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Geometrical and electronic structure of the reconstructed diamond (100) surface
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We present the result of fully self-consistent ab initio density-functional calculations for clean
C(100) surfaces. Studying 2x2 and 2x1 reconstructed surfaces, we find the symmetric dimer 2x1
geometry to be the ground state. The corresponding electronic band structure is calculated within
the GW approximation, i.e., many-body quasiparticle effects are included.

Recently the diamond (100) surface has attracted new
interest due to the challenging technological advances of
nearly atomically smooth thin-film growth of this sur-
face by chemical vapor deposition (CVD) methods.}2
There are several theoretical studies of the structural
and electronic properties of this surface.3 7 The level
of sophistication ranges from SLAB-MINDO (modified-
intermediate-neglect-of-differential-overlap) (Ref. 4) and
empirical tight-binding methods (ETBM)3 to non-self-
consistent calculations using density-functional theory
(DFT).>7 Despite these investigations concerning the
structural properties of the clean diamond (100) surfaces
there is still an ongoing debate on the particular geom-
etry of this surface. By analogy to silicon (100) sym-
metric and asymmetric dimer reconstructions are dis-
cussed. An open question is, if there exist higher re-
constructions at low temperatures, such as the c(2x4)
one in the Si(100) case.® Furthermore, substantial dis-
crepancies remain with respect to the dimer bonding
and the energetics between the different approaches.
Low-energy electron-diffraction! and scanning-tunneling
microscopy”® find a 2x1 reconstruction when the tem-
perature is elevated to about 1300 K. Apart from re-
sults of few theoretical studies the electronic properties
of the C(100) surfaces are rather unknown. Neither the
appearance of surface states in the fundamental gap nor
their dispersion are studied. Because of the experimental
complications with the polycrystalline CVD films angle-
resolved photoemission or inverse photoemission mea-
surements have not been made. Also the STM has not
been used yet for spectroscopic studies. Thus there is
a challenge for theoretical state-of-the-art calculations of
both the geometrical and electronic properties of this sur-
face.

In this paper we report the first fully self-consistent ab
initio pseudopotential calculations for C(100) surfaces.
Using the density-functional theory (DFT) within the
local-density approximation (LDA), total energy calcu-
lations are performed for various structural models in or-
der to determine the atomic positions of the atoms at the
surface. 2x2 and 2x1 surface reconstructions are consid-
ered. For the correct calculation of the electronic prop-
erties we go beyond the DFT-LDA applying the quasi-
particle (QP) theory to include the many-body effects of
exchange and correlation in a proper way. The QP band
structure presented is calculated by means of a compu-
tationally scheme using the GW approximation of the
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self-energy.

The details of the DFT-LDA calculations are like
those in Ref. 10. The electron-ion interaction is
treated by using norm-conserving, ab initio, fully sep-
arable pseudopotentials.!! The pseudopotential for car-
bon has been softened as described in Ref. 10. The
electron-electron interaction in LDA is treated within
the Ceperley-Alder scheme.'? We use the repeated-slab
method to simulate the surfaces. A single slab contains
12 (100) layers of carbon atoms and a vacuum region
equivalent in thickness to 12 such layers. The plane-
wave basis set is restricted by an energy cutoff equal
to 34 Ry. In a detailed convergence study!® this en-
ergy cutoff together with the softened C pseudopoten-
tial has been proofed to give accurate results for bulk
SiC properties. The k-space integration is replaced by a
sum over four special points in the irreducible part of the
surface Brillouin zone (SBZ). In order to determine the
equilibrium positions, the atoms of the four innermost
substrate layers are kept frozen at their ideal positions,
whereas all other atoms are allowed to relax until the to-
tal energy and the forces are minimized. Simultaneously
with the relaxation of the ions the single-particle wave
functions are brought to self-consistency within a Car-
Parrinello-like minimization scheme of the total energy
functional!® using a modified computer code of Stumpf
and Scheffler.14

In order to obtain reliable geometrical data we min-
imize the total energy of several atomic arrangements.
These are symmetric and asymmetric dimer 2x1 recon-
structions of the (100) surface as well as a 2x2 surface
reconstruction containing two oppositely buckled dimers.
All these starting configurations relax to the same 2x1 re-
constructed surface which is characterized by a symmet-
rically dimerized geometry in the top layer. This finding
is in contrast to the ab initio DFT-LDA results for the
Si(100)2x1 surface,®'%17 which have indicated a dimer
buckling with a tilt angle of 14°-17°. A possible reason is
the tendency of the carbon atoms to form double bonds
even at the surface. The energy gain due to the forma-
tion of a C=C double bond instead of a single bond as
in the silicon case is larger than that due to the charge
transfer between the inequivalent dimer atoms.

A side view of the resulting surface structure is shown
in Fig. 1. The geometry parameter are listed in Table
I. In close agreement to Ref. 4 we find the bond length
of the carbon dimer at the surface with 1.37 A slightly
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FIG. 1. Side view of the reconstructed C(100)2x1 surface.
The corresponding geometrical data are given in Table I.

larger than the length of a C=C double bond of about
1.31 A,'5 but remarkably different from a single bond
length of 1.58 A.1% Frauenheim and co-workers’” find a
dimer length of 1.41 A which is slightly larger, whereas
the the value of Gavrilenko of 1.66 A5 differs appreciably
from our result. On the other hand the latter author
gives a value for the vertical distance between the first
and second substrate layer di2 | which agrees with our
result whereas the finding of Ref. 4 is smaller by about
12%. However, apart from this discrepancy our results
are in close agreement with those obtained by means of
the SLAB-MINDO method of Zheng and Smith.*

Comparing the total energy of the ideal and the recon-
structed surface we derive an energy gain of 3.52 eV per
2x1 surface unit cell. This is in reasonable agreement to
the value of 3.0 eV obtained by Frauenheim et al.” but
much smaller than the formation energy of a C=C double
bond of about 7.6 eV!® which is also given by semiem-
pirical methods.* The reason is that the near saturation
of the surface dangling bonds by the formation of doubly
bound symmetric dimers at the surface is accompanied
by strain-induced rearrangements of the outermost sub-
strate layers. As a result we find appreciable buckling
amplitudes A; | and A4 | in the third as well as fourth
substrate layer (cf. Table I). This finding means that the
released energy is partly compensated by the loss due to
the lattice distortion in the subsurface layers. Comparing
the total energy of the reconstructed C(100)2x1 surface
and a bulk diamond slab we derive a cleavage energy of
2.29 eV per surface atom.

The self-consistent potentials obtained during the cal-
culation allow us to determine the barrier seen by an elec-
tron passing from the bulk to the vacuum region. The
ionization energy corresponds to the difference between
this potential barrier and the valence-band maximum.
We calculate an ionization energy of 6.0 eV for the re-
constructed C(100) surface. This value is 1.6 ¢V smaller
than that for the ideal surface.

TABLE I. Structural parameters (in A)
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The electronic structure of the reconstructed
C(100)2x1 surface resulting within DFT-LDA is pre-
sented in Fig. 2(a). It is qualitatively similar to the
band structure calculated for the Si(100)2x 1 surface.'®!#
The two surface bands within the fundamental gap are
mainly related to dangling bonds pointing nearly paral-
lel to the surface normal as can be seen from the wave-
function analysis in Fig. 3. Somewhat in contrast to
the Si case the occupied (unoccupied) band is built up
by bonding 7 (antibonding 7*) combinations of the dan-
gling orbitals and not by single dangling bonds located
at the upper (lower) dimer atoms. The surface bands
related to the o-dimer bonds occur within the projected
bulk band structure. The pronounced 7 bonding and the
nonoverlapping of the corresponding dimer wave func-
tions with those of neighboring dimers (cf. Fig. 3) in-
duce two further differences to the silicon case. There is
a remarkable energy gap between occupied and unoccu-
pied surface states already without buckling of the dimer.
Moreover, measured in units of the fundamental gap the
surface bands exhibit a smaller dispersion over the whole
SBZ. The band maxima especially at the J'K line are
less pronounced.

It is well known that the Kohn-Sham eigenvalues of the
DFT-LDA have a restricted physical meaning. Hence, if
they are taken to describe the one-electron energy spec-
trum, the resulting electronic excitation energies are gen-
erally seriously underestimated.!® An extreme example in
this direction is the C(111)2x1 surface, which appears to
be metallic within the DFT-LDA picture.2’® The under-
estimation of the band gaps also within our DFT-LDA
calculation is obvious from the projected bulk band struc-
ture at the I point in Fig. 2(a). The experimental value
of the bulk transition energy at I' of about 6.0 eV?! is
much larger than the DFT-LDA value of 4.05 eV. Conse-
quently a proper treatment of electron exchange (X) and
correlation (C) is essential to obtain accurate gap values.

This problem can be solved by treating the excitations
within the quasiparticle (QP) Green’s function formal-
ism and calculating the XC self-energy ¥ within Hedin’s
GW approximation.?>23 In this approximation the XC
self-energy is replaced by the first-order term in the per-
turbational series with respect to the screened Coulomb
potential W. Within the QP formalism one has to solve
a Schrodinger-like equation, the so-called QP equation.
In this equation the XC potential Vx¢ of the DFT-LDA
is formally supplemented by the operator 6% = X — Vxc.
The most important effect of ¥ on the main peak in the
spectral function is an energy shift 6%, (k)24 since the QP
wave functions are close to the corresponding DFT-LDA
ones.?® Thus the QP band structure results by adding
these QP corrections 0¥, (k) to the Kohn-Sham eigen-
values of the DFT-LDA. In the surface case we write for
the most important contribution:2®

of the C(100)2x1 surface (cf. Fig. 1).

Ay di2,y diz, L da3s, L d3a, L das, 1 Az 1 A1

Present results 1.37 0.48 0.67 0.80 0.95 0.96 0.26 0.14
Ref. 4 1.38 0.52 0.59 0.80 0.94 0.94 0.25 0.15
Ref. 5 1.66 0.77 0.67 1.01 0.87 0.92 <0.01 0.06
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FIG. 2. DFT-LDA (a) and quasiparti-
cle (b) band structure of the reconstructed
C(100)2x1 surface.
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with two-dimensional (2D) Bloch integrals

BE(Q2) =[x ®iom() . ()

In expressions (1) and (2) k and q denote wave vectors
in the SBZ. G is a 2D reciprocal lattice vector. The

FIG. 3. Squared wave functions for C(100)2x1 at the K
point of the surface Brillouin zone (cf. Fig. 2). The upper
(lower) panel shows the unoccupied (occupied) surface state.
The contours are spaced by 0.01 exbohr™3. The drawing
plane contains the [100] and [110] axes.

[
real space vector x is split into components parallel and
perpendicular to the surface, x| and z. ¢,(k) is the
energy eigenvalue of the band v and p is the chemical
potential. W(Q, z,2') stands for the statically screened
Coulomb potential of the truncated semiconductor, while
Wh(Q, z,2') is that of the homogeneous electron gas.

In order to reduce the numerical effort in the sur-
face calculations the self-energy operator is approxi-
mated as described and succesfully applied by Gygi and
Baldereschi® for the bulk case. In the difference the XC
potential Vx¢ is replaced by the QP self-energy of the
homogeneous electron gas with the same average den-
sity, what is essentially the assumption of the LDA. The
dynamical screening of the Coulomb potential W is re-
placed by the static one. Local-field contributions due
to the atomic structure are neglected whereas those re-
lated to the surface are fully taken into account. To
treat the screened Coulomb potential of the slab we make
the assumption, that the influence of the surface states
on the screening can be neglected.?” Applying further-
more the approximation of specular electron reflection
and truncating the polarization function at the electronic
surface of the slab, we get an analytical expression of
the screened Coulomb potential.2%:28 In this expression
two-dimensional Fourier transforms of the bulk screening
function appear. The bulk screening function is replaced
by a model function,?® which is optimized with respect to
full self-consistent random-phase approximation results.

The QP corrections are rather independent of the un-
derlying DFT-LDA calculation. We take advantage of
this fact by calculating QP corrections by means of a
linear combination of atomic orbitals (LCAO) version of
the DFT-LDA,?° which is more appropriate in the dia-
mond case for numerical reasons. This method relies on
the variational principle for the treatment of intra-atomic
charge transfer, but incorporates a fully self-consistent
treatment of interatomic charge transfer. The wave func-
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tions in the matrix elements of the self-energy operator
are expanded into a basis set of Gaussians localized at
the carbon atoms. This enables us to calculate the Bloch
integrals partly analytically, providing savings of a huge
amount of computer time. Exchange and correlation are
described according to Hedin and Lundqvist.3° The dis-
persion of the bulk bands given within this method is
in good agreement with other theories. The bands have
been found to have an indirect fundamental gap of 5.05
eV and a direct gap of 6.02 eV at I'. However, these val-
ues are somewhat larger than those from other DFT-LDA
approaches.?

The resulting QP surface band structure together with
the projected QP bulk band structure is shown in Fig.
2(b). The QP corrections shift the occupied LDA sur-
face band down to lower energies (ranging from —0.79 eV
near I" to —0.88 eV at K) and the unoccupied surface
bands towards higher energies (ranging from 1.47 eV at
I’ to 1.25 eV at K). The surface band gap is therefore
opened by 2.14-2.35 eV throughout the SBZ. In contrast
to other surfaces like C(111)2x 1 the QP correction of the
gap varies rather weakly with k, in accordance with the
small dispersion of the corresponding DFT-LDA bands.
The QP corrections for the bulk bands, shifting the pro-
jected bulk band structure as well, are smaller than those
of the surface states. The indirect gap is opened by 1.65
eV to a value of 5.7 eV. In Fig. 2(b) the valence-band
maximum (VBM) is again used as energy zero. We find
for the occupied surface band a maximum at 0.25 J'K
nearly equal to the value of the VBM and a subsequent
downwards dispersion of about 1.8 eV. It becomes a res-
onant state at about 0.2 JI'. The unoccupied surface

BRIEF REPORTS 50

band starting at 4.75 eV above VBM at I' has a mini-
mum near K of 3.3 eV above VBM. The gap between
the surface states has its maximum at J with 5.6 eV
and a minimum of 3.7 eV for the indirect transition 0.2
J'K — K. Despite the inclusion of the QP corrections
the unoccupied 7* band remains in the forbidden region
of the fundamental gap and, hence, forms a surface bound
state. This finding is in contrast to those of Frauenheim
et al.” as well as Gavrilenko.® In the non-self-consistent
LCAO approach to the DFT-LDA only one occupied sur-
face bound state has been observed in the lower half of
the gap, whereas the self-consistent ETBM gives a prac-
tically filled dangling-bond state in the midgap region.

In conclusion, we have presented the first self-
consistent ab initio study of the structural and electronic
properties of the (100) surface of diamond. We find the
symmetric dimer 2x1 reconstruction to be the ground
state of the surface. The surface is stabilized by strongly
o- and m-bonded dimers. The QP band structure ex-
hibits two well separated surface bands related to - and
m*-dimer states within the fundamental gap. Taking into
account QP corrections to the DFT-LDA bands both the
gap between occupied and unoccupied surface bands and
the fundamental gap are remarkably opened. Thereby
the effect is slightly larger for the surface states.
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FIG. 2. DFT-LDA (a) and quasiparti-
cle (b) band structure of the reconstructed
C(100)2x1 surface.



