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Ab initio calculations of the atomic and electronic structure of clean
and hydrogenated diamond„110… surfaces

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 8 April 1997!

We presentab initio local-density-functional calculations of the electronic structure of clean and hydroge-
nated diamond~110! surfaces. The clean surface relaxes to a structure where the chains in the first two planes
are straightened so that the interatomic distances are shortened and the bond angles are increased. Upon
relaxation the surface remains flat and no dimerization occurs. The dangling bonds lead to surface states within
the bulk gap. The surface is metallic, but with a very low density of states at the Fermi level. After the
deposition of a monolayer of hydrogen, which saturates all dangling bonds, the surface relaxes back to an
almost bulk-terminated structure. The occupied surface states are removed from the gap and the surface
becomes semiconducting. We also compare the C~110! surface with the other two low-index diamond surfaces.
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I. INTRODUCTION

The fact that diamond is a very promising material f
future applications stimulated many research efforts. The
velopment of chemical vapor deposition~CVD! processes
for diamond growth has further increased the interest in
structural and electronic properties of the low-index faces
diamond. As we have already studied the diamond~100!
~Refs. 1–3! and the diamond~111! ~Refs. 4–6! surfaces, we
now present our results for the diamond~110! surface.
C~110! is the least studied surface among the low-ind
faces of diamond. The C~110! surface is not only importan
for the growth of~110! surfaces. At steps on~111! and~100!
surfaces facets with~110! orientation appear and play a
important role in the model of layer-by-layer growth.7 For
these reasons, an understanding of the structural and
tronic properties of the C~110! surface is important for an
improvement of the quality and growth rate of CVD pr
cesses.

Lurie and Wilson8 examined the C~110! surface with low-
energy electron diffraction~LEED! and found a (131) dif-
fraction pattern. Unlike the~111! and ~100! surfaces there
were no changes after annealing of the surface. Thus a
construction can be excluded by LEED. Pate9 showed with
photon-stimulated ion desorption that heating over 1300
removes most of the hydrogen from the surface. Photoem
sion experiments by Pepper10 find changes in the electroni
structure after annealing of the surface. He associated
with the desorption of hydrogen. McGonigalet al.11 studied
the C~110! surface with infrared spectroscopy and found
single frequency for the C-H stretching mode. They co
cluded that the hydrogen saturated C~110! surface is mono-
hydride terminated. They also showed that atomic hydro
is needed to saturate the dangling bonds of the clean sur
For molecular H2 they found no changes in their spectr
Recent ultraviolet photoelectron spectroscopy~UPS! experi-
ments from Franczet al.12 showed an increase of electron
states around 3 and 13 eV below the valence-band maxim
560163-1829/97/56~7!/4203~8!/$10.00
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~VBM ! after annealing of the C~110! surface. Nemanich
Baumann, and van der Weide13 demonstrated that hydroge
termination can introduce a negative electron affinity on
C~110! surface.

Davidson and Pickett14 studied the~110! surface using a
semiempirical tight-binding method. They predicted dime
ized clean and hydrogenated surfaces. With a non-s
consistentab initio approach, Alfonso, Drabold, and Ulloa15

proposed a symmetric but buckled clean, and a flat hydro
nated~110! surface. Due to these geometric differences th
also obtained different results for the electronic structure
this paper we examine the structural and electronic prope
of the clean and hydrogen-covered diamond~110! surfaces
using self-consistentab initio local-density-functional~LDF!
techniques.

II. THEORY

For our calculations we used the Viennaab initio simula-
tion package~VASP!,16,17 which is based on the following
principles:

~1! We use the finite-temperature version of LDF theory18

developed by Mermin,19 with the exchange-correlation func
tional given by Ceperley and Alder as parametrized by P
dew and Zunger.20 Finite-temperature LDF theory introduce
a smearing of the one-electron levels and helps to solve c
vergence problems arising from using a small set ofkW points
for Brillouin-zone integrations, the use of fractional occ
pancies eliminates all instabilities that can arise from a cro
ing of levels in the vicinity of the Fermi energy. The varia
tional quantity in finite-temperature LDF theory is th
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! for the one-electron energies.17,21

~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 potentia22
4203 © 1997 The American Physical Society
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4204 56G. KERN AND J. HAFNER
We have found that the sequential band-by-band algori
combined with an efficient mixing algorithm is considerab
faster than conjugate-gradient~CG! algorithms attempting a
direct minimization of the energy by treating all ban
simultaneously.17

~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.23,24 The nonlocal
contributions are calculated in real space, using the o
mized projectors introduced by King-Smith, Payne, a
Lin.25 Details of the pseudopotentials with a cutoff energy
Ecut5 270 eV are given in Refs. 4 and 26.

III. COMPUTATIONAL ASPECTS OF THE MODELING
OF THE C „110… SURFACE

In our calculations we represented the C~110! surface by
periodically repeated symmetric and asymmetric~second
surface hydrogen terminated! slabs of varying thickness in
(231) surface cell. We found that for the geometrical rela
ations a slab of 12 carbon layers is sufficient, but for accu
absolute energies a 16-layer slab is necessary~relative sur-
face energies are converged to 1 meV with a 12-layer sl!.
Six layers were allowed to relax. This is enough because
fifth and the sixth layer practically retain their positions. T
slabs are separated by a vacuum region of 6 layers, co
sponding to 9 Å for the clean and 7 Å for the symmet
hydrogenated slab, respectively. Increasing the width of
vacuum to 10 layers leads to an increase in the total en
of only 12 meV, but no changes in relative surface energ
or structural changes were observed.

For the Brillouin-zone integrations we used various gr
of Monkhorst-Pack special points,27 together with the
Methfessel-Paxton technique for a smearing of the o
electron energies28 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 ofs5 0.1 eV has been deter
mined as the optimal choice. For the structural relaxatio
43631 grid with 4 irreduciblekW points is sufficient. The
surface energies are calculated using a 731131 grid with
24 irreduciblekW points and the linear tetrahedron method29

including the corrections proposed by Blo¨chl, Jepsen, and
Andersen.30 To get better results for the energies we turn
off the real-space projection@see Sec. II, principle~6!#.
These provisions reduce the error of the absolute energy
to the Brillouin-zone integration to< 5 meV.

The symmetric and asymmetric slabs did not show diff
ences in either the structural relaxations or the band st
tures. The difference in the relaxation energy of the cle
surface is 4 meV. Hence we arrive at the following stand
setting for the calculation of the total energy~with an esti-
mated error in the absolute and relative surface energie
< 20 and< 5 meV, respectively! and equilibrium geometry
of the surface: (231) surface cell, 16 layers in the slab~i.e.,
m
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32 atoms in the cells representing the clean surfaces, 36
the hydrogenated surfaces!, 6 layers are allowed to relax,
layers of vacuum separating the repeated slabs, (43631)
Monkhorst-Pack grid, Methfessel-Paxton smearing of fi
order with s5 0.1 eV. The total energy and the electron
density of states were calculated with a 731131 grid and
the linear tetrahedron method at fixed geometries.

IV. OPTIMIZATION OF THE SURFACE GEOMETRY

In the following we describe the changes in the surfa
geometry of the clean and the hydrogenated surfaces d
mined by an optimization of the atomic geometry in
(231) surface cell. We carefully checked for possible r
constructions proposed by other groups, i.e., dimerization
the surface bonds14 or buckling of the surface.15 In the bulk
the interatomic distance isd51.529 Å at the calculated
equilibrium lattice constant ofa053.531 Å. The experimen-
tal value of the lattice constant isa053.567 Å. This differ-
ence is due to the characteristic LDF error. To introduce
stress we used the theoretical lattice constant for our sur
calculations.

A. Clean surface

For the clean bulk-terminated C~110! surface we calculate
a cleavage energy ofEsurf5 2.089 eV per atom. This is the
lowest value of the three low-index faces. The other diamo
surface with one dangling bond~1db! per atom, the 1db
C~111! surface, has a 0.66 eV higher cleavage energy.4

Relaxing the slab lowers the surface energy
Erel520.429 eV per atom toEsurf51.660 eV per atom.
Compared to the C~111! surface the relaxation energy is re
duced by 0.15 eV. Upon relaxation, the surface layer mo
inward by20.17 Å, the first subsurface layer moves outwa
by 0.03 Å. The atoms of the first two layers move also in t
@001# direction in such a way that the chains in the planes
straightened and the interatomic distances are shortened~see
Table I!. The resulting bond length in the first layer is 1.4
Å ( 27% relative to the bulk value! and in the second laye
1.49 Å (22.5%!. The bond angles are increased to 12
and 114° in the surface and the subsurface lay
respectively. Hence the character of the bonds in the sur
changes from sp3 bonded diamond (d51.53 Å,
u5109.5°! to sp2 bonded graphite (d51.43 Å, u5120°!.
The bond lengths between the first and the second~the sec-
ond and the third! layer are decreased~increased! by 0.06
Å ~0.05 Å!. All other relaxations are< 0.01 Å. The relaxed
C~110! surface is shown in Fig. 1~a!.

We then tried to produce a (231) reconstruction by start
ing with dimerized and buckled surfaces and relaxed them
their ground state. We used also denserkW -point grids, some
centered on theG point so that they contained grid points o
the Brillouin-zone boundary. However, each surface rela
back to the symmetric, flat (131) structure. This is in uni-
son with the LEED experiments from Lurie and Wilson,8 but
in contrast to the calculations of Davidson and Pickett14 and
Alfonso, Drabold, and Ulloa.15 The tight-binding calculation
of Davidson and Pickett gave a dimerization of 0.8% in t
surface layer and also dimerization in each layer down to
fifth between 0.5 and 0.7%. The fact that there should be
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56 4205AB INITIO CALCULATIONS OF THE ATOMIC AND . . .
almost constant dimerization in the first five layers is a lit
bit astonishing. The non-self-consistent calculations of
fonso, Drabold, and Ulloa predict a strongly buckl
(Dz50.14 Å! surface. We also note that the non-se
consistent calculation leads to a large value for the bulk b
length of 1.57 Å, in marked contrast to the well-known te
dency of the LDF to underestimate rather than to overe
mate the bond length and to the accurate prediction der
from our self-consistent calculations.

B. Hydrogenated surface

After the deposition of a monolayer of hydrogen, whi
saturates all dangling bonds, the surface relaxes back t
almost bulk-terminated structure. Compared to this struct
the atoms of the first layer move by 0.02 Å inward and
0.02 Å in the@001# direction. All other relaxations relative

TABLE I. Structural properties of the relaxed C~110! surfaces.
di j is the bond length between the carbon atoms of thei th and j th
layers,dH1 is the distance between the hydrogen and the car
atom of the first layer. The value in parentheses is the change o
bond length relative to the bulk bond length of 1.529 Å. The ang
u i refer to the bond angles between atoms of thei th layer ~chain
angle!, while uH1n̂ is the angle between the H bond and the norm
to the surface.Dxi andDzi are the relaxations of the atomic pos
tions in x ~@001#! and z direction ~@110#! of the i th layer, respec-
tively.

C~110! C~110!:H

d11 ~Å! 1.419 (27.2%! 1.508 (21.4%!

d12 ~Å! 1.467 (24.1%! 1.520 (20.6%!

d22 ~Å! 1.490 (22.6%! 1.526 (20.2%!

d23 ~Å! 1.576 (13.1%! 1.533 (10.2%!

d33 ~Å! 1.526 (20.2%! 1.530 (10.0%!

d34 ~Å! 1.528 (20.1%! 1.529 (20.0%!

dH1 ~Å! 1.106
u1 ~deg! 123.3 111.8
u2 ~deg! 113.8 109.8
uH1n̂ ~deg! 33.5
Dx1 ~Å! 60.10 60.02
Dz1 ~Å! 20.17 20.02
Dx2 ~Å! 60.03 60.00
Dz2 ~Å! 10.03 10.00

FIG. 1. Perspective views of the relaxed clean~a! and hydroge-
nated~b! C~110! surfaces. Carbon atoms: large spheres; hydro
atoms: small spheres. Thez axis is oriented along the@110# direc-
tion, they axis along@110#, thex axis along@001#.
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to the bulk-terminated surface are<0.005 Å. The C–H bond
length is 1.11 Å, the bond forms an angle of 33.5° with t
surface normal. In the surface chain the bond length is
creased from 1.43 Å on the clean relaxed surface to 1
Å by the hydrogenation. The bond angle decreases to 1
Thus by saturating the dangling bonds with hydrogen,
surface is much more diamondlike than the clean rela
surface. The bond length between the first and the sec
layer is d1251.52 Å. All other C–C distances are withi
60.005 Å equal to the bulk interatomic distances~see Table
I!.

The surface energyEsurf522.677 eV per atom is 4.34 eV
lower than the surface energy of the clean relaxed C~110!
surface~see Table II!. Because the adsorption energyEad5
4.34 eV per atom is larger than the molecular binding ene
per atom of the hydrogen molecule@E(H2)52.45 eV/atom
within the LDF#, a dissociative adsorption of H2 on the
C~110! surface should be possible, unless there is a la
barrier in the entrance channel.

V. ELECTRONIC PROPERTIES

For the determination of electronic surface states
eigenstates given in a plane-wave basis must be proje
onto a local basis. This can be done by projecting the in
vidual 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
Hafner, Furthmu¨ller, and Kresse.31

For the symmetric 16-layer slabs we define a surface s
as a state whose intensity is concentrated to more than
on the first two layers on each side. For the hydrogena
surface the intensities of the hydrogen atoms are added to
surface carbon intensities. To visualize the degree of lo
ization of a surface state we use three different degree
shading to represent states that are localized to more tha
80, and 90% on the surface, darker shading correspondin
stronger localization~see Figs. 2 and 6!. Calculations of the
asymmetric slabs gave very similar results.

A. Clean surface

Figure 2 shows the dispersion relations of the electro
surface states for the clean relaxed C~110! surface. We
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l

n

TABLE II. Energetics of the clean and hydrogenated C~110!
surfaces~in eV per surface site!. Esurf refers to the absolute surfac
energy per atom. The surface energy is measured relative to
total energy ofN C atoms in bulk diamond (N denotes the numbe
of atoms in the slab!. For the hydrogenated surface, the sp
polarized energy of the free hydrogen atoms has been taken
account.Erel is the relaxation energy relative to the bulk-terminat
surface. The adsorption energyEad measures the energy gained b
adsorbing a free H atom on the clean, relaxed C~110! surface.

Structure Esurf Erel Ead

C~110! ideal 2.089
C~110! relaxed 1.660 20.429
C~110!:H 22.677 24.765 24.337
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4206 56G. KERN AND J. HAFNER
choose a (231) surface Brillouin zone~SBZ! to make it
easier to compare to the band structure of the other diam
surfaces and also to other calculations, although the c
C~110! surface shows no reconstruction. The SBZ’s of t
(131) and (231) cells can be seen in Fig. 3.

The dangling bonds lead to two bands, which are situa
within the bulk gap. AlongG J the antibondingpz surface
state has a large dispersion of 3.4 eV and crosses the F
level shortly beforeJ̄ . The bonding surface state that has
ppp character disperses downward fromJ̄ and merges with
the bulk bands half-way alongGJ. The two bands that are
both antibondingpz states are degenerate alongJK ~perpen-
dicular to the surface chains!, where they cross the Ferm
level in the middle of this line. Rather intense surface sta
with an only modest bonding-antibonding splitting are fou
alongKJ8. In Fig. 4 the nature of the surface states atJ8 in
the bulk gap is analyzed. The highest occupied state con

FIG. 2. Dispersion relations of electronic surface states on
clean C~110! surface. Surface states are represented by fi
circles, the three different degrees of shading indicate that the s
are localized to more than 70%, 80%, and 90% on the upper
surface layers. Darker shading means stronger localization.

shaded areas represent the bulk bands projected with 11kW z values
onto the (231) surface Brillouin zone~see Fig. 3!. Energies are
given relative to the Fermi energy.

FIG. 3. Surface Brillouin zones of the (131) and (231) dia-
mond ~110! surface.
nd
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utes to the bonding of the surface chains (pz tilted away from
the surface normal!, whereas the lowest unoccupied state h
a ppp* character@see Figs. 4~a! and 4~b!, respectively#. The
surface state atJ8 andE525.5 eV is a strongs bond.

The surface is metallic, but with a very low density
states at the Fermi level. This can be seen in Fig. 5, wh
the layer-resolved partial density of states~DOS! for the five
top layers of the clean C~110! surface is shown. The surface
related DOS in the gap shows a distinct bonding-antibond
splitting and decreases constantly from the surface to
fifth layer, where only some small features remain. At t
valence-band minimum states are removed in the sur
layer. For the subsurface layers we find only a relative m
est change in the density of states of the valence band.

B. Hydrogenated surface

Hydrogen saturation of the dangling bonds removes
occupied surface states from the gap~see Fig. 6!. The surface
becomes semiconducting with a direct gap atḠ of 2 eV.
Only aroundJ8 could we identify a weakly localized occu
pied surface state split from the valence band; atJ̄ we find a
very weak surface state atE526.2 eV. Figure 7 shows the
charge distribution of the surface state atJ8 and E522.5
eV. After the saturation of the dangling bonds only a we
pps bond along the chains remains.

The small intensity of surface states can also be see
the layer-resolved partial densities of states~Fig. 8!. Only in
the surface layer we find a certain tendency to a narrowing
the valence band. The empty antibonding states in the
come practically also only from the first layer.

C. Comparison with photoelectron spectroscopy

To compare with the photoelectron spectra of Fran
et al.12 we calculated the local DOS of the first four layers
the clean and the hydrogenated surfaces~i.e., we assume an
escape depth of the photoelectrons corresponding to four

e
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FIG. 4. Charge densities of the clean C~110! surface:~a! highest
occupied state atJ8 (E520.5 eV!, ~b! lowest unoccupied state a
J8 (E50.6 eV!. The densities are shown in a plane perpendicula
the surface and containing one bond of the surface chain. Con
intervals are 0.1 electrons per Å3 for the partial charge densities.
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56 4207AB INITIO CALCULATIONS OF THE ATOMIC AND . . .
ers!. The spectra are aligned such that the position of
peak close to 11.6 eV binding energy characteristic for
sp3-like bulk DOS agrees for the clean and hydrogena
samples. Energies are measured relative to the VBM of
hydrogen-saturated surface. Figure 9 shows that the c

FIG. 5. Layer-resolved total and partial~angular-momentum de
composed! electronic density of states of the clean C~110! surface.
S stands for the surface layer,S1, S2, etc. for the subsurface layer
The density of states of bulk diamond (B) ~calculated with

15315315 kW points and a primitive diamond cell! is shown for
comparison. Full line: total DOS; dashed, dotted, and dash-do
lines: s, p, andd DOS, respectively. The energy is measured re
tive to the Fermi level.
e
e
d
e
an

surface has a higher intensity between the Fermi energ
the clean surface atE50.5 eV ~the Fermi energy of the
hydrogenated surface lies in the middle of the gap
E51.0 eV! andE521.0 eV. This intensity comes from th
surface states in the bulk gap. FromE521.0 eV down to
the first peak of the DOS atE525 eV the intensity of the
hydrogenated surface lies higher than the one of the c
surface. At higher binding energy both intensities are alm
identical. This is in good agreement with the theoretical
well as experimental results for the other diamond surfac
the surface related intensity is concentrated close to
Fermi level for the clean surface and shifted to binding e
ergies of 22 to 27 eV upon hydrogenation, while th

d
-

FIG. 6. Dispersion relations of electronic surface states on
C~110!:H surface. Cf. Fig. 2.

FIG. 7. Charge distribution of the surface state atJ8 (E522.5
eV! for the C~110!:H surface. The density is shown in a plan
perpendicular to the surface and containing one bond of the sur
chain. Contour intervals are 0.1 electrons per Å3 for the partial
charge density.
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4208 56G. KERN AND J. HAFNER
deeper lying states are essentially bulklike and unaffected
the surface coverage~cf. Refs. 2, 4, and 5!. These results are
however, in contrast to the experiments of Franczet al.,12

which showed an increase of the photoemission inten
around 23 and 213 eV below the VBM after annealing
~i.e., dehydrogenation! of the C~110! surface. The peak a
23 eV would suggest that the surface states associated

FIG. 8. Layer-resolved total and partial~angular-momentum de
composed! electronic density of states of the C~110!:H surface. Cf.
Fig. 5.
y

ty

ith

the dangling bonds are located at higher binding energy
possible explanation of the shift could be a broken symme
on the clean surface~e.g., dimerization or buckling!. Since
our self-consistent calculations show that the ideally
~110! surface has a (131) structure such reconstruction
@which were also not seen in LEED~Ref. 8!# could be due to
imperfections of the surface, such as roughness, defects
steps. An alternative explanation could be that electro
many-particle effects lift the degeneracy of the surface sta
alongJK and lead to an increased bonding-antibonding sp
ting throughout the entire surface Brillouin zone. Similar e
fects have been discussed for the C~111! surface.4 However,
the work of Kress, Fiedler, and Bechstedt32 shows that cur-
rent many-particle theories predict consistently smaller s
face gaps than observed experimentally. For the C~110! sur-
face the quasiparticle gap would have to be even large
achieve agreement with the data of Franczet al.12

Another intriguing feature is the strong variation of th
DOS at higher binding energies induced by the anneal
which was not reported for the other low-index surfaces. T
peak at213 eV is close to the energetic position of thep
states of graphite. However, a possible graphitization of
surface was called in question by Franczet al.12 Our calcu-
lations also show no evidence for surface-induced state
this energy on the clean surface. Further investigations
needed to clarify the discrepancies between theory and
periment in the photoelectron spectra.

D. Negative electron affinity

The electron affinity is defined as the energy required
remove an electron from the conduction-band minimum t
distance far away from the surface. Hence it is the ene
difference between the vacuum level and the conducti
band minimum. If the vacuum level lies below th
conduction-band minimum, no energy barrier prevents lo
energy electrons from escaping into the vacuum. In this c

FIG. 9. Total electronic density of states in the top four layers
a clean~full line! and a hydrogenated~dashed line! C~110! surface
relative to the valence-band maximum. The positions of the Fe
levels are indicated by the lettersFC andFH for the clean and the
hydrogenated surfaces, respectively. Cf. text.
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56 4209AB INITIO CALCULATIONS OF THE ATOMIC AND . . .
the surface has a negative electron affinity~NEA!. Neman-
ich, Baumann, and van der Weide13 showed that hydrogen
termination can induce NEA on all low-index diamond su
faces, whereas clean or oxygen-terminated surfaces exh
positive electron affinity~PEA!. We have been able to sho
thatab initio calculations~properly corrected for the error in
the LDF gap! allow for a correct prediction of the NEA on
C~100! ~Ref. 2! and on C~111!.4 Our results for the plane
averaged self-consistent potential along the@110# direction
through the relaxed clean and hydrogenated slabs are sh
in Fig. 10. For these calculations we used slabs with
layers of vacuum to get a better convergence of the pote
in the vacuum region. Relative to the valence-band ma
mum we mark the valence- and conduction-band minim
However, we have to use the experimental value for the
tical gap of 5.47 eV and not the too low LDF predictio
This is legitimate because the self-consistent potential
pends only on the ground-state properties, which are
rectly treated within the LDF. We find a pronounced NEA
2.4 eV for the hydrogen saturated C~110! surface, whereas

FIG. 10. Calculated plane-averaged self-consistent potential
the clean C~110! ~full line! and the hydrogen-covered C~110!:H
~broken line! surfaces. The positions of the valence-band minim
and of the conduction-band minimum relative to the valence-b
maximum are indicated.
it a

wn
0
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the clean surface exhibit a PEA of 0.9 eV. The difference
to be attributed to the lowering of the potential barrier at t
surface by the weaker dipole layer on the hydrogenated
face. This comes from the saturation of the dangling bo
with hydrogen. Compared to the~100!:H and ~111!:H sur-
faces, the hydrogenated~110! shows the largest NEA of the
low-index diamond surfaces. All three low-index surfac
have in common that the clean surfaces exhibits a PEA
after hydrogenation they develop a NEA. This is in perfe
agreement with the experiments of Nemanich, Baumann,
van der Weide.13

VI. DISCUSSION AND CONCLUSIONS

This paper completes our investigations of the structu
and electronic properties of the low-index surfaces of d
mond. Table III compiles the results for the surface, rela
ation, adsorption, etc. energies. The C~110! surface has the
lowest cleavage energy. On the C~111! 1db surface where
also only one bond per surface atom has to be broken,
cleavage energy is 0.66 eV higher. This shows that, as
ready emphasized in Ref. 5, simple bond-scission argum
are not appropriate for a reliable estimation of the cleav
energies. For the 1db C~111! and C~110! even a simple re-
laxation of the surface layer reduces the surface energy b
important amount, whereas for the multiple-dangling s
faces a relaxation is energetically quite ineffective. A reco
struction reduces the energies of the C~100! and C~111! sur-
faces by almost 50% so that finally the reconstructed C~111!
1db surface has the lowest energy and that the C~100! 2db
surface is only 0.46 eV/atom higher in energy than t
C~110! surface~which is stable in an unreconstructed stat!,
in spite of a much larger cleavage energy.

Hydrogen adsorption energies are sufficiently higher
all three surfaces to allow for a dissociative adsorption
molecular hydrogen. However, the potential-energy surf
for the dissociative adsorption remains to be explored. U
like for many metallic surfaces, the adsorbate-induced rec
struction~or rather dereconstruction! cannot be neglected fo
the diamond surfaces — with the exception of the C~110!
surface.

or

d

gling

he stable
TABLE III. Energetics of the low-index diamond surfaces~in eV per surface site!. Esurf refers to the
absolute surface energy.Erel is the relaxation energy relative to the cleavage energy. The number of dan
bonds~db! is indicated.

Structure C~110! 1db C~100! 2dba C~111! 1dbb C~111! 3dbc

Esurf Erel Esurf Erel Esurf Erel Esurf Erel

(131) ideal 2.09 3.89 2.75 4.65
(131) relaxed 1.66 20.43 3.63 20.26 2.18 20.57 4.63 20.02
(231) reconstructed 2.12 21.77 1.35 21.40 2.69 21.96
Hydrogenated 22.68 24.77 22.42 26.31 22.80 25.55 22.40 27.05
H adsorption energyd 24.34 24.54 24.15 25.10
structure of H surface (131):H (231):H (131):H (231):H

aFrom Ref. 2.
bFrom Ref. 4.
cFrom Ref. 5.
dThe H adsorption energy is defined as the energy difference between the hydrogenated surface and t
clean surface.
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The governing principle of the reconstruction of all thr
surfaces is the saturation of the dangling bonds. On
C~100! surface this is achieved by the formation of rows
p-bonded dimers with a bond length ofd51.37 Å compa-
rable to that of a C5C double bond in a hydrocarbon mo
ecule. On the C~110! and C~111! ~both 1db and 3db! this
leads to the formation ofp-bonded chains with bond length
of d;1.43 Å comparable to those in graphite. The import
difference is that for the C~110! surface chain formation is
compatible with the topology of the underlying lattic
whereas on the C~111! surface the six-ring topology of th
ideal diamond structure has to be replaced by alterna
five- and seven-membered rings.4,5

The electronic properties of all three surfaces are cha
terized by the existence of dangling-bond surface state
the bulk gap and their saturation~or partly saturation! by
hydrogenation. For the clean surfaces metallic behavio
ire

hy

.

e
f

t

g

c-
in

is

predicted for the C~110! and C~111!, but not on the C~100!
surface.2 For the C~111! surface electron energy-los
spectroscopy experiments33 demonstrate the existence of
surface gap of 1 to 2 eV; for the C~110! surface no investi-
gations of the empty surface states have been reported
the agreement between theory and the available photoe
sion data could only be improved by a larger bondin
antibonding splitting of the surface states. However, it a
pears that current quasiparticle theories cannot predict g
of a width suggested by the experimental data.
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