
PHYSICAL REVIEW B 15 FEBRUARY 1997-IIVOLUME 55, NUMBER 8
Atomic and electronic structure of the diamond „100… surface:
Reconstructions and rearrangements at high hydrogen coverage

M. D. Winn,* M. Rassinger, and J. Hafner
Institut für Theoretische Physik, Technische Universita¨t Wien, Wiedner Hauptstrabe 8-10, A-1040 Wien, Austria

~Received 25 July 1996!

The atomic and electronic structure of the diamond~100! surface has been investigated theoretically via a
semiempirical tight-binding model for a range of hydrogen coverages. Model parameters for C-C interactions
have been taken from the work of Goodwin@J. Phys. Condens. Matter3, 3869~1993!#, while new parameter
sets have been determined for C-H and H-H interactions. The model gives results for the clean and monohy-
drogenated surfaces in good agreement with previous studies, but different features have been identified for
higher H coverages. When the H coverage is sufficiently high, the substrate lattice is found to distort in order
to reduce steric repulsions between dihydride units. As an important example, we obtain two structures for the
dihydrogenated surface that are significantly more stable than those proposed previously. For H coverages
intermediate between the monohydrogenated and dihydrogenated surfaces, stable geometries consisting of
monohydrogenated dimer units and dihydride units are found. In contrast, geometries that include isolated
monohydride units, such as have been previously investigated, are found to be thermodynamically and kineti-
cally unstable. Tight-binding molecular dynamics is used to illustrate a mechanism for the rapid removal of
isolated monohydride units. The electronic structures of the surfaces are described via the total and partial
electronic densities of state, which are obtained directly from the tight-binding Hamiltonian. For the monohy-
drogenated surface and higher coverages, the stable geometries are found to yield no states in the bulk band
gap.@S0163-1829~97!06608-3#
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I. INTRODUCTION

Diamond surfaces are presently the subject of intense
ternational research, both as a test of the current theore
understanding of wide band-gap semiconductors and bec
of their technological importance. Due to its favorable m
chanical and thermal properties, diamond has been sugge
as a suitable material for a number of applications involv
extreme conditions, including its use as a possible repla
ment for silicon in electronic devices. The realization of th
aim has been advanced by the technique of chemical v
deposition~CVD!,1 with which diamond films can be grow
easily and rapidlyin situ. The principal products of diamon
film growth via CVD are~100! and~111! facets, and thus the
microscopic processes occurring at C~100! and C~111! sur-
faces are of particular interest.

In the present paper, we are concerned with the ato
structure, electronic structure, and dynamic properties
C~100! terraces. In addition to its appearance in CVD-gro
diamond films, the C~100! surface is unique among the low
index surfaces in having two dangling bonds per surf
atom, leading to a variety of bonding possibilities, and a r
and varied surface chemistry. Central to an understandin
any carbon surface is the role of adsorbed hydrogen, an
particular attention is paid to the effects of different H co
erages. When fully saturated by hydrogen, the numbe
adsorbed H atoms per surface C atom~the coverage,u) for
the ~100! surface is two.

Despite intensive study, an overall consensus on the
croscopic structure of the C~100! surface in the presence o
hydrogen has not yet been reached. That the bare C~100!
surface undergoes a reconstruction, forming rows of surf
550163-1829/97/55~8!/5364~12!/$10.00
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dimers and giving a~231! pattern in low-energy electron
diffraction ~LEED! experiments,2,3 is now established be
yond reasonable doubt. Of the various possible hydrogen
surfaces, the monohydrogenated surface (u51) is certainly
the best understood, with all theoretical studies4–14predicting
surface dimers with one H atom bonded to each constitu
C atom, again giving a~231! LEED pattern. Higher cover-
ages have also been studied by theory@u51.33 ~Refs. 6, 8,
and 14!, u51.5 ~Refs. 7,10–12, and 14! and u52 ~Refs.
4,6,9,10,13, and 14!#, but there is some disagreement on t
structure and relative stability of these high H coverage s
faces.

The evidence from experiment with regard to the deg
of H coverage and the corresponding surface structure
predominates under different conditions is conflicting. Ty
cally, annealing of a cleaned and polished diamond sam
to a temperatureT,1000 K yields a~131! symmetry, as
observed by LEED.15–18On heating the sample toT;1400
K, a surface reconstruction takes place producing a~231!
LEED pattern15–18 and correlating with the desorption o
hydrogen.15 Scanning tunnelling microscopy ~STM!
studies7,19 confirm the~231! reconstruction, and show row
of surface dimers. Hamzaet al.15 and Lee and Apai17 found
that the ~131! pattern could be recovered by dosing t
sample with atomic H or D. In contrast, Thomaset al.16 and
Smentkowskiet al.18 found that the~231! pattern persisted
even for very heavy dosing. It is perhaps noteworthy t
oxygen, which is a common impurity, appears to stabilize
~131! symmetry15,16—possible atomic structures in the pre
ence of adsorbed O have been given by Thomaset al.16

The low-temperature ~131! structure is generally
assumed15,18 to be the dihydrogenated (u52) surface, con-
5364 © 1997 The American Physical Society
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sisting of the bulk diamond structure with the dangling bon
passivated by hydrogen. Hamzaet al.15 assigned the~231!
structure produced by annealing at high temperature to
monohydrogenated (u51) surface, based on the continue
presence of the ‘‘slow’’ proton peak in electron stimulat
desorption ~ESD! experiments. However, high-resolutio
electron-energy-loss spectroscopy~HREELS! experiments
on the high-temperature~231! structure17,18,20have failed to
find significant features corresponding to C-H vibrations, a
these authors have concluded that the surface is hydro
free. Lee and Apai17 deduced from their HREELS results
number of aliphatic and olefinic CHx surface species for th
low-temperature~131! surface that they observed. In co
trast, Thoms and Butler20 and Smentkowskiet al.18 observed
a ~231! structure on dosing with H or D at low temperatur
and concluded from HREELS experiments that the surf
was monohydrogenated. Thoms and Butler20 suggested tha
the extra species identified by Lee and Apai17 were assign-
able to steps and defects on the surface.

The valence-band electronic structure has been stu
via ultraviolet photoelectron spectroscopy~UPS!.15,21–23On
annealing the diamond samples at high temperature, fi
surface states appear in a 1.5-eV-wide range immedia
above the valence-band maximum.15,21,23 Angle-resolved
measurements reveal there to be two surface states in
energy range, each possessing a moderate dispersion.21,23Ex-
posure to atomic deuterium causes these surface featur
disappear almost completely.23 Exposure to very high dose
of hydrogen or deuterium results in further changes in
electronic spectrum. The features have tentatively been
tributed to the presence of CH2 and CH3 fragments at the
surface.22 Two-photon UPS with pump photon energies
the range 1.2–5.5 eV failed to reveal any empty states in
bulk diamond band gap for either the low-temperatu
~131! or the high-temperature~231! surface.15 Hamza
et al.15 concluded from the absence of emptyp* states in the
bulk band gap that the UPS measurements of the h
temperature surface were consistent with theu51 assign-
ment. In contrast, Wuet al.21 and Francz and Oelhafen23

concluded from the filled surface states that the hi
temperature surface was the clean C~100! surface.

It seems probable therefore that the C~100! surface an-
nealed atT;1400 K corresponds tou50 or possibly
u51. It is less clear whether the equilibrium coverage at l
temperatures isu51 or u.1. In any case, it is likely tha
as-prepared CVD diamond samples do correspond to l
u, even if they are thermodynamically metastable. Furth
more, regions of high H coverage may occur as intermedi
during CVD growth.32 Given the possible role ofu.1 cov-
erages, and the theoretical uncertainty regarding the co
sponding stable atomic structures and associated prope
it seems worthwhile to reexamine these surfaces.

Before we present the results of our study, it is also int
esting to review very briefly the influence of hydrogen on t
~100! surfaces of silicon and germanium. For both eleme
the best characterized surfaces are again the clean and m
hydrogenated (231) surfaces. However, unlike clea
C~100! with symmetric and unbuckled surface dimers, f
Si~100! there is conflicting evidence indicating either sym
metric or asymmetric dimers,24,25,27,26and for Ge~100! asym-
metric buckled dimers are definitely preferred.28 Recentab
s

e

d
en

,
e

ed

d
ly

his

to

e
t-

e
e

h-

-

ge
r-
es

e-
es,

r-
e
s,
no-

r

initio studies2,11,12 relate the absence of buckling on th
C~100! surface to the large bonding-antibonding splitting
the surface states that makes the Jahn-Teller-like symm
breaking observed on the Si and Ge surfaces energetic
unfavorable. Hydrogenation eliminates the symmetry bre
ing also on the (231) Si~100!:H surface.29 On hydrogenated
Si~100!:nH surfaces, Sakurai and Hagstrum30 also observed
a (131) phase that was tentatively associated with a sy
metric dihydride structure, and Chabal and Raghavacha31

discovered a (331) phase described as an ordered mixtu
of monohydride and dihydride units. Northrup29 has calcu-
lated the stability of the (131), (231), and (331)
H-terminated Si~100! surfaces as a function of the hydroge
chemical potential and predicted that all three phases ca
found over a certain range of the chemical potential. For
(131) phase, however, the lowering of the energy result
from the formation of a canted dihydride structure was fou
to be essential for understanding the stability of this pha
This could also be a realistic scenario for the hydrogena
C~100! surfaces.

Here we present the results of a detailed theoretical st
of C~100! surfaces with H coverages in the range 1,u<2,
using an accurate and computationally efficient semiem
ical tight-binding model~TBM!. The TBM is introduced and
described in detail in Sec. II. A particular advantage of t
TBM is its computational efficiency, which allows the stud
of relatively large systems, and perhaps more importantly
the present study a large number of bonding scenarios.
efficiency stems from the use of simple parametrized ma
elements, and we describe and comment on the chosen f
tional forms and associated parameters. The transferabilit
the model is tested by a comparison with the known geo
etries of a number of small hydrocarbon molecules and
established structures of theu50 andu51 surfaces.

In Sec. III, we begin the presentation of results with t
atomic structures predicted by the model. A major issue
high H-coverage surfaces is the steric repulsion that ex
between neighboring bonded H atoms. For allu.1, a frac-
tion of the surface C atoms must be bonded to two H ato
forming dihydride ~methylene! units. Steric repulsion be
tween neighboring dihydride units makes an unfavora
contribution to the total energy, and this contribution b
comes more important as the H coverage increases.
u52 surface is the most extreme case, and it is for t
reason that the dihydrogenated surface has often been
jected as unlikely to occur. One important result of our stu
is that there exists a reconstruction of theu52 surface for
which the steric repulsion is minimized, making this surfa
more stable than previously thought.

The valence electronic density of states and atom
orbital-resolved partial densities of state can be obtained
rectly from the TBM. We give in Sec. IV the densities o
state corresponding to the structures presented in Sec. II
contrast to some earlier studies,7,11,12 we predict that there
are no surface states in the bulk band gap for all covera
> 1.

Growth via CVD is likely to lead to transient or meta
stable structures, and so we are also interested in dyna
processes occurring at the C~100! surface. Tight-binding mo-
lecular dynamics~TBMD!, in which the forces at each tim
step are calculated exactly from the TBM,33 has recently
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become a popular technique. In the present study, we h
applied TBMD to study a particular transformation of a su
face from a metastable to a stable atomic configuration
temperature typical of CVD. Results are given in Sec.
Finally, some closing remarks are given in Sec. VI.

II. TIGHT-BINDING MODEL AND PARAMETRIZATION

Within the local-density approximation to electronic e
change and correlation interactions and a tight-binding
proach, the total potential energyE for a given atomic con-
figuration can be expressed in terms of a band energy, e
to a sum over the eigenenergiesen of occupied valence elec
tronic states, plus a sum over repulsive pair potent
Vrep(r ) ~Ref. 34!

E5(
nocc

en1(
i j

Vrep~r i j !, ~1!

wherer i j is the internuclear separation of atomsi and j . The
pair-interaction term describes the electrostatic interacti
and accounts in addition for the double-counting and non
thogonality corrections. The electronic eigenenergiesen are
obtained by diagonalizing the TB HamiltonianHTB , which
is expressed in a basis of localized orbitals associated
the individual atoms. We adopt the standard minimal ba
consisting of ones orbital and threep orbitals on each C
atom, and a singles orbital on each H atom~cf. the work of
Gavrilenko9 who included an extras* orbital on each C!.

The potential energyE is thus determined by the diagon
and off-diagonal elements ofHTB @ea and tab(r ) respec-
tively, wherea, b denote basis orbitals# and byVrep(r ). The
r dependence of the intersite termstab andVrep is assumed
to follow the scaling form of Goodwinet al.,35 namely a
power law decay modulated by a smoothed step func
located atr c and with a sharpness determined bync :

s~r !5s~r 0!S r 0r DmexpHmF2S rr cD
nc

1S r 0r cD
ncG J . ~2!

Here,s5tab or Vrep, m5mt or mV , and r 0 is the equilib-
rium internuclear separation.

In order to avoid time-consuming calculations, we do n
include explicit Coulomb terms in the total potential-ener
function. Such terms are often introduced to reduce unph
cal charge transfer, either via a positive contribution to
total energy related to the deviation from charge neutralit10

or via a self-consistent adjustment of the diagonal ma
elements.9,36 In fact, we find charge transfer, as estimated
the Mulliken population, to be small in all situations studi
~typically, 0.1e). Even for the extreme case of the H-ato
migration shown in Fig. 8, the charge transfer does not
ceed 0.15e. Note that the lack of significant charge transfer
to some extent due to the values we have chosen for
~fixed! diagonal matrix elements; see below.

For a given atomic configuration, we construct the Ham
tonian matrix and diagonalize it exactly to obtain the ele
tronic eigenenergiesen and eigenfunctions. The temperatu
of the electronic subsystem is assumed to be zero, so tha
lowestNe/2 eigenstates are occupied, whereNe is the num-
ber of valence electrons. The total energy is then obtai
directly from Eq.~1!. An analytical expression for the tota
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force on each atom can be obtained by taking the approp
derivative of Eq.~1!. The contribution from the band energ
term follows from the Hellmann-Feynman theorem, and
quires derivatives of the Hamiltonian matrix elements a
the coefficients of the occupied eigenstates~see Ref. 33 for
details!.

With the atomic forces thus calculated, we search
minima of the potential-energy surface using a conjug
gradient~CG! algorithm. The particular minimum found i
obviously influenced by the chosen starting atomic confi
ration. In an attempt to locate all relevant minima, and
particular the absolute minimum, we have investigated
number of different starting configurations for each H co
erage. A starting configuration typically consists of a partic
lar deformation of the ‘‘ideal’’ structure, with some asym
metry added in order to avoid being trapped in a prespeci
symmetry. The ability to explore a range of starting con
tions is a consequence of the computational speed of
chosen semiempirical approach.

A knowledge of the atomic forces also allows one to
vestigate the dynamics of the system via molecular-dynam
simulations in the microcanonical ensemble. We have use
fourth-order Gear predictor-corrector algorithm37,38 with a
time step of 1 fs to integrate the equations of motion of
atomic coordinates. Molecular-dynamics simulations ba
on a TB expression for the potential energy have rece
become popular for carbon and silicon systems~see, e.g.,
Refs. 33, 39 and 40 and references therein!. In addition to the
generation of atomic trajectories at finite temperatur
TBMD simulations were also used to generate approxim
starting configurations for the CG algorithm via a simulat
annealing approach.

For a practical implementation of the model, we mu
determine parameter sets for C-C, C-H, and H-H inter
tions. The C-C parameters are taken to be those
Goodwin41 ~see Table I!, who fitted the values ofea and
tab(r 0) to the band structure of the equilibrium diamon
lattice,44 while the remaining parameters are fitted41 to the
equilibrium volume of the diamond lattice, the diamon
graphite equilibrium energy separation, the bulk modulus
diamond, and the face-centered cubic equilibrium volum
The Goodwin parametrization is found to give results simi
to those of Xuet al.42 for the clean diamond surface and fo
liquid carbon,43 while retaining the straightforward pair po
tential form for the repulsive contribution to the energy.

Alternative parameter sets have been developed for
C-H and H-H interactions. The H-H parameters were o
tained by fitting the results of the TBM to theab initio
binding-energy curve of the H2 molecule calculated by Ko-
los and Wolniewicz45 ~note that at the level of accuracy o
the current application, there is no significant difference
tween the various calculations reported in Ref. 45!. A good
fit is obtained in the vicinity of the equilibrium internuclea
separationr 050.742~namely, in the range 0.5 Å,r,1.3 Å!
but, as is appropriate for bulk phase applications, the in
actions were made to drop off more rapidly than they do
the H2 molecule by an appropriate choice of the cutoff p
rametersr c andnc . The resulting H-H parameter set is give
in Table I. In contrast, Davidson and Pickett10 evaluated the
H-H parameters from the interaction between H atoms
cated on different methane molecules, having in mind
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TABLE I. Parameters of the tight-binding model; see text for key. Energies are given in eV, and le
in angstroms.

es ep tsss(r 0) tsps(r 0) tpps(r 0) tppp(r 0) Vrep(r 0)

C-C 25.16331 2.28887 24.43338 3.78614 5.65984 21.82861 10.92
C-H 24.81 5.32 7.923
H-H 0.42583 26.374 8.0

mt mV r 0 r c nc

C-C 2.796 4.455 1.536 2.32 22
C-H 1.949 3.372 1.094 2.0 22
H-H 1.59 2.52 0.742 1.5 8
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repulsion between bonded H atoms on the diamond surf
We believe our procedure to be more general, and that s
repulsions between bonded surface H atoms should a
naturally from the properties of a fully saturated bondi
network.

The diagonal matrix elementes of H atoms, which is
obviously undetermined by the above fitting, was fixed at
C sp3 hybridization energy (es13ep)/4, in order to mini-
mize charge transfer in typical bonding situations. As m
tioned above, this aim appears to be fulfilled. Having th
fixed all of the H-H parameters, the C-H parameters w
fitted to the binding energy, equilibrium bond length, a
vibrational frequencies of CH4 ~experimental values hav
been taken from the compilations in Refs. 46 and 47!. The
parameters adopted are displayed in Table I.

As a preliminary test of the TB model, we consider
small selection of hydrocarbon molecules that exemplify
e.
ric
se

e

-
s
e

e

sp3 and sp2 hybridization likely to be of relevance to dia
mond surfaces. Sample results are given in Table II.
though the predicted geometry does not agree perfectly w
experiment, the major trends are reproduced, notably
shortening of the C–C bond in going from alkane to a
matic ring to alkene. It must also be remembered that quo
experimental bond lengths sometimes differ by up to 0.01
depending on the source and method used. The calcul
values of the atomization energyEB are in excellent agree
ment with the experimental values quoted in Ref. 46, wh
is of course a direct consequence of the fitting proced
discussed above. Finally, from the values ofqH shown in
Table II it is clear that charge transfer is small, givinga
posteriori justification for the neglect of Coulomb terms.

The results presented in Secs. III and IV for the sta
properties of hydrogenated diamond surfaces were obta
using a slab geometry consisting of 12 carbon layers an
rbon
nd
es for
TABLE II. Comparison of the TB model with experiment for selected properties of small hydroca
molecules. Bond lengths are given in angstroms.EB is the atomization energy of the molecule in eV a
qH is the calculated charge on an H atom given in units of the electronic charge. Experimental valu
bond lengths and angles are taken from Ref. 47. Experimental values forEB are those quoted in Ref. 46.

C2H6

r ~C-C! r ~C-H!
/CCH

~degrees! EB qH

Present work 1.506 1.098 109.5 30.985 20.04
Experiment 1.535 1.094 111.2 30.90

C3H8

r ~C-C! r ~C-H!
/CCC

~degrees! EB qH

Present work 1.514 1.097 and 1.102 109.6 43.758 20.04
Experiment 1.532 1.107 112 43.3

C2H4

r ~C-C! r ~C-H!
/CCH

~degrees! EB qH

Present work 1.345 1.089 120.4 24.116 10.02
Experiment 1.339 1.087 121.3

C6H6

r ~C-C! r ~C-H! EB qH

Present work 1.407 1.088 58.161 10.03
Experiment 1.399 1.101
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atoms per layer in a (432) surface cell. Periodic boundar
conditions are applied in thex and y directions~orientated
along @011# and @01̄1# with respect to the crystallographi
axes!, with two free surfaces in thez direction. We note that
the surface cell is large enough to allow for higher-ord
reconstructions than (231). Hydrogen atoms are added
both surfaces to give the required coverage, and all atoms
free to move. All energies quoted are per surface site~SS!, of
which there are 16. The TBMD simulations reported in S
V used an identical geometry, except that the number
layers was restricted to 8 in the interest of speed. The
and orientation of the surface of the simulation cell ob
ously influence the H coverages and geometries that ca
studied. The present choice of a 432 surface cell is, we
think, sufficient to reveal the basic trends for fractional
coverage.

Sample calculations were also performed with betwee
and 16 carbon layers in order to test the convergence of
results with respect to slab thickness. Quantities such
bond-lengths show oscillatory convergence, the oscillation
period-4 layers arising from the symmetry of the diamo
lattice in the@100# direction. We find the results to be sati
factorily converged at a thickness of 12 layers—in all ca
bond lengths changed by less than 0.001 Å in going from
12-layer to a 16-layer calculation. In contrast, bond leng
changed by up to 0.01 Å when an 8-layer slab was used.
the TBMD simulations, this was deemed not to be a pr
lem, since deviations in the bond lengths arising from th
mal motion are in any case larger.

With stable atomic configurations determined by C
minimization, we can also investigate the valence electro
structure of the system of interest. Diagonalization of the
Hamiltonian leads directly to the electronic eigenenerg
from which we deduce the density of states~DOS! of the
occupied valence and unoccupied conduction bands. In o
to improve the representation of the electronic bands,
performedk-point sampling in thex-y plane using 16 specia
k points from the Monkhorst-Pack scheme.48 In addition a
Gaussian smearing with a mean-square deviation of 0
A2 eV was used to produce a smoother DOS. Using
eigenvector coefficients, we can also calculate various pa
densities of state, from which an idea of the nature and s
tial extent of the eigenstates can be obtained~see Sec. IV!.

Before we present the principal results of this paper c
cerning high H-coverage surfaces, we briefly describe
predictions of the model for the bare and the monohydro
nated surfaces. A CG minimization for the bare surfa
(u50) yields symmetric surface dimers of lengthRC-C5
1.406 Å, and a reconstruction energy relative to the ter
nated bulk structure ofDE521.513 eV/SS. Self-consisten
ab initio local-density-approximation~LDA ! calculations
predict a dimer length ofRC-C51.37 Å for symmetric
dimers,2,11–14,49 non-self-consistent TB-LDA calculation
based on the Harris-Foulkes functionalRC-C51.40 Å for
buckled dimers.8 The ab initio value for the reconstruction
energy isDE521.51 eV/SS.12 For the monohydrogenate
surface, (u51) we obtain a symmetric dimer of lengt
RC-C5 1.600 Å, a C-H bondlength ofRC-H51.098 Å, and a
hydrogen adsorption energy relative to the bare surface
hydrogen atoms ofDEH524.049 eV/SS. The predicted ge
ometry is again in good agreement withab initio
r
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results8,11–14(RC-C5 1.61 and 1.67 Å,RC-H5 1.10 and 1.17
Å in the self-consistent12 and non-self-consistent8 calcula-
tions, respectively!, but the adsorption energy is slightly
lower than theab initio values of26.20 eV/SS~Ref. 8! and
25.436 eV/SS.11,12 We expect, therefore, the TBM to give
reliable geometries and reasonable estimates of ene
changes.

III. EQUILIBRIUM ATOMIC STRUCTURES

In Fig. 1, we show two different structures for th
u51.5 surface, both obtained by CG minimization but sta
ing from different trial configurations. Selected bond lengt
are compared in Table III with the results ofab initio calcu-
lations. The structure of Fig. 1~a! consists of alternating rows
of dihydride and monohydride units with (231) periodicity
in the adsorbed hydrogen layer, and is the structure assu
in the studies of Refs. 7, 11, 12, and 14. The quantitat
agreement with the latter is good, in particular with theab
initio studies11,12,14 in which the C-H bond length is also
found to be longer for the dihydride unit.

We find, however, that the structure shown in Fig. 1~a! is
only metastable, lying 1.046 eV/SS above the alternat
structure shown in Fig. 1~b!. In the latter, the monohydride
units are placed in adjacent positions, whence a surf
dimer readily forms, removing the dangling bonds of th
monohydride units. This results in a (431) periodicity of

FIG. 1. Views of~a! a metastable and~b! the stable structure of
C~100!:1.5H, as obtained by CG minimization. C~H! atoms are
shown in black~white!, and only the upper three carbon layers a
displayed. Selected bond lengths are given in Table III. Atoms H
H2, and H3 are for later reference~see Fig. 8 and accompanying
text!.
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TABLE III. Comparison of surface geometries. Bond lengths are given in angstroms.

C~100!~231!

RC-C ~dimer! RC-C ~back bond!

Present work 1.406 1.538
Ref. 11 1.37 1.50

C~100!~231!:H
RC-C ~dimer! RC-C ~backbond! RC-H ~dimer!

Present work 1.600 1.549 1.098
Ref. 11 1.61 1.53 1.10

C~100!:1.25H
RC-C ~dimer! RC-H ~dimer! RC-H ~dihydride!

Present work 1.584 1.098 1.087

C~100!:1.5H
RC-C ~dimer! RC-H ~dimer! RC-H ~dihydride! RC-H ~monohydride!

Present work~dimers! a 1.548 1.099 1.087
Present work~Altern.! b 1.110 1.089
Ref. 11~Altern.! 1.11 1.09
Ref. 14~Altern.! 1.11 1.09

C~100!:1.75H
RC-C ~dimer! RC-H ~dimer! RC-H ~dihydride!

Present work 1.572 1.099 1.132 & 1.093

C~100!:2H
Twist Canting /H-C-H

~degrees! ~degrees! RC-H ~dihydride! ~degrees!

Present work~lean-to!c 1.114 94.3
Present work~herring-b.!d 1.123 93.7
Present work~twisted!e 33.0 0 1.147 90.5
Present work~id.!e 0 0 1.113 77.1
Ref. 10~id.! 0 0 1.07
Ref. 14~id.! 0 0 1.05 83
Ref. 14~canted!e 0 11 1.11,1.05 91
Ref. 14~twisted!e 19 0 1.07 86
Ref. 13~id.!e 0 0 1.06 84.7
Ref. 13~canted1twisted!f 1.13,1.04 93-96

aStructure with H-C-C-H dimers and dihydride units.
bStructure with alternating mono- and dihydride units.
c‘‘Lean-to’’ structure; see Fig. 2~b!.
d‘‘Herring-bone’’-structure, see Fig. 2~a! and text.
eSubstrate lattice constrained to (131) symmetry. Ideal structure~id.!.
fCanted and twisted dihydride units.
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the surface with respect to the surface layer and a (631)
periodicity in the adsorbate layer. We obtain a dimer len
of 1.548 Å, which is shorter than that observed in theu51
structure. The contraction of the dimer bond, which increa
the strain of the substrate lattice, is presumably driven by
need to reduce steric interactions between the dihyd
units. A structure with alternating H-Si-Si-H dimers an
SiH2 dihydride units at a coverage of 1.33 ML has also be
investigated by Northrup29,27and by Vittadiniet al.25 for the
h

s
e
e

n

Si~100!:1.33H (331) surface usingab initio calculations
and was found to be stable at sufficiently high hydrog
partial pressures above the surface. On the basis of scan
tunneling microscopy, Boland50 has also suggested the exis
ence of a (331) phase on the hydrogenated Si~100! surface,
presumably at coverages ofu51.33. We return to the rela
tionship between the structures of Figs. 1~a! and 1~b! in Sec.
V.

A third structure for theu51.5 surface was found in,10 in
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which one hydrogen atom occupies a bridging position
tween each pair of surface carbon atoms. We find suc
structure to be unstable. We suspect, though cannot pr
that the structure is a consequence of the fact that David
and Pickett fitted the C-H parameters to the forces in C4
rather than the energies, and thus overestimated the bin
energy of a C–H bond.

The relief of steric interactions through distortion of th
substrate lattice turns out to be more important than
simple contraction of the dimer bond in Fig. 1~b! just men-
tioned might suggest. For very high H coverages, one
pects significant steric interactions between H atoms loca
on adjacent dihydride units. The most extreme case, tha
theu52 surface consisting solely of dihydride units, is ge
erally considered to be thermodynamically unstable with
spect to theu51 surface for this very reason. Constrainin
the H atoms to lie in the ideal plane~i.e., the plane that
passes through the surface C atoms and that lies perpen
lar to that containing the back bonds of the substrate latti!,
and relaxing all other atomic coordinates, we find that
H-C-H angle is reduced to 77.1° compared with the id
tetrahedral angle of 109.4°~see Table III!. Even so, H atoms
on neighboring dihydride units are only 1.122 Å apart a
significant steric interactions remain.

The case of the C~100! dihydride surface is considerabl
different from that of the Si~100! dihydride surface. Due to
the larger lattice constant of Si, the shortest H-H dista
between adjacent dihydride units isRH-H5 1.51 Å, even for
the symmetric Si~100!:2H (131) phase at a H-C-H angle o
102°. Here a simple canting of the SiH2 units relative to the
surface normal~with the H atoms remaining in the idea
plane! is sufficient to increase the H-H distance to 2.21
and to stabilize the dihydride phase.29

On the C~100!:2H surface, the H-H repulsions can be r
lieved to some extent by twisting each dihydride unit out
the ideal plane. When we allow such a distortion, and p
form a CG minimization with no constraints, we find that
energy minimum exists for a twist of 33.0°. The H-C-
angle thereby increases to 90.5°, and the energy is low
by 1.353 eV/SS with respect to the previous zero-twist str
ture. The structure so obtained is similar to that of Yang a
D’Evelyn,6 who found a stable twist of 26.4°. On the oth
hand, other studies4,5,10 found that twisting led to an overa
increase in energy. Canted and/or twisted C~100!:H struc-
tures have also been considered in theab initio calculations
of Zhang et al.13 and Hong and Chou.14 Hong and Chou
found that a canting of the dihydride units by 11° with r
spect to the surface normal increases the H-H distances
tween different CH2 groups from 1.10 Å to 1.44 Å and re
duces the energy by 0.42 eV/SS. For the twis
configuration they calculated a stable twist angle of o
19°, leading to an only marginal energy gain of 0.01 eV/S
The difference to our result comes from the fact that
twisted CH2 units were constrained to be symmetric wi
respect to the C-C axis~for more geometrical details, se
Table III!. Zhang et al. considered a canted and twiste
(231) structure generated by a molecular-dynamics sim
tion at 300 K and a subsequent steepest-descent que
However, relative to the symmetric structure, an energy g
of only 0.12 eV/SS was achieved. This indicates that beca
of the rather low temperature and the very short duration
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the simulation~0.02 ps! the global minimum for the dihy-
dride structure has not been reached.

The relief of steric interactions in our twisted structure
achieved at the expense of deforming the preferred tetra
dral bonding at the surface C atoms. While the H-C-H an
lies closer to the ideal tetrahedral angle, other angles s
tended at the surface C atoms become worse. In partic
the angles between the C–H bonds and the C–C backb
are 96.4° and 137.0°. The situation can be improved by
lowing the carbon substrate to relax away from the id
~131! symmetry. We have in this way found two alternativ
structures for theu52 surface that are more stable tha
those discussed so far. These structures were initially loc
by performing CG minimizations starting from partially dis
ordered atomic configurations. Minimizations that start fro
an atomic configuration that assumes the ideal~131! sym-
metry cannot locate these lower-energy structures.

The first structure~the ‘‘herringbone’’ structure! is shown
in Fig. 2~a!. It may be derived from the ideal structure b
shifting rows formed by second- and third-layer C atoms
alternate directions parallel to the@011# axis, while all other
C atoms retain approximately ideal positions. Twisting of t
dihydride units then leads to an approximately hexago
array of H atoms, thus minimizing the steric repulsion
While the reduction in the steric interactions between H
oms is again achieved by twisting the dihydride units, t
distortion of the underlying substrate leads to improv
angles at the surface C atoms: the H-C-H angle is 94.3°,
the angles between the C–H bonds and the C–C backb
are 98.4° and 129.9°. On the other hand, the deviation fr
ideal tetrahedral bonding is necessarily worse in deeper
ers: the bond angles subtended at carbon atoms in the se
and deeper layers range between 102.4° and 117.5°.
herringbone structure is found to be 0.390 eV/SS lower
energy than the simpler twisted structure that retains
~131! substrate lattice, and 1.743 eV/SS lower than the sy
metric (131) dihydride surface. It is clearly energetical
favorable to distribute the distortions from ideal tetrahed

FIG. 2. Top views of~a! the ‘‘herringbone’’ and~b! the ‘‘lean-
to’’ structures of C~100!:2H, as obtained by CG minimization.
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bonding, necessary to reduce steric repulsions, over a la
number of C layers.

The second structure~the ‘‘lean-to’’ structure!, shown in
Fig. 2~b!, is obtained by shifting rows formed from first an
second layer C atoms parallel to the@01̄1# axis. In addition,
the dihydride units lean over with respect to the ideal pla
leading again to an approximately hexagonal array of H
oms. The H-C-H angle is now 93.7°, the angles between
C–H bonds and the C–C backbonds are 103.1°
123.6°, and the angles subtended at carbon atoms in the
ond and deeper layers range between 101.9° and 117.3°
total energy is found to be 0.018 eV/SS lower than that of
herringbone structure, which marginal stabilization may
attributed to slightly improved angles subtended at the s
face C atoms.

The lean-to and herringbone structures achieve a sig
cant stabilization of theu52 surface with respect to prev
ously suggested structures. The distortion of the subst
lattice allows the formation of a hexagonal array of H atom
thus minimizing the steric repulsion between adjacent H
oms, and relatively small deviations from ideal tetrahed
bonding. The energy gain achieved by admitting an unc
strained twisting of the dihydride units plus a deformation
the substrate is much larger than the modest energy ga
only 0.42 eV/SS~0.18 eV/SS! achieved by canting the
CH2 ~SiH2) units on the C~Si!~100!:2H surface.14,29 Hence
we suspect that for Si~100! as well, the structures discusse
here could be more stable than the simple canting mode

We would expect similar distortions to occur for oth
high-u surfaces, and as an example we show in Fig. 3
u51.75 surface. As in theu51.5 case, the surface consis
of a mixture of dimer and dihydride units. Due to the high
concentration of dihydride units, however, there is a cl
distortion of the substrate lattice. Because of the constr
imposed on the first layer carbon atoms by the dimer bo
this distortion takes a form similar to the herringbone str
ture of Fig. 2~a!.

For theu51.5 surface and lower H coverages, howev
the strain energy associated with the distortion outweighs
reduction in steric interactions, and the substrate lattice
mains undistorted. This is seen clearly for theu51.25 sur-
face shown in Fig. 4. In addition, theu51.33 surface with
alternating di- and monohydride units and (331) periodicity
studied in Refs. 6,8, and 14 also conforms to the above
tern.

What implications do the above results have with reg
to the LEED results discussed in the Introduction? T

FIG. 3. Top view of the lowest-energy structure
C~100!:1.75H, as obtained by CG minimization.
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u51 surface is traditionally associated with a~231! sym-
metry, and theu52 surface with a~131! symmetry. The
lean-to and herringbone structures shown in Figs. 2~a,b!,
however, possess a~231! symmetry. Therefore the~231!
LEED pattern observed at low temperatures by a numbe
groups16,18,20simply indicates the existence of a long-ran
reconstruction of the surface, but is not sufficient to dist
guish between the monohydrogenated and dihydrogen
surfaces.

Higher-order symmetries are predicted for certain cov
ages intermediate betweenu51 andu52. Theu51.5 sur-
face shown in Fig. 1~b!, for example, possesses a~431!
symmetry, and theu51.33 surface studied in Refs. 6 and 8
~331! symmetry. An arbitrary fractional H coverage, how
ever, is likely to consist of a disordered mixture of dimer a
dihydride units. As suggested by Yang and D’Evelyn,6 such
a disordered surface structure would yield a~131! LEED
pattern due to the underlying lattice. Hence, the~131!
LEED pattern observed at low temperatures in Refs. 15–
may indicate a disordered structure resulting from a surf
that is not fully saturated by hydrogen.

Can we predict what H coverage should be stable at
temperatures by a comparison of the energies associated
different values ofu? The first problem is to decide on th
form of excess hydrogen. In curve A of Fig. 5~a!, we plot the
total energy of the diamond slab plus a fixed amount
hydrogen as a function ofu, for which the excess hydroge
is assumed to exist as isolated H atoms. Theu52 surface,
with the structure of Fig. 2~a! or 2~b!, is clearly the most
stable. In contrast, we plot in curve B of Fig. 5~b! the total
energy assuming the excess hydrogen to exist in the form
H2 molecules. The energetically most stable surface is n
theu51.5 structure shown in Fig. 1~b!. The increase in tota
energy for coverages greater thanu51.5, which is reflected
in curve A by a reduced rate of decrease of the total ene
probably indicates the onset of the distortion of the subst
lattice with the concomittant increase in strain energy.

Taking curves A and B of Fig. 5~a! together, it appears
that the energetically most favorable system is theu51.5
surface in contact with a gas of H2 molecules. However, in
the presence of a significant partial pressure of atomic
drogen~generated for example by a hot filament!, the equi-
librium is likely to be shifted to higher coverages.

The picture emerging from Fig. 5~a!, with a large adsorp-
tion energy for hydrogen up to monolayer coverage, a
much lower energy gains for increased coverages, is con
tent with the temperature-programmed desorption exp

FIG. 4. Top view of the lowest-energy structure
C~100!:1.25H, as obtained by CG minimization.
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ments of Hamza, Kubiak, and Stulen.15 They found that H
desorption from a very strongly H loaded C~100! surface
occurs in a two-step process. The first desorption step has
activation energy of 1.61 eV per H atom and leads to a s
H-covered surface with (231) symmetry. Further H desorp-
tion requires much higher activation energies. From Fig. 5~a!
we find that the desorption processes reducing the cover
from 1.5,u,2 to aboutu;1 require activation energies of
1.5 to 1.9 eV, in good agreement with the desorptio
experiment15 and theab initio predictions,12 whereas the ac-
tivation energies increase steeply at lower coverages. In
presence of a reservoir of hydrogen atoms above the surfa
the stability is determined by the grand potentialV given at
zero temperature by~neglecting the zero-point energies; cf
Ref. 14!

V5E2nCmC2nHmH , ~3!

whereE is the total energy andnC andnH are the numbers of
C and H atoms. The zero-point energies associated with
vibrations of the light hydrogen atoms are generally qui

FIG. 5. ~a! Total energy~in eV/SS! of the hydrogenated C~100!
surfaces as a function of H coverage, with excess hydrogen
atomic ~curve A! or molecular~curve B! form. Isolated points in-
dicate additional metastable surfaces.~b! Grand potentialV ~in eV/
SS! of the surfaces as a function of the chemical potential of atom
hydrogenmH ~in eV!. The coverageu is indicated next to each line.
The zero of the hydrogen chemical potential is taken as the va
for the clean surface, namelyE2nCmC .
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large~0.27 eV/H atom in the H2 molecule!. However, for the
present case only the differences in the zero-point energie
different systems are important. Even if we assume that th
differences can be as large as 10%, they are still much
small to influence the energetics depending on the cover
In our case the chemical potentialmC is equal to its value in
bulk diamond, and the number of C atoms is constant. T
number of hydrogen atoms varies with the coverage. He
the range of stability of phases with different H coverages
determined by the chemical potentialmH of hydrogen. Figure
5~b! shows the grand potential as a function ofmH for the
different coverages considered. We find that formH,23.6
eV, the clean C~100!-(231) surface has a lower potentia
than any of the H-terminated surfaces. In the ran
23.6 eV,mH,22.3 eV the (231) monohydride surface
is thermodynamically stable, followed for22.3 eV
,mH,20.8 eV by theu51.5 surface, and at still highe
values of the chemical potential the dihydride phase is low
in energy. For intermediate coverages aroundu51.25 and
u51.75, the grand potential is always higher than or at m
equal to that for 1, 1.5, or 2 ML coverage so that the orde
phases turn out to be unstable. However, in this case a
ordered distribution of dimers and dihydride units could le
to an entropic stabilization of phases with intermediate c
erages.

IV. ELECTRONIC STRUCTURE

As outlined in Sec. II, the total and partial electronic de
sities of state are readily obtainable from the diagonalizat
of HTB . The predicted electronic structure is expected to
reasonable in the valence band and the lower half of
conduction band: in the upper half of the conduction ba
the contribution from higher-energy basis states, not
cluded in the present work, is likely to be significant. In fa
it was for this reason that Gavrilenko9 included an additional
s* state in his basis.

In Fig. 6, we plot the total DOS for coveragesu50, 1, 1.5
~dimerized structure!, and 2~lean-to structure!. The overall
form of each spectrum in similar, due to the constant con
bution from bulk electronic states. In the valence band,
s-like andp-like subbands are clearly distinguished, togeth

in

ic

e

FIG. 6. Density of electronic states~in states/eV/carbon atom!
as a function of energy E~in eV! for the lowest-energy C~100!
~solid curve!, C~100!:H ~short-dashed curve!, C~100!:1.5H ~dotted
curve!, and C~100!:2H ~long-dashed curve! surfaces.EF marks the
Fermi energy for all surfaces.
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FIG. 7. DOS and partial DOS for the lowest-energy~a! C~100!, ~b! C~100!:H, ~c! C~100!:1.5H, and~d! C~100!:2H surfaces. The solid
curve gives the total DOS, the dashed curve gives the contribution from surface C atoms, and the dotted curve the contributio
atoms.EF marks the Fermi energy for all surfaces. The units are as in Fig. 6.
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with the characteristic peak arising from their overlap. T
differences observed reflect changes wrought by the
sorbed hydrogen, particularly on surface states. Th
changes are most easily understood with reference to
partial DOS which are plotted in Figs. 7~a–d!.

The most striking difference between the plots shown
Fig. 6 is the existence of states in the bulk band gap
u50. Figure 7~a! shows that the DOS of these gap states
almost entirely accounted for by the contribution from s
face C atoms, and so the gap states can be classified a
face states. On the reconstructed clean C~100! surface, each
dimer unit is associated with two dangling bonds, which m
to give occupiedp and unoccupiedp* states~although ad-
dition of electron correlation effects may alter this simp
picture.3! The p and p* states can be identified with th
peaks observed in the ranges21→0 eV and 2→4 eV re-
spectively. Interactions between different dimers within
dimer row lead to the observed broadening. These obse
tions accord closely with the results of previo
studies8,10–12,49and with the photoemission studies.21–23

On hydrogenation to a coverageu>1, the gap states dis
appear and additional states are observed in the en
ranges27→23 eV and 7→8 eV. The resulting band ga
lies very close to the experimental bulk gap of 5.5 eV, in
cating the bonding and antibonding surface states have
shifted by sufficiently large energies to fall into the region
the bulk valence and conduction bands.~Note that as the TB
Hamiltonian has been adjusted to reproduce the experim
tally measured gap, hence our predictions do not suffer
usual shortcoming of the local-density approximation of p
ducing too narrow gaps.! These predictions are in excelle
e
d-
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he

n
r
s
-
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a-
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-
en
f
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e
-

agreement with the photoemission intensities of Graup
et al.22 and Francz and Oelhafen,23 showing a decrease of th
photemission intensity for22→0 eV and an increase in th
range26→23 eV. The absence of surface states in t
bulk gap is in contrast to the electronic structure of geo
etries that possess isolated monohydride units. In suc
case, the dangling bonds associated with the monohyd
units give rise to gap states. For example, both Davidson
Pickett10 and Furthmu¨ller et al.11,12 assumed structures fo
the u51.5 surface consisting of alternating rows of dih
dride and monohydride units, and consequently obser
well-defined peaks in the band-gap region.

For theu52 spectrum additional states are observed
either side of the band gap. The most pronounced feature
very intense empty surface state immediately at the bot
of the conduction band, and a further increase of the DOS
the range25 eV ,23 eV. These additional states are al
observed for the herringbone and the simple twisted str
tures, butnot for the u52 surface in which the dihydride
units are constrained in the untwisted configuration. Fr
the partial DOS shown in Fig. 7~d!, we see that these state
have a significant contribution from the hydrogens and
surface carbon atoms, and their appearance presumabl
flects the changes due to the twisting of the dihydride un

Altogether we find that the present results agree perfe
well with the observed changes in the photoelectron spe
as a function of the hydrogen coverage.

V. DYNAMICAL SIMULATIONS
OF SURFACE RECONSTRUCTIONS

We showed above that, for the present model, it is en
getically unfavorable for monohydride units to occur in is
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5374 55M. D. WINN, M. RASSINGER, AND J. HAFNER
lation. To test whether isolated monohydride units can s
vive as metastable states under CVD conditions, we ra
TBMD simulation at 1200 K starting from the atomic co
figuration shown in Fig. 1~a!. In Fig. 8, we plot they coor-
dinates of the three H atoms labeled in Fig. 1~a! as a function
of time. The plot shows that the atoms at first oscilla
around their initial positions, but a clear transition is se
around t5230 fs. A similar transition occurs aroun
t5150 fs for the adjacent row of H atoms, and the fin
structure is as shown in Fig. 1~b!.

The transition observed involves the migration of ato
H2 between neighboring surface C atoms, with the simu
neous formation of a surface dimer. The required rearran
ment is in fact minor: atom H2 moves through a total d
tance of only 0.67 Å. Nevertheless, it brings a gain in ene
of 1.036 eV/SS~eight-layer slab! due to the removal of the
dangling bonds associated with the monohydride units.

We conclude that, at hydrogen coveragesu.1, isolated
monohydride units are unstable. The diffusion of the H
oms of the C~100! surface is sufficiently fast to lead ver
quickly to the recombination of the monohydride units
form H-C-C-H dimers.

VI. CONCLUSIONS

We have presented a detailed study of the structural
electronic properties of clean and hydrogenated C~100! sur-
faces using tight-binding molecular dynamics based on
accurate and transferable tight-binding Hamiltonian. For
clean surface and for hydrogen coverages up to a monola
our results are in very good agreement withab initio local-
density-functional calculations.2,11–14,49At higher coverages
the efficiency of the TB-MD technique allows for dynamic
simulations of rather large ensembles and this has led to
following results.~a! At coverages 1,u,2, isolated mono-
hydride units are found to be unstable. The mobility of t

FIG. 8. Trajectories of three H atoms during the TBMD ru
described in the text. They coordinates of atoms H1, H2, and H
~see Fig. 1! in angstroms are plotted as a function of simulati
time in femtoseconds. A clear transition is visible att;230 fs.
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adsorbed hydrogen atoms is large enough to lead
quickly to a ‘‘recombination’’ of isolated monohydride uni
via the formation of H-C-C-H surface dimers. At these co
erages, the structure of the surface is probably determine
a disordered arrangement of dihydride units and surf
dimers, leading to an overall (131) pattern in a LEED ex-
periment, as observed. The recombination of the mono
dride units in surface dimers with saturated bonds also
plains the absence of dangling-bond surface states
agreement with the photoemission studies on C~100! sur-
faces exposed to high doses of atomic hydrogen.~b! As for
the Si~100! surface,29,27 it is possible to saturate all danglin
bonds at the C~100! surface with hydrogen, leading to a co
erage ofu52. However, unlike for Si~100!, a simple canting
of the CH2 units in the ideal plane is not sufficient to stab
lize the C~100!:2H surface. A larger energy gain can b
achieved by twisting the CH2 groups out of the plane, a
proposed by Yang and D’Evelyn,6 but contradicting previous
semiempirical studies4,5 and also the recent TB calculation
of Davidson and Pickett.10 However, we find that although
the twisting of the CH2 groups reduced steric repulsions,
increases the elastic strains in the substrate. Allowing
substrate to relax from the imposed (131) symmetry leads
to two energetically nearly degenerate surface structures
still lower energies. In both structures, the adsorbed H at
form slightly distorted honeycomb layers; they only differ
shifted adjacent rows of C atoms in different directions.~c!
With these structures, hydrogen coverages of up tou52 are
stable against the desorption of atomic hydrogen. The sta
ity of the different surfaces as a function of the chemi
potential of H above the surface has been studied, and
predict that with increasingmH , C~100!-(231), C~100!:H-
(231), C~100!:1.5H-(431), and C~100!:2H-(232) phases
should be observed~this refers to a homogeneous coverag!.
~d! Electronic surface states are observed for the cl
C~100! surface, but disappear completely at a monola
coverage of H. At higher coverages, isolated monohyd
units lead to a reappearence of gap states. However, fo
relaxed hydrogenated C~100! surfaces with no isolated
monohydride units, there are no electronic surface state
the bulk gap. The observed changes of the electronic DO
a function of hydrogen coverage are now in perfect agr
ment with the photoemission observations.
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