar to theppp-surface states on the~110! sur-
face located within the bulk gap. However, at the step e
the bonding-antibonding splitting is now much larger, pla
ing the bonding and antibonding surface states close to
LDOS peaks at23.5 eV and12.0 eV. States contributing to
the Pandey chains on the reconstructed terraces are
shown in Fig. 9 in a plane parallel to the surface. These st
fall close to thep-like maximum of the bulk DOS and show
therefore a strong coupling to bulk states.

VI. DISCUSSION AND CONCLUSIONS

We have performedab initio local-density-functional in-
vestigations of the formation of steps on clean and hydro
nated C~111! surfaces. Our results show that as for the fl
C~111! surface the atomic structure is dominated by a

of
he
of

FIG. 7. Charge densities of the surface states in a plane per
dicular to the surface on the reconstructed stepped C~111! surface at
G and ~a! E520.70 eV,~b! E520.33 eV,~c! E520.09 eV,~d!
E50.24 eV. The contour intervals are 0.04 electrons per Å3 ~cf.
Fig. 6!.
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31) reconstruction of the flat terraces on both sides of
step edge as long as the terraces extend over at leas
zigzag rows of surface atoms running parallel to the step~a
terrace width of four interatomic distances!. In this case the
gain in surface energy due to reconstruction overcomp
sates the higher energetic cost for step formation on the
constructed surface. For a higher step density, howeve
relaxed (131) geometry of the surface is stabilized. Clo
to the step edge, the bonding between the topmost bilaye
broken and the atoms in the upper bilayer assume a m
graphitic arrangement. Our result that graphitization is
stricted to the immediate environment of the step is in c
tradiction to the prediction of Davidson and Pickett~based
on tight-binding calculations! ~Ref. 25! that the step forma-
tion will induce a complete graphitization of the C~111! sur-
face.

Hydrogenation stabilizes again a (131) geometry of the
surface. At the upper edge of the step the C atom in
second layer has also a dangling bonds. Due to the ads
tion of an extra H atom for this C-ledge atom, step format
is now an exothermic process. The ledge energy of22.58
eV is now higher than the binding energy of hydrogen in

FIG. 8. Charge densities of the surface states in a plane per
dicular to the surface on the reconstructed stepped C~111! surface at
G and~a! E523.38 eV,~b! E51.74 eV. The contour intervals ar
0.04 electrons per Å3 ~cf. Fig. 6!.
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H2 molecule~2.45 eV/H atom!. Hence, even the dissociativ
adsorption of H2 on a flat C~111!-(231) surface could in
principle induce a roughening of the surfaces. However,
demonstrated in Ref. 7, H adsorption initially leads to t
formation of a metastable (231):H surface. Dereconstruc
tion to the stable (131):H surface is associated with a ba
rier of about 2 eV per atom and hence will occur only if th
surface is exposed to atomic hydrogen. Further hydrogen
sorption is an exothermic process since the energy gaine
forming an extra C-H bond at the edge is higher than
step-formation energy. However, only on adsorption
atomic hydrogen will the energy difference be high enou
to overcome an eventual barrier~not calculated!. Therefore,
only atomic H will induce step formation on the C~111! sur-
face as observed by Pate.23

The electronic structure of the stepped surface has b
studied in detail. We find that the existence of a step indu
extra intensity in the bulk gap arising from dangling bo
states localized at the edge atoms and immediately below
graphitic part of the upper terrace.

Whether the graphitization observed at the step-edge
also facilitate a temperature-induced graphitization of the
tire C~111! surface is now the subject of intenseab initio
molecular dynamics studies.40 The calculated step geom
etries will also be useful for a more detailed analysis of mo
els for CVD growth.
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FIG. 9. Charge densities of the surface states in a plane par
to the surface on the reconstructed stepped C~111! surface atG and
~a! E525.67 eV,~b! E525.92 eV. The contour intervals are 0.0
electrons per Å3 ~cf. Fig. 6!.
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