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The band structure, total energies, and relaxed geometries are calculated for the C(111), C(100),
and C(110) surfaces using a parametrized tight-binding model for carbon. The method and addition
of C-H parameters to the model are described in detail. Results for the bare and hydrogenated
C(111) surfaces are used to compare the accuracy of the method with ab initio techniques. A stable
hydrogenated (2 x 1) 7 reconstructed surface is found, which resembles the C(110) surface. Removal
of one H atom from the dihydride C(100) results in a % hydride surface, where the odd hydrogen is
bonded equally to two surface carbons. Although the fully H-covered C(100)(2 x 1) surface has a
clean gap, the partially covered surface has a half-filled state, consistent with photoemission data.
The geometries and H vibrations are also presented for the C(110) surface. The surface chains on
the bare C(110) have bond lengths close to graphite and dimerize from a Peierls distortion. Addition
of H to this surface restores the bond lengths to approximately that of bulk diamond. Comparison
of the band structures and H vibrations with experiment helps identify the nature of the hydrogen
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coverage on the surfaces.

I. INTRODUCTION

Diamond thin films can be grown under conditions of
low pressure with the chemical vapor deposition (CVD)
of an excited hydrocarbon gas. Mechanisms have been
proposed that include the attachment of hydrocarbons
to the C(111), C(100), and C(110) surfaces to describe
the CVD growth of diamond films.! There is much dis-
agreement in these models regarding which hydrocarbon
molecules are predominantly responsible for diamond
growth. Though much attention has been paid to the
gas phase chemistry above the substrate, in attempts to
identify the molecules in the gas, more still needs to be
learned about the precise nature of the surface to under-
stand how these hydrocarbons can bond.

Unlike other group-IV elements that prefer an sp3
bonded diamond structure, such as Si and Ge, C is unique
in that it also forms a competing sp? bonded graphite
phase. At atmospheric conditions, the graphite phase is
the most stable, and one would expect sp? bonded growth
under the conditions typical of CVD. Instead, the struc-
ture of the substrate surface promotes sp® bonding in
a wide variety of conditions. Experimental studies have
been performed to probe all three high-index C surfaces
in order to determine the structure of the surface. Lurie
and Wilson? examined the C(111), C(100), and C(110)
surfaces with low-energy electron diffraction (LEED) and
found (1 x 1) patterns for all three surfaces, and (2 x 1)
patterns for the C(100) and C(111) surfaces at elevated
temperatures above ~ 1000°C. For the C(111), Pate®
showed that the graphite surface layer would also exhibit
the same (1 x 1) pattern, but with a slightly mismatched
lattice constant. This mismatch would produce rings or
rotated (1 x 1) patterns, which he did not find and there-
fore concluded that the (1 x 1) symmetry resembled the
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bulklike diamond configuration. Pate also pointed out
that a graphite layer could not yield the (2x1) LEED pat-
tern that was observed, indicating that the reconstructed
surface was some structure other than a graphite layer.

A H atmosphere above the substrate promotes sp®
bonding during film growth and substantially increases
the quality of the diamond, but it still remains unclear
how this happens. One view is that H preferentially
etches graphite over diamond, thereby promoting sp®
bonding, but it has also been observed that H can also
aid in preventing (2 X 1) reconstruction of the surfaces.
Photon-stimulated ion desorption (PSID)* and vibration
studies using high-resolution electron-energy loss (EEL)?®
have determined that the C(111) (1 x 1) surface is H ter-
minated, and that the reconstructed surface is relatively
H free, but still reactive to atomic H. Electron-stimulated
desorption time-of-flight (ESD-TOF) experiments found
that the desorption of H from the C(111) surface precedes
reconstruction® and more recently it was reported that
dosing a (2 x 1) surface with H initiates reconstruction
back to a (1 x 1) surface.” Similar studies on the C(100)®
and C(110)° (1 x 1) surfaces found that these were also
covered with H. In the case of the C(100) surface, two
distinct H bonds were identified with ESD-TOF experi-
ments.®

Photoemission experiments on the C(111),%10
C(100),% and C(110)° planes find that the (1 x 1) sur-
faces have no states in the gap. Ab initio calculations on
the C(111) surface have been performed indicating that
the bare C(111) surface should have both occupied and
unoccupied states in the gap.}? 3 Since H is believed to
remove gap states, this confirms the conclusion that the
(1 x 1) C(111) surface is fully H covered. The extent of
the H coverage for the (2 x 1) surfaces at elevated tem-
peratures still remains unclear. Hamza et al.® reported
that H was still bonded to the (2 x 1) C(100) surface,
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in the gap, but ab initio calculations have found that the
(2 x 1) H-terminated surface should have no states in
the gap'*. EEL data has also indicated that band-gap
states appear when the C(110) surface is heated above
~ 900°C,® but as far as we know, there have been no
published total-energy calculations on the C(110) sur-
faces.

Ab initio methods are probably the most accurate
methods for resolving some of these issues concerning
the diamond surface, but are limited by their demand
for computational time and/or memory. To overcome
these limitations, empirical and semiempirical total-
energy methods have been adopted for the study of the
diamond surface. A detailed potential to accurately
model hydrocarbons and diamond surfaces was developed
by Brenner!® and was used for predicting the energetics
of H abstraction from the C(111) and C(100) surfaces
and for performing very large-scale simulations involving
diamond surfaces.!® One drawback of applying a classi-
cal potential is that the electronic states on the surface
are not explicitly considered, so that these methods can-
not be used to investigate the gap states or any surface
behavior driven by changes in the electronic band struc-
ture. Semiempirical methods have been adopted so that
the electronic energy could be explicitly included in the
calculation of the total energy. Modified neglect of dif-
ferential overlap (MNDO) methods have been applied to
clusters that resemble the diamond surfaces.!” Bechstedt
and Reichardt used a tight-binding method to minimize
the energy and determine the structure of the C(111)
surface,'® but their band structure energy was modeled
as a sum over nearest-neighbor, parametrized bond en-
ergies so the band structure was not calculated. Zheng
and Smith have used a slab-MNDO method to study the
C(111) (Ref. 19) and C(100) (Ref. 20) hydrogenated sur-
faces. Unlike typical MNDO calculations, their parame-
ters were fitted to bulk properties rather than molecular
values, but they limited the size of their slabs to approxi-
mately the same number of layers as the more accurate ab
initio studies so the advantage of their empirical method
is not clear.

In this paper, we describe a parametrized tight-binding
energy functional (PTBF) method that has been opti-
mized to yield accurate total energies over a range of
bond distances and lattice constants for C.2! Since the
role of H is important to diamond growth, we add pa-
rameters for the C-H bond to this model. The advantage
of using this PTBF approach is that the band structure,
relaxed total energies, and vibrations on the surface can
be calculated relatively quickly on a workstatior, which
allows for the examination of larger systems than those
used in previous calculations without a substantial loss
of accuracy. This approach is not meant to be a substi-
tution for ab initio methods, such as density functional
(DF) theory, but rather a complementary technique for
understanding the surface behavior, provide starting con-
figurations, or determine the number of atoms and/or k&
points that are needed to correctly perform an ab initio
calculation. The purpose of this paper is twofold: (1)
to describe the method and the parameters and (2) to
apply the PTBF method to the hydrogenated C(111),
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C(100), and C(110) surfaces, examining the total ener-
gies, relaxed geometries, band structure, and vibration
modes on the surfaces.

II. TIGHT-BINDING METHOD

The PTBF method uses a parametrized Hamiltonian
to obtain the electronic energy levels of a molecule or
solid. The matrix elements of the Hamiltonian can be
approximated with two-center integrals between atomic-
like basis functions centered on each atom. By treat-
ing these integrals as adjustable parameters, they can be
found from a fit to the electronic states at a small num-
ber of k points.2> Once a proper fit is found, the band
structure at all k points can be calculated. In addition,
the TB band structure does not inherently suffer from
an inadequacy to produce correct band gaps as does DF
theory. These parameters have been obtained for many
materials?4'2% and provide a reliable and fast method for
calculating band structure energies. The total energy
of a molecule or solid can be written within the PTBF
framework as:

Etot = Ebs + Erep (1)

where Fy, is the sum of the occupied electronic states and
E.ep incorporates all other repulsive energies. ChadiZ®
has successfully used this approach to study the surface
geometries of GaAs, ZnSe, and Si by fitting his repulsive
term to the lattice constant and bulk modulus. A more
comprehensive PTBF form for the total energy, suggested
by Tomének and Schliiter,?” was used for calculating the
stability and structure of small clusters and included a
Hubbard-like charge term which increased the energy of
the molecule when there was excess localized charge.

A critical issue for using a PTBF approach is the prob-
lem of the transferability of the parameters as lattice con-
stants or chemical environments are changed. Harrison
has suggested a universal d~2 distance scaling law of the
two-center parameters for s- and p-like orbitals.2® This
approximation can be very useful, especially near the
equilibrium bond length, or when trying to approximate
parameters of chemically similar materials with slightly
different lattice constants, but it is not very accurate far
away from the equilibrium bond lengths. Allen et al.?®
handled this problem by simultaneously fitting the two-
center parameters of a nonorthogonal sp® basis to the
band structures of solid Si with different lattice constants
and then fitting these parameters to a polynomial func-
tion of distance. Suggestive of two-center terms in DF
theory, Goodwin et al.?2® proposed a functional form for
scaling both the electronic parameters and the pairwise
repulsive term,

=Y ()]

and were able to reproduce the total energies of Si in
different phases.2®

By following the approach of Goodwin et al., Xu et
al.2! obtained a set of parameters, fitted simultaneously



to the total energies (calculated by DF theory) of three
phases of C: an infinite linear chain, graphite, and dia-
mond. Unlike Goodwin et al.’s approach, two distinct
functions, of the same formi as h(r), were used to scale
the electronic parameters s(r) and model the pairwise
repulsive potential ¢(r):

o= (e (- ()]
= (£) el (4 -(2)7)]

Rather than a simple sum over ion pairs, the repulsive
energy is written as an adjustable fourth-order polyno-
mial function of ¢(r) to incorporate higher-order terms
in Tijs

Erep = E f Z ¢(7'ij) . (5)

The functions s(r) and ¢(r) are smoothly cut off at ap-
proximately 2.6 A, the second-neighbor distance in bulk
diamond, by the addition of a third-order polynomial tail.
The coefficients of this polynomial are uniquely deter-
mined by the conditions that the functions s(r) and ¢(r)
and their first derivatives go continuously to zero at the
cutoff. All of the parameters in Egs. (3), (4), and (5)
together with the electronic two-center integrals of an
sp® basis were used in fitting to the total energy over a
range of lattice constants from ~ 1.2 to ~ 1.7 A for all
three phases of C. The resulting parameters of this fit are
listed in Ref. 21, which also gives the calculated phonon
frequencies, bulk modulus, and Griineisen parameters for
diamond and graphite. For finite or semifinite systems
such as clusters and surfaces, charge transfer is modeled
by the addition of a Hubbard-like term,

atoms

H,= U > @-a)’ (6)

where U = 4 eV, ¢? is the number of valence electrons
contributed by the ith atom, and g; is the Mulliken charge
population at each atom.3° This PTBF model has also
been applied to simulations of amorphous C,3! clusters,?!
and fullerenes.??

We obtained the additional TB parameters for C-H
interactions from a fit to the electronic levels and en-
ergies of methane. A similar approach has been used
previously for H on both Si (from a fit to silane),32734 C
surfaces,?®3¢ and C clusters.3” These studies only con-
sidered the equilibrium C-H distance of the molecule. At
equilibrium, the H bond length on a surface should not
be much different from its value in a molecule, but in
order to study a wider range of dynamics of the H atom
on the surface, a simple scaling law for the H bond is
not appropriate and a more robust set of parameters fit
over a range of C-H bond lengths is required. We employ
the all-electron, density functional code of Pederson and
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Jackson3® to generate a database of accurate electronic
levels, total energies, and forces for a methane molecule
with variable bond lengths.

Rather than simultaneously fitting all the parameters
to reproduce the total energies of methane, we first fit
just the two-center electronic parameters and scaling
function to the occupied eigenvalues of the molecule over
a range of C-H bond lengths from 0.8 to 1.6 A. The an-
tibonding states do not contribute to the total energy of
the molecule or the diamond surface, and by consider-
ing only the occupied levels we are able to get a very
accurate fit. Each H atom contributes an s orbital to
the molecule. By taking linear combinations of the four
H s orbitals, the electronic levels separate into a singlet
and a threefold state corresponding to H s interactions
with the C s and p orbitals respectively. In terms of the
two-center parameters, the eigenvalues of these states are
written as

1

2

a1 =} (Bu + E.) =~ [(Ba — B)” + 16s(r)Vauo ],
(7

1
2

ta = § (B + Bp) — [(Br — Bp)* + ¥ls(r)Vapo?]
(®)

RELATIVE UNITS
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FIG. 1. Plot comparing the fit of the PTBF parameters
(solid lines) with the electronic levels and forces of methane
calculated by DF theory. Circles are the contribution of the
repulsive term to the radial force. Triangles and squares are
the sum and difference of the a; and ¢, electronic levels. The
y axes of the plot have been normalized by their absolute val-
ues at the equilibrium bond length (~ 1.1 A) of 10.66 eV /AZ?,
26.37 eV, and 7.48 eV for the repulsive force, sum, and dif-
ference of electronic levels, respectively.
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TABLE 1. C-H electronic tight-binding parameters from the fit to methane. The scaling function
refers to Eq. (3) in the text. The value of r¢ is taken as the equilibrium bond length of methane,
where the scaling function equals unity. The polynomial tail ensures that the parameters and their
first derivatives go smoothly to zero between r, and rcy:.

Two-center parameters (eV)

B} Ve viLe ViLH ES ES
—4.74946 —6.52263 6.81127 0.00 —2.990 3.710
Parameters for scaling function

n Nc To Tc T1 Tcut
0.234238 0.434526 1.10168 0.0522159 1.55 1.85
Polynomial tail ¢,(r — r1)

Co C1 C2 C3
0.80179629 —0.35091957 —24.38707907 55.49321117

where s(r) is the scaling function appearing in Eq. (3).
We chose to ignore the H-H interactions in these equa-
tions, since they should be small. We use the same on-
site energies, E, and E,, for C as Xu et al.?! so our fit
would be consistent with their C parameters. Rather
than fitting Eqgs. (7) and (8) separately, we fitted to lin-
ear combinations a; + t5 as a function of C-H distance.
The resulting electronic parameters are listed in Table I
and a comparison of our fit with the DF data is shown
in Fig. 1. The two top curves in Fig. 1 are the sum and
difference between the a; and t, levels. For convenience,
the curves have been normalized by the value at the equi-
librium C-H bond length of 1.1 A.

The parameters in E,, appearing in Eqgs. (4) and (5)
were fit to the forces dEio/drc-u rather than the en-
ergies, for a better description of the dynamics of the
C-H bond. Using the parameters in Table I, we calculate
the force due to both the band structure term and the
Hubbard-like charge term. These results are subtracted
from the total force determined by the DF code, provid-
ing a data set for determining the adjustable parameters
in dE;ep/drc-u. The coefficients of the fourth-order poly-
nomial in Eq. (5) had to have the same values as used
by Xu et al., since it is a function of the sum over all the
pairwise ¢(r) which can include both C-C and C-H inter-
actions. A comparison of the resulting fit to the DF data
is shown in Fig. 1 and the parameters are listed in Ta-
ble II. The lowest curve is a plot of dE;ep/drc—n, which
has been normalized by its value at the equilibrium bond
length. As a test of our forces, we calculated the vibra-
tions of a CH4 molecule. The f; and a; stretching modes
are at 3093 and 2931 cm ™! compared with 3020 and 2914
cm~! for experiment, respectively.3® The e and f, bend-
ing modes are at 1631 and 1597 cm™!, compared with
the experimental values of 1526 and 1306 cm™!.3% De-
spite the fortuitously small error (~ 7%) in the e mode,

the f; bending mode is not accurate because the param-
eters were fitted to the stretching rather than bending
of the bond. Note that unlike the C parameters, the H
parameters for the total energy are valid only with the
use of the Hubbard term, since it was explicitly included
in the forces.

For the case of the C(100) (1 x 1) surface, the H atoms
bonded to the surface can be in close proximity to each
other. In order to consider the hydrogenated C(100) sur-
face, it is necessary to include the interaction between H
atoms bonded to different C atoms (-H:H-) in the PTBF
Hamiltonian. To model an environment similar to the
C(100) surface, we brought two CH4 molecules together
with a C-H bond of each molecule along an axis. The
other three C-H bonds were in a staggered, dihedral con-
figuration to maximize the distance between them. By
bringing the two molecules together, the degeneracy of
the electronic states is partially broken so that we were
able to fit the -H:H- parameters to the splitting of the
methane levels over a -H:H- separation ranging from 0.6
to 1.1 A. The repulsive terms were then calculated from
the forces by following the same prescription as we did
for the C-H bond, explicitly including the Hubbard term.
These parameters are listed in Tables III and IV. It
should be emphasized that these parameters are only
valid for the interaction between two H atoms bonded
to different C atoms and that they cannot be applied to
any other H environment.

III. RESULTS AND DISCUSSION

All the surfaces are modeled with supercells of atoms,
periodic in two dimensions. Each slab has inversion sym-
metry about a point in the center of the cell. The num-
ber of layers are chosen so that the forces and the elec-

TABLE II. Repulsive parameters for the C-H bond. These parameters refer to Eq. (4). See text

for full details.

Parameters for ¢(r)

¢0 m me do dc dl dcut
9.1175 0.709795 0.867909 0.785648 0.1400 1.605 1.85
Polynomial tail t4(r — 1)
Co C1 C2 c3
0.36019198 —1.30766412 —7.32728884 27.19997586
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TABLE III. Electronic tight-binding parameters for the interaction between two H atoms bonded
to C atoms. Parameters were obtained from fits to density functional calculations of two methane
molecules, whose H atoms are separated by a distance r. The scaling function refers to Eq. (3) in
the text and is a function of the separation between the two H atoms. The polynomial tail ensures
that the parameters and their first derivatives go smoothly to zero between 7, and rcut.

Two-center parameter and scaling function parameters

Viso n nc o Te T Teut
—0.440728 0.44949 1.56495 2.13933 0.710328 1.10 1.22
Polynomial tail ¢,(r — 71)

Co C1 C2 C3
6.90045801 —11.56839584 —1244.78882144 7183.28039315
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tronic states on the surface atoms are convergent with
respect to the thickness of the slab. In general, the
bare surface slabs required more layers than the hydro-
genated surfaces. The electronic energies are calculated
from an integration of the band structure using the Pack-
Monkhorst*? scheme for determining the k point mesh in
the irreducible Brillouin zone. The number of points is
chosen to give a convergence better than 0.1 meV in the
total band structure energy. We believe this is consis-
tent with the accuracy of the parameters and additional
convergence would be unnecessary. For the instances
where the surfaces are metallic, the occupation of states is
smeared using a Fermi-Dirac distribution. An advantage
of this is that it allows for an analytical determination
of the derivative of the Fermi level with respect to the
coordinates of the atoms. Values of these convergence
parameters are quoted separately below for each case.
Relaxations of the surfaces are done by the method
of steepest descent, retaining the inversion symmetry
throughout the relaxation. For each slab, the energy is
first minimized with respect to the lattice constants to
remove any additional strain due to the finite size of the
slab. In all cases, this adjustment was smaller than the
accuracy used in reporting our results. The forces are
calculated directly by analytical expressions without any
approximation, avoiding the computationally expensive
task of finite differencing. The Hellmann-Feynman the-
orem is applied to the derivative of the band structure
energy. The Hamiltonian is parametrized in terms of the
two-center approximation?? so that it is straightforward
to obtain the derivative with respect to any of the coor-
dinates. The Hubbard-like charge term is a function of
the occupied wave functions of the Hamiltonian, and by
employing degenerate first-order perturbation theory, we
can calculate the derivatives of the wave functions with
respect to the atoms coordinates. Unfortunately, since
the matrix elements require cross terms between occu-

pied and unoccupied states, the derivative of the Hub-
bard term is the most costly force to compute, but still
is faster than a finite differencing of the energies, even on
a scalar machine. The slowest operation is the diagonal-
ization of the Hamiltonian. All of our calculations were

performed on IBM RISC stations.

A. C(111) surface

The C(111) surface is the most thoroughly examined
diamond surface. This surface will undergo reconstruc-
tion from (1 x 1) to (2 x 1) symmetry at temperatures
exceeding ~ 1000°C.37641 This reconstruction is pre-
ceded by the desorption of H and has been studied
with both semiempirical'®42? and first-principles meth-
o0ds.11:12:43,44 T addition to adding more insight into the
physics on the C(111) surface, our purpose for repeat-
ing these calculations with our tight-binding method is
to give an indication of the reliability of the application
of the tight-binding parameters to surfaces and H bonds
on the surface.

The surface atoms on the bulk-terminated C(111) sur-
face, shown in Fig. 2, are threefold coordinated with a
dangling bond pointing normal to the plane of the sur-
face. The atoms at the surface form a two-dimensional
hexagonal lattice with one surface atom per unit cell.
Since we will be examining the (2 x 1) reconstruction, we
have used two atoms/layer in our calculation so that the
unit cell is a rectangular lattice. The dangling bonds on
the bulk-terminated surface form states in the gap. These
states should be relatively localized, but could still inter-
act and split into bonding and antibonding states. The
band structure for the bulk-terminated C(111) surface is
shown in Fig. 3. The J symmetry point is one-half of
the longer reciprocal lattice vector and the K point is
at the corner of the rectangular Brillouin zone. We can

TABLE IV. Repulsive parameters for the interaction between two H atoms bonded to C atoms

as described in Table III and in the text.

Parameters for ¢(r)

¢0 m mc dO dc dl dcut
0.0546 1.02 0.8458 2.301 0.3561 1.06 1.22
Polynomial tail ty(r — 71)
Co C1 Cc2 C3
1.29651641 —3.90234433 —103.156212802 480.62932848
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FIG. 2. Diagram of the hydrogenated ideal (top) and re-
laxed 7 reconstructed (2 x 1) C(111) surfaces. The surface C
atoms are modeled as black balls and the hydrogen atoms are
white.

see at the T' point that the states do split into occupied
and unoccupied states. Our occupied level is ~ 2.2 eV
above the valence band, with a splitting between levels
of ~ 0.75 eV. This is in quite satisfactory agreement with
the local orbital ab initio calculations of Vanderbilt and
Louie!! who found a dangling bond state ~ 2 eV above
the valence band at the I’ point, but with much smaller
splitting between the occupied and unoccupied levels.

The dangling bond surface states are half filled, and the
dispersion results in a metallic band structure. The small
bandwidth ( 0.75 eV) suggests a possibility of important
correlation effects, which could make these states (and
therefore the surface) insulating. A spin-density-wave
instability is another possibility. We are not aware of
any experimental data on this point. Our method is,
however, intended only to model local density results,
and thus such correlation effects are beyond the scope of
this study.

We relaxed six surface layers of a 24-layer, bulk-
terminated, C(111) slab with two atoms per layer. Since
the bulk-terminated surface is metallic, we used a Fermi-
Dirac occupation of states with a kT width of 0.075 eV

Bulk Terminated
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and 30 k points. In addition to the 48-atom unit cell,
we also relaxed four layers of a 12-layer, 24-atom cell in
order to make more direct comparisons with the size of
the slabs used in the ab initio studies.!!''?43 We found in
our calculations that a 12-layer slab was not sufficiently
thick to prohibit splittings between the surface states at
the top and bottom of the slab. To avoid this problem
Iarlori et al.'? and Stumpf and Marcus*® attached H to
the bottom of their eight- and ten-layer slabs respectively
in their plane-wave calculations. Vanderbilt and Louie
used a ten-layer slab, but did not report any splitting of
surface states arising from interactions between the sur-
faces. Upon relaxation, the bulk-terminated surface did
not spontaneously reconstruct to a (2x1) surface. This is
counsistent with the ESD-TOF LEED data, which showed
that continued annealing, even after H desorption, is re-
quired for reconstruction.® Qur 12-layer cell lowered its
energy by 0.2 eV per surface atom, mostly by decreasing
the bond length between the first two layers, Ab;z, by
1.9%. This is similar to the results of the ab initio cal-
culations of Vanderbilt and Louie who found a decrease
of energy by 0.37 eV and a Abyy of —3.1%.1! Stumpf
and Marcus did not cite their energy differences for their
plane-wave calculation, but reported a relaxed, (1 x 1)
bulk-terminated structure with an even bigger decrease
in Aby, of 4.0%.43 Using a thicker unit cell with two more
layers allowed to relax, we also found a more substantial
decrease in energy of 0.39 eV per surface atom and a big-
ger decrease for Ab; of 5.4%. The band structure for the
relaxed (1 x 1) C(111) surface (not shown) resembles the
ideal, bulk-terminated, band structure except the split-
ting between the unoccupied and occupied gap states at
the zone center has been reduced to ~ 0.25 eV.
Pandey*? has suggested that the C(111) surface (2x 1)
reconstruction is comprised of 7 bonded chains in the first
two surface layers. This structure is similar to the one
shown in Fig. 2. The zigzag chains on the top layer have
bond lengths comparable to graphite. By bringing the
dangling bonds closer together, the splitting between the
occupied and unoccupied gap states increases, thereby
lowering the electronic energy. The cost of bringing the
atoms closer together on the surface is an increase in the
repulsive energy between the ions. We altered the geome-

8 % 8 8 8
6 B 16 6 16
| | |
Ar 14 A N 14
%\ s % i FIG. 3. Band structure of the bare C(111)
E ol ] P g 5 1o bulk-terminated and relaxed 7 chain surfaces.
H i ] % The dotted line is the Fermi level. The top
i ] ] ] of the valence band is at ~ 0.45 eV.
0 40 0 4o
of 4-2 -2 F— 4-2
== === .




49

try of the top two layers in our 24-layer bulk-terminated
slab so that it would have the (2 x 1) geometry of the
Pandey chain structure.?? Qur “ideal” (2 x 1) structure
has surface chains with graphitic bond lengths of 1.42 A
and no dimerization. All other bond lengths are equal to
the bulk diamond value of 1.54 A. This structure required
45 k points.

The results for the relaxation of this slab are given in
Table V, along with the results of the ab initio calcula-
tions using either plane waves!? or localized orbitals.!?
All the calculations listed in the table report that the
Pandey m reconstruction has a lower energy than the
bulk-terminated surface. Our calculation indicates a fa-
vorable energy decrease even for the “ideal” 7 surface.
The fully relaxed structure 12-layer slab was very close
in energy and structure to the results of Vanderbilt and
Louie. Even larger decreases (~ 50%) in energy per atom
were realized when we used a thicker slab and allowed
more layers to relax, indicating that the ab initio results
may have used slabs that were still too thin.

A comparison of our band structure, in Fig. 3, for the
relaxed (2 x 1) surfaces with the band structures deter-
mined by the ab initio calculations!!'2? (not shown) indi-
cates very good agreement for the dispersive behavior of
the gap states. At the T point, there is a large splitting
of ~ 5 eV between the occupied and unoccupied states.
Vanderbilt and Louie showed a splitting of ~ 4.8 eV and
Iarlori et al. had a splitting of ~ 3 eV. The surface gap
state in both these calculations coincides with the valence
band maximum at the zone center, but our tight-binding
parametrization puts the surface state ~ 0.5 eV above the
valence band. Vanderbilt and Louie also found an addi-
tional gap state below the conduction band, just above
the unoccupied dangling bond state, as did we. At the
zone edge in the J direction, which is along the surface
chains, the surface states become degenerate. Indeed,
any dimerization of the chain will break this degener-
acy. Both our calculation and that of Iarlori et al. had a
flat band in the J-K direction so that our surface chains
could slightly dimerize, just enough to break the degen-
eracy of the J-K band and make the surface nonmetallic.
Vanderbilt and Louie calculated a much more dispersive
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band increasing in energy along the J-K direction. In
their case, the only way to gain band structure energy
through a splitting between levels would be to force a
large enough dimerization to overcome the dispersion in
the J-K direction. The cost in the repulsive energy to do
this would be too great. More ab initio band structure
calculations must be performed in order to confirm the
dispersive behavior along this direction.

The addition of H to the C(111) surface stabilizes the
surface by removing the dangling bond states from the
gap, and thereby preventing reconstruction. An impor-
tant aspect of growing diamond films in a H atmosphere
is widely believed to be the prevention of the surface re-
construction. The H bond on the C(111) surface has been
studied with ab initio methods by Stumpf and Marcus*3
and Zhu and Louie,** who were particularly interested
in the anharmonicity of the H-C stretch mode. The re-
sults of these studies provide a good benchmark to eval-
uate our C-H parameters. We relaxed the five top layers
of an 18-layer C slab with two atoms in each layer and
H atoms (also relaxed) attached to the surface dangling
bonds. The final coordinates of this structure are in ex-
cellent agreement with the ab initio results for both the
geometry and energies of the H bond. We found a C-H
bond length of 1.125 A compared with the ab initio val-
ues of 1.12 A from Zhu and Louie** and 1.1255 A from
Stumpf and Marcus.*? In addition, we find an inward re-
laxation of the surface C of 0.023 A, consistent with the
results of Zhu and Louie and Stumpf and Marcus.

As a more rigorous test of the scaling of our H param-
eters with bond distance, we use Zhu and Louie’s results
for the binding energy of a surface H atom displaced a
distance z from the surface. They found their binding
energy fit “essentially exactly”** to a fourth-order poly-
nomial:

V(z) (eV) = Vo + 14.3262% — 28.4222% + 27.4152%.  (9)
We repeated this calculation using our C-H parameters
and plot the results in Fig 4 along with Eq. 9. Not only
are we able to reproduce the anharmonicity of the C-H
bond, but the agreement of the binding energy to within

TABLE V. Comparison of the tight-binding results for the relaxed m chain structure on the

C(111) surface with ab initio calculations using

plane waves and local orbitals. Energy differences

are given with respect to the bulk-terminated surface. AFEjgea) is the ideal Pandey chain structure

defined in the text. 7c-c is the average bond

distance in the surface chain and the percentage

in parentheses is the degree of dimerization defined as (r1 — r2)/(r1 + r2), where r; and r2 are
nearest-neighbor bond lengths. Arzs is the change in bond length between the second and third

layers.

ab initio Tight binding
Plane wave® Local orbitals® Our work
Atomic layers 8 10 12 24
AFE;igeal (eV) —-0.05 —0.44 —0.44
AE (eV) —0.68 —0.70 —1.08
Fo-c (R) 1.44 (1.4%) 1.47 (0.0%) 1.48 (0.2%) 1.44 (0.6%)
Args +8% +8% +6% +9%

®*Reference 12.
PReference 11.
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FIG. 4. Binding energy of H on the C(111) surface. The
solid line is fourth-order polynomial fit to Zhu and Louie’s
(Ref. 44) ab initio calculation as described in the text. The
solid points are the binding energies calculated using our
tight-binding C-H parameters.

4% of the calculated local density approximation (LDA)
value over a range of bond lengths ~ +£35% away from
equilibrium indicates that the scaling of the C-H bond
with distance is accurate as compared to LDA calcula-
tions.

One way to probe the H bonding environment is to
measure the vibrations on the surface. We calculated the
vibration modes at the zone center from a diagonalization
of the full dynamical matrix of our relaxed, hydrogenated
18-layer C slab. The frequencies of the H modes are given
in Table VI along with the high-resolution EELS results
of Lee and Apai,*! who examined the H modes to de-
termine which (if any) hydrocarbons were bonded to the
surface. They deconvoluted the data into H vibrations
at 2850, 2930, 3000, and 3070 cm~!. Infrared experi-
ments’ have identified a H stretch mode on the surface
at ~ 2830 cm™!, while Zhu and Louie?? calculated a

TABLE VI. Experimental and calculated frequencies for H
modes on a fully covered C(111) surface. The phase refers to
the motion of the two H bonds at the zone center of the unit
cell. An out-of-phase mode would be at the zone edge of a
one-H-atom cell. Identification of the modes is from the eigen-
functions of the dynamical matrix unless otherwise noted. Lee
and Apai identify their high-resolution HR frequencies with
vibrations from H both on the surface and on hydrocarbons
attached to the surface (see Ref. 41 for full details).

HREEL Tight-binding

frequency (cm™') frequency (cm™?) Mode
2930 hydrocarbon stretch®
2850 2849 stretch
1445 hydrocarbon bend?®
1330 1370 bend (out of phase)

1112 bend (in phase)

1060 1084 bend (in phase)

1045 bend (out of phase)

®Reference 41.
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similar but somewhat lower frequency of 2760 cm™!. Lee
and Apai attributed their range of frequencies to stretch
modes from one or more H atoms attached to a single site
containing an sp® or sp? bonded C on the (111) surface.
Our unit cell consists of two monohydride bonds, and we
identified H stretch modes at 2849 cm™!. From an in-
spection of the eigenfunctions, we find these modes are
very localized to each bond, with no significant coupling
between neighboring H atoms. Therefore, any detectable
splitting of the H stretch mode would most likely arise
from the coupling of H atoms attached to the same C
atom.

The proximate environment of the H atom on the
C(111) surface has C3, symmetry and if the H bend
modes were highly localized, there would be two degen-
erate modes for each C-H bond. Instead, unlike the H
stretch mode, the bend modes are not localized and cou-
ple strongly to the phonons of the lattice. We list the H
bend frequencies in Table VI to illustrate this point. In
addition to the coupling with the bulk phonons, there
is also an interaction between neighboring C-H bend
modes, which we assign as out of phase and in phase,
relative to the motion of the H atoms. For comparison,
we have also listed the deconvoluted EELS frequencies
of Lee and Apai,*! who assigned their modes to vibra-
tions of H atoms on hydrocarbons attached to the sur-
face by comparing to known molecular frequencies and
trends. Hamza et al.% argued that the H bend frequen-
cies, observed near 1290 cm~!,% most likely arise from
monohydride bonds on the surface, based on their an-
gular resolved ESD data, but conceded that their ESD
data were not definitive. Even though our frequencies for
the H bend modes on the surface seem to coincide with
the EELS data in Table VI, they probably are not as reli-
able as the stretching frequencies for two reasons: 1) Our
parameters were obtained explicitly from bond stretch-
ing distortions (rather than bending) of the methane
molecule, and (2) the error in the highest-frequency bulk
phonon calculated with these C parameters is ~ 5%,
but the surface phonon frequency, which couples to the
H bend modes, could be less accurate. The information
gained from these results overall is that the bend modes
couple with the lattice phonons, splitting over a range
of ~ 300 cm™!, and that the identification of frequen-
cies in this range to vibrations of specific hydrocarbons
by comparison to the relative vibrations of the hydrocar-
bon molecule may be difficult. The localized stretching
mode should provide a better indication of the H bonding
environment on the surface.

By combining their infrared (ir) and LEED data, Chin
et al.” have been able to observe the H stretch vibration
as the C(111) surface undergoes (2 x 1) reconstruction.
They found that dosing the (2 x 1) surface forced a re-
construction back to (1 x 1), mediated by a metastable
H bonded state. We added H to our relaxed m recon-
structed surface and found a stable (2 x 1) structure
shown in Fig. 2. This structure resembles the top two
surface layers of the hydrogenated C(110) surface dis-
cussed in Sec. IIIC. H attaches to each of the atoms
in the surface chain. The C-H bond length is 1.128 A
and the chain bond lengths are stretched to 1.562 A with
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0.3% dimerization. All the bond lengths in the first two
layers have stretched by ~ 0.01 A. The bond lengths be-
tween the second and third layers, Ary3, have increased
by 3% from the ideal bulk value, compared with the re-
laxed bare m surface, whose bond lengths increased by
9%. Chin et al.” tracked a H stretching frequency at
2860 cm™! [30 cm™! higher than the one measured on
the (1 x 1) surface] that appeared when the (2 x 1) bare
surface was dosed with H. This peak disappeared when
the surface was fully annealed back to a (1 x 1) structure,
but the peak at 2830 cm ™! remained. We did not calcu-
late the H stretch frequency of this structure but we did
find that the H stretch mode on a similar C(110) surface,
discussed in Sec. ITII C, was 14 cm~! higher than on the
C(111) (1 x 1) surface, indicating that it is possible that
the structure in Fig. 2 is the metastable structure Chin et
al. observed. The energy of this surface is ~ 0.65 eV per
surface C higher than the relaxed, hydrogenated (1 x 1)
surface. This implies that the surface will go to the more
favorable (1 x 1) symmetry, but must first overcome an
energy barrier, and that H alone is not solely responsible
for the reconstruction. Since Chin et al.” observed the
(2 x 1) to (1 x 1) reconstruction under conditions of par-
tial H coverage, it is possible that the true mechanism
for reconstruction involves partially hydrogenated chains
rather than fully hydrogenated chains.

B. C(100) surface

Unlike the C(111) and C(110) surfaces, the C(100) sur-
face has two dangling bonds on each atom. Since they
are located at the same site and are not orthogonal, they
should mix and split into two distinct gap levels centered
near the Fermi energy. Shown in Fig. 5 is the band struc-
ture for the bare C(100) surface calculated with two sur-
face atoms per unit cell. This surface is not metallic since
the occupied bands are completely full. At the T point we
can see four distinct surface states from the four unsatis-
fied surface bonds. Along the J direction, which is along
the direction of the dangling bonds, the levels become
doubly degenerate. This indicates that the ~ 1 eV split-
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ting of states around the Fermi level is due to the mixing
of the on-site dangling bonds and that the off-site inter-
actions separated by a distance of ~ 2.5 A account for
the small splitting, most visible at the zone center. This
is in qualitative agreement with Lowther’s3¢ and Ciraci
and Batra’s*® tight-binding results for the bare surface,
except for the notable exception that Ciraci and Batra’s
antibonding surface state barely crosses the Fermi level at
the diagonal zone edge, so their surface would be metal-
lic. The crossing of this state along thia direction (not
shown in our figure) did not occur in our calculation,
but could still be correct since Ciraci and Batra used
a more detailed, self-consistent method to calculate the
band structure, which included nonorthogonal orbitals.*®
Gavrilenko’s3® tight-binding calculation shows only one
occupied state located at the center of the gap. This
means that the two dangling bonds at each site either:
(1) do not mix and are degenerate or (2) mix sufficiently
to push the unoccupied state into the conduction band.
We believe the latter reason is the explanation of his
result, which is therefore a function of his electronic pa-
rameters, which included an extra s* state. This s* state
would add more s character to the dangling bonds, al-
lowing more mixing between the states and increasing
the splitting of the levels.

The fact that the two levels arise from the splitting of
the on-site dangling bonds rather than between neighbor-
ing dangling bonds means that an energy gain in form-
ing surface dimers is not a Peierls type of distortion as
it was in the case of the (2 x 1) C(111) surface, but oc-
curs because one of the dangling bonds on each atom is
eliminated. Figure 5 shows the electronic structure of
the (2 x 1) reconstructed surface. There are now only
two states remaining in the gap, corresponding to the
dangling bonds on each of the two surface atoms in the
unit cell. These states are split by 2.7 eV and show very
little dispersion. As in the bare (1 x 1) surface, our re-
sults differ from Gavrilenko’s in that he calculates only
one (occupied) surface level in the gap. Again, we be-
lieve this difference is due to the additional s character
of the dangling bonds in his calculations. Ab initio pseu-
dopotential calculations of Yang et al.l* show a density
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] surfaces. The dotted line is the Fermi level.
The top of the valence band is at ~ 0.45 eV.
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of states which has both occupied and unoccupied gap
states near the valence band, more consistent with our
results.

The coordinates used for all the C(100) band structures
have been obtained by relaxing six layers of the 24-layer
unit cell, with two C atoms per layer. The (2 x 1) surface
was found to be 1.86 eV per surface atom lower in energy
than the ideal, bulk-terminated (1 x 1) structure. For
the relaxed (1 x 1) symmetry, we could only allow atom
displacements along the normal to the surface, otherwise
the surface would reconstruct. The relaxed coordinates
of the (1x1) and (2 x 1) bare C(100) surfaces are given in
Table VII along with the ab initio results of Yang et al.l4
for comparison. The relaxed (2 x 1) surface shows a large
decrease in spacing between the first and second layers
that is in excellent agreement with the ab initio results.
In the remaining layers the trends are the same, but the
magnitudes differ somewhat. Part of the reason for this
discrepancy is that the ab initio calculation used smaller
unit cells of 12 C layers, terminated by H on the bottom,
and allowed all the layers to relax except the bottom C
layer.

Other than reconstructing to a (2 x 1) surface, the dan-
gling bond states of the (1 x 1) surface can be removed
by the addition of H, which will stabilize the (1 x 1) sur-
face. It has been observed that heating the H-covered
C(100) surface to temperatures greater than 1300 K will
force the (1 x 1) surface to undergo a (2 x 1) reconstruc-
tion.® The structure of the hydrogenated surface has been
studied with a variety of techniques ranging from empir-
ical classical potentials!®4¢ to ab initio pseudopotential
methods,!® but the results are not conclusive for the fi-
nal geometries or band structures. Starting with the fully
relaxed hydrogenated (1 x 1) surface, we removed one H
atom at a time and re-relaxed the structures in order
to generate the configurations corresponding to the four
surfaces [H,;:C(100), ¢ = 2, 1.5, 1, and 0.5] diagrammed
in Fig. 6 .

Table VIII lists the final relaxed geometries for all the
structures shown in Fig. 6. The hydrogenated (1 x 1)
surface has two H atoms attached to each surface C and
is therefore referred to as the dihydride surface. If one as-
sumes H bond lengths comparable to those found on the
C(111) surface and ideal tetrahedral bond angles, then

TABLE VII. Relaxed geometry for bare C(100) surfaces.
ro-c is the surface dimer bond length. The atoms in the
(1 x 1) calculation were held in their (1 x 1) symmetry. Ad;;
is the change in spacing between the ith and jth layers as
compared to the ideal bulk-terminated structure. Ab initio
calculations, taken from Ref. 14, are given for comparison.

Tight binding ab initio®
1x1 2x1 2x1
re-c A 2.511 1.398 1.40
Adi2 (%) +0.36 —24.8 —24
Adzs (%) +2.88 +8.26 +3
Adss (%) —0.72 ~1.15 —0.6
Adss (%) ~ 0.0 —-0.74

2Reference 41.

B. N. DAVIDSON AND W. E. PICKETT 49

x=1

FIG. 6. Side view of the final relaxed C(100) surfaces with
different hydrogen coverage H.:C(100), where z=2, 1.5, 1,
and 0.5. The surface C atoms are modeled as black balls and
the hydrogen atoms are white. The dihydride surface (z=2)
is the first one shown and the monohydride (z = 1) is the
third one shown.

the H atoms on neighboring surface carbon atoms would
only be ~ 0.7 A apart. These H atoms would strongly
repel each other, and having the capability of dealing
with such -H:H- interactions is the reason for obtaining
the interaction parameters between nonbonded H atoms
as described in Sec. II. Due to this repulsion between
the H atoms, the dihydride surface has a contracted C-H
bond length and H bonds bent towards the surface nor-
mal by 18° from the ideal tetrahedral direction, so that
the neighboring H atoms are now 1.30 A apart. There
has been disagreement in the literature as to whether
this structure is actually the (1 x 1) structure observed
by LEED. Empirical?® and ab initio'* results have found
that this dihydride phase is unstable, though Zheng and
Smith, using a slab MNDO method,?° found a stable
surface with a stretched C-H bond of 1.13 A and a bond
angle to the surface normal of 35.4°. DF cluster calcula-
tions resembling a fluorinated C(100) surface also found
the (1 x 1) difluoride structure to be unstable.*” Other
empirical and semiempirical studies!”-3% have found sta-
ble dihydride structures with contracted bond lengths of
less than 1.10 A as did we. We systematically twisted the
H bonds out of the plane defined by the ideal positions
of the dihydride bond, and allowed the remainder of the
lattice to relax. The direction, but not the length, of the
H bonds was held constant. We found that the energy
will increase as the twist angle increases, in agreement
with the calculations of Zheng and Smith.2°

Removal of one of the H atoms from the dihydride sur-
face leaves three H atoms for every two surface C atoms,
and we refer to this surface as a 3/2 hydride. After relax-
ation, the odd H atom is located midway between the two
surface carbons as seen in Fig. 6 (z = 1.5). This surface
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TABLE VIII. Relaxed geometry for the H.:C(100) surfaces, which correspond to the configura-
tions shown in Fig. 6. See Table VII for explanation of some of the parameters. 0y._c.5 is the angle
between the H bond and the normal to the surface. The value in parentheses for the H bond on
the 3/2 hydride surface refer to the shared H atom. ab initio calculations are taken from Ref. 14

and are given for comparison.

Tight-binding ab initio®
Dihydride 3/2 hydride Monohydride 1/2 hydride Monohydride
=2 z=1.5 =1 z =0.5 rz=1
rc-c (A) 2.51 2.36 1.617 1.58 1.67
rc-u (A) 1.07 1.12 (1.27) 1.122 1.126 1.17
Oy-c-n 37.3° 32.9°(56.2°) 20.2° 17.8° 23.9°
Adya (%) —4.95 —5.41 -9.24 —15.48 -3
Adys (%) +0.23 + 2.81 +12.71 +4.04 -0.3
Adsg (%) -1.01 -0.91 —5.47 -0.71
Adas (%) -0.13 +0.70 -5.17 +0.46

®Reference 14.

has reconstructed to (2x1), but the surface bond has only
contracted by ~0.15 A compared with ~ 0.9 A for the
fully reconstructed (2 x 1) monohydride surface. These
C atoms are 2.36 A apart, in the region of the polyno-
mial tail cutoff for the C parameters, where the increase
in bonding is changing rapidly and may be responsible
for the resulting slight dimerization. The shared H atom
is 1.27 A away from both surface carbons, only ~ 14%
farther than the singly bonded H atom, which is 1.12 A,
away. By removing the odd H atom, we obtain the mono-
hydride surface. The relaxed (2 x 1) monohydride surface
has a C atom dimer that has contracted 35% from the
(1 x 1) bond length. Table VIII compares the results of
these structures including the ab initio results'* for the
monohydride surface for comparison. There are slight
differences between the methods, but again the general
trends are the same. Though our results are consistent
with those of Zheng and Smith,?° who found a —15%
change in spacing between the first two layers, our spac-
ing is still much larger than reported from the ab initio
calculation.4

Photoemission data taken by Hamza et al.® indicate
that the hydrogenated (1 x 1) surface has no occupied
gap states, consistent with our band structure in Fig. 7
of the dihydride surface. The addition of H to the sur-
face should remove the dangling bond states from the
gap. The contraction of the H bonds pushes the H anti-
bonding states below the conduction band, but since our
parameters were optimized for describing the occupied
states, we cannot rule out the possibility that this band
may still actually lie in resonance with the conduction
band. From his tight-binding calculation, Gavrilenko3®
found no occupied states in the gap, but Lowther3® did
find occupied states, inconsistent with the photoemission
data. As a candidate for the (1 x 1) H-covered surface,
the 3/2 hydride surface fails because the surface is slightly
dimerized and there is a half-filled state in the gap.

For the (2 x 1) reconstructed surface, photoemission
data indicated that there were occupied states in the
gap.? Our band structure in Fig. 7 shows no gap states
for the monohydride surface, in agreement with the ab
initio results.!* The clear implication is that the ob-
served (2 X 1) reconstructed surface is not the simple

monohydride phase. Gavrilenko,3® however, did find oc-
cupied states in the gap for the monohydride surface and
concluded that the (2 x 1) surface was a fully hydro-
genated monohydride surface. Experimentally, Hamza
et al.® found that the (2 x 1) surface reconstruction was
accompanied by the desorption of H. Two distinct veloc-
ity distributions of the desorbed H were observed. The
higher velocity preceded (2 x 1) reconstruction while the
lower velocity desorption continued after the surface re-
constructed. We suggest that the slower desorption is
from the breaking of the monohydride bond and that the
(2 x 1) surface is partially (rather than fully) covered
with H, so that the half-hydride surface would probably
be more representative of the actual H coverage. More
recently, Lee and Apai*' found from their EELS mea-
surement of the H vibration modes that there was no H
remaining on the annealed C(100) surface, and attributed
Hamza et al.’s results to the desorption of bulk H that
had diffused to the surface. The band structure of the
bare (2 x 1) surface, shown in Fig. 5, has an occupied and
an unoccupied surface state, split by ~ 3 eV at the zone
center. The band structure of our half-hydride configu-
ration, shown in Fig. 7, has a partially filled gap state,
which would be more consistent with the photoemission
data,® which found no unoccupied states between 1.17
and 5.5 eV above the Fermi level.

C. C(110) surface

The C(110) surface, shown in Fig. 8, consists of layers
of zigzag chains, stacked alternately. Within each layer,
the C chains are relatively far apart, separated by 2.9
A. The bulk-terminated, threefold coordinated, surface
atoms have dangling bonds pointing 19.5° away from the
surface normal. We found the surface states on the bulk-
terminated C(110) surface to be more confined than those
on the C(100) and C(111) surface, so only 18 C layers
were required to prevent coupling of surface states on the
top and bottom of the slab. We allowed the top six layers
to relax, which was more than necessary since the sixth
layer was stable in its bulk configuration. Due to the
dispersive nature of the surface states on the bare surface,
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FIG. 7. Band structure of the H.:C(100)
surfaces as shown in Fig. 6. The dotted line
is the Fermi level. The top of the valence
band is at ~ 0.45 eV.
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we needed 40 k points, but for the fully hydrogenated
surface, only 20 k points were required. In Table IX we
give the results for the final relaxed structures for the
bare and hydrogenated C(110) surfaces. The percentage
in parentheses next to the bond lengths is the degree of
dimerization.

Lurie and Wilson? observed that the bare C(110) sur-
face does not reconstruct. We also find that the (1 x 1)
surface does not undergo (2 x 1) reconstruction. The two
surface atoms in the (1 x 1) unit cell have a dangling
bond, so we expect two states in the gap. These dan-
gling bonds are only a bond length apart and should
interact and split into bonding and antibonding lev-
els. In the direction across the chains, corresponding to
T- J', these levels are nondegenerate, but along the zigzag
chains (T-J) the antibonding and bonding levels become
degenerate at the zone edge. Dimerization of the surface
C atoms will break this degeneracy and lower the elec-
tronic energy. This can be seen in the band structures for
the bulk-terminated and relaxed, bare C(110) surfaces in
Fig. 9. The chain bond lengths on the relaxed bare sur-
face are contracted to 1.43 A, and have slightly dimer-
ized; just enough to break the degeneracy at the zone
edge. The bulk-terminated C(110) surface lowers its en-
ergy by 0.38 eV per surface atom by moving the surface

atoms inward by 0.15 A and by partially “straightening”
the zigzag chain on the surface. This brings the dangling
bonds closer together, thereby lowering the level of the
occupied gap state.

Photoemission data indicate that the gap state on the
bare C(110) surface disappears with the addition of H
and reappears when H is again removed.® Table IX shows
that the addition of H atoms to the surface prevents
the contraction of the surface C bonds and reduces the
change in spacing between layers. The hydrogenated sur-

FIG. 8. Diagram of the fully hydrogenated C(110) surface.
The hydrogen atoms are white and surface C atoms are black.
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TABLE IX. Relaxed geometries for the bare and hydrogenated C(110) surfaces. Fg_)c is the
average bond length in the zigzag plane in the ith layer. The value in parentheses is the degree of
dimerization in the zigzag chains defined as (r1 —r2)/(r1 +72), where r; and r; are nearest-neighbor
bond lengths. 6y_c_; is the angle between the H bond and the normal to the surface.

H coverage

Bare Half hydride Fully hydrogenated

rc-u (A) 1.126 1.124

On-c-n 21.4° 18.3°
70 (A) 1.43 (0.8%) 1.48 (0.2%) 1.52 (0.3%)
Adyz (%) ~14.8 -33 -14
72 (R) 1.49 (0.7%) 1.53 (0.4%) 1.53 (0.5%)
Adas (%) 2.5 0.84 -0.1
720 (A) 1.53 (0.5%) 1.54 (0.5%) 1.54 (0.6%)
Adss (%) —0.4 ~0.02 0.08
70 (A) 1.54 (0.6%) 1.54 (0.6%) 1.54 (0.3%)
Adss (%) 0.2 0.09 0.01
78 (R) 1.54 (0.6%) 1.54 (0.6%) 1.54 (0.3%)

face has no gap states, but the half-hydrogenated sur-
face has one half-filled state in the gap due to the dan-
gling bonds. Even though there are no longer any gap
states, the hydrogenated surfaces are still slightly dimer-
ized. This could be related to the result that the layers
below the surface prefer to dimerize as indicated in Ta-
ble IX. The half-hydride structure was the only one of
the three C(110) surfaces to show any significant buckling
of the chains. The C atom that has a H atom attached
moved outward by 0.024 A and the bare C atom moved
inward by 0.081 A. The H bond is also slightly longer
and bent 3° further away from the normal compared to
the fully hydrogenated surface.

We calculated the eigenvalues of the full dynamical ma-
trix for the hydrogenated surface to obtain the H vibra-
tion frequencies at the zone center (see Table X). We
find a splitting of both the bend and stretch H modes
(there are two H atoms per surface cell). This is different
from the H vibrations on the C(111) surface in that the
H bonds on the C(110) are closer together and can in-
teract more strongly. The high-frequency stretch modes
are still very localized, but the bend modes couple to the
lattice and are not doubly degenerate. On the C(110)

BULK TERMINATED C(110)

RELAXED BARE C(110)

surface, one bend mode is perpendicular to the plane of
the zigzag chain and the other mode is parallel to the
plane. The breaking of the degeneracy and the coupling
of the modes widen the band so that, according to our
calculation, absorption from the H bending modes can
occur in the range from ~ 1000 to ~ 1370 cm™!. The
modes would not interact as strongly on a partially cov-
ered surface and the width of the H absorption bands
should be thinner.

IV. CONCLUSION

By adopting Xu et al.’s?! PTBF for C and adding ac-
curate parameters for H, we have been able to do a thor-
ough study of the energies and dynamics of H on diamond
surfaces. A comparison of the geometries of the C(111)
(1 x 1) and (2 x 1) 7 reconstructed surfaces and H sur-
face vibrations has demonstrated that the method is in
reasonable agreement with ab initio calculations on these
surfaces. Adding H to the C(111) (2 x 1) reconstructed
surface does not force the surface to reconstruct back to
(1x1), but rather, a stable surface that resembles the hy-

Energy (eV)
Energy (eV)

FIG. 9. Band structure of the bare C(110)
surface for the bulk-terminated and relaxed
structures. The dotted line is the Fermi level.
The top of the valence band is at ~ 0.45 eV.
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TABLE X. Calculated frequencies for H modes on a fully
covered C(110) surface with two surface atoms in the unit
cell. The phase is in reference to the motion of the two H
bonds in the unit cell at the zone center. The bending modes
are distinguished by vibrations parallel or perpendicular to
the plane defined by the C-C chains.

Frequency (cm™?) Mode

2863 stretch (in phase)

2855 stretch (out of phase)

1369 bend out of plane (out of phase)
1191 bend in plane (in phase)
1099 bend out of plane (in phase)
998 bend in plane (out of phase)

drogenated C(110) surface is formed. We have calculated
the geometries of the relaxed C(100) dihydride structure
and found that the repulsion of the neighboring H atoms
will contract the C-H bonds. Removal of a H atom from
this surface results in a 3/2 hydride surface, where the
odd H is shared equally between two C surface atoms.
This surface would have a partially occupied state in the
gap. Removal of H from the (2 x 1) surface shrinks the C
dimer bond to 1.62 A for the fully covered, monohydride
surface to 1.398 A for the bare surface. We have also
presented the geometries, band structures, and H vibra-
tions for the C(110) surface. Similar to the reconstructed
C(100) surface, the bare C(110) surface has bond lengths
comparable to those of graphite. Examination of the
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band structure and relaxed geometries indicates that the
bare C(110) surface should dimerize. Covering the sur-
face with H increases the C bond lengths to ~ 1.52 A.
The H stretch vibration on the C(110) surface was de-
termined to be ~ 14 cm™! higher than on the C(111)
surface.

These results demonstrate that PTBF techniques can
still be very useful for studying large systems with many
configurations. In particular, fitting the PTBF parame-
ters explicitly over a range of bond distances provides a
more reliable Hamiltonian for calculating total energies
or examining surface dynamics. Even though the param-
eters were optimized for total energies, we presented band
structure results to identify the surface states that drive
the relaxations and also to aid the interpretation of pho-
toemission data. With the addition of our H parameters,
this method can be applied to studying the interaction of
hydrocarbons with the surface and should also be useful
in investigating large hydrocarbon clusters.
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FIG. 2. Diagram of the hydrogenated ideal (top) and re-
laxed 7 reconstructed (2 x 1) C(111) surfaces. The surface C
atoms are modeled as black balls and the hydrogen atoms are
white.



FIG. 6. Side view of the final relaxed C(100) surfaces with
different hydrogen coverage H.:C(100), where z=2, 1.5, 1,
and 0.5. The surface C atoms are modeled as black balls and
the hydrogen atoms are white. The dihydride surface (z=2)
is the first one shown and the monohydride (z = 1) is the
third one shown.



FIG. 8. Diagram of the fully hydrogenated C(110) surface.
The hydrogen atoms are white and surface C atoms are black.



