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We presenab initio investigations of the structural and electronic properties of clean and hydrogen-covered
diamond (100 surfaces within local-density-functional theory. Our calculations are based on a variational
solution of the Kohn-Sham equations using a preconditioned conjugate-gradient approach and on the optimi-
zation of the atomic structure via a quasi-Newton quench based on the exact Hellmann-Feynman forces. The
computations are performed in a plane-wave basis, the electron-ion interaction is described by optimized
ultrasoft pseudopotentials. We find that the clean and the monolayer-covered surfaces reconstruct in a
(2% 1) cell via the formation of rows of symmetrie-bonded dimers. Further hydrogenation to a coverage of
1.5 ML stabilizes a surface with a 1) periodicity in the C layers, albeit with a low H-desorption energy for
the formation of the reconstructed monohydride surface. The two-step desorption process is in good agreement
with experimental observations. Electronic surface states within the bulk gap are predicted for the clean
surface, but not for the monohydride case. The detailed analysis of the layer-resolved local densities of states
and of the dispersion of the surface states demonstrates that the results are in good agreement with recent
photoemission experiments. A negative electron affinity is predicted for the monohydride surface, but not for
the clean surface.

I. INTRODUCTION hydrogen coverage for the fully passivated(1@0-(1
X 1):nH surface for which 41X 1) LEED (low-energy elec-
The structural and electronic properties of diamond surtron diffraction pattern is observe¥The precise form of the
faces have been the subject of an increasing number of eximer reconstruction of the diamor@l00) surface is also of
perimental, theoretical, and computational studies. This interinterest in relation to the reconstruction of thg19i0 and
est is motivated by the evident importance of a precis€5e100 surfaces. For $100, conflicting evidence from
knowledge of the properties of surfaces for further technotheory and experiment indicates either symmetric or asym-
logical advances in the growth of nearly atomically smoothmetric dimers as the basic units of the room-temperature
films via chemical vapor depositiofCVD) methods:™3  (2x1) and the low-temperaturec(4x2) reconstruc-
Among the three low-index surfaces of the tetrahedral semitions®~2® The energy difference between the symmetric
conductors, th¢100) orientation is of particular interest be- and asymmetric dimer reconstructions is predicted to be only
cause atomically smooth surfaces have already beed.1 eV per dimer. Experimental evidence from scanning tun-
achieved by homoepitaxial CVD growftiThe (100) surface neling microscopy is possibly obscured by thermal flipping
is also unique because each atom on the ideal surface hamtions of the dimers between the right- and left-tilted
two dangling bonds while on the ideél11) and (110 sur-  positions?® For G&100), the asymmetric buckled dimers are
faces each atom has only one dangling bond. This leads toenergetically preferretf:?° Hence there seems to be a clear
very rich surface chemistry. A fully hydrogen-passivatedphysical and chemical trend in th&00 surfaces of Ge, Si,
(100-(1Xx 1) surface would contain two hydrogen atoms perand C: G¢100 shows asymmetric dimers, (300 is a bor-
carbon atom, but is supposed to be unstable due to the stromigrline case, and the (000 surface probably shows sym-
repulsion that exists between the hydrogen atoms. Loss ahetric dimers. Very recently, the physics of the dimer recon-
hydrogen leads to a reconstruction of the surface via thatruction of clean CLO0) has been studied kgb initio LDF
formation of C-C surface dimers. This reconstruction hasnethod$®=?® and configuration-interaction Hartree-Fock
also been observed experimentalfy. (CI-HF) technique$® The LDF calculations agree in predict-
Theoretical studies of clean and hydrogenated diamondhg symmetric dimers with a very short bond length equal to
(100 surfaces have been performed using various empiricahe length of a double bond in a carbohydride molecule
and semiempirical techniqués!®The level of sophistication [d(C=C) = 1.37 A], the absence of buckling is attributed to
ranges from slab-MINDQmodified intermediate neglect of the large splitting between the bonding and antibonding sur-
differential  overlap’® and empirical tight-binding face states, which makes the Jahn-Teller-like symmetry
methodé*°to non-self-consistent local-density-functional breaking of the Si and Ge surfaces energetically unfavorable.
(LDF) calculations> These studies generally agree on theThe results of the HF calculations depend on the choice of
formation of dimers on the clean(f00-(2xX 1) and mono- the basis set and on the level of sophistication of the theory.
hydrogenated (100)-(2X 1):H surfaces, but there is consid- At the level of single-determinant wave functions, symmetric
erable disagreement about the bond length of the dimedimers with a very large C-C bond lengtd<£1.68 A) are
whether the dimer is buckled or symmetric, and what is thepredicted, CI calculations lead to symmetric dimers with a
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still rather large bond lengthd= 1.52 A).2° (1) We use the finite-temperature version of LDF theory
The ab initio LDF predictions of strongly bonded sym- developed by Mermir? with the exchange-correlation func-
metric dimers are in good agreement with the available extional given by Ceperley and Alder as parametrized by Per-
perimental information on the clean(ID0) surface. Lurie dew and Zungef? Finite-temperature LDF theory introduces
and Wilsori® observed that the LEED pattern of ID0) sur- fractional occupancies and a broadening of the one-electron

faces changes from (1) to (2X1) after annealing at a Snergy Igve[ls_(r;n the for_m og ? F?rmi-:jirac or a Gaussianb
high temperature of 1573 K. A similar conclusion was roadening This smearing helps to solve convergence prob-

reached by Hamza, Kubiak, and Stfiemho emphasized lems qrising from using a small set lofpoints for Brillouin-
that the reconstruction is not accompanied by a completgone integrations, the use of fractional occupancies elimi-
desorption of hydrogen, indicating a two-step reconstructioftates all instabilities that can arise from a crossing of levels
from a hydrogen-saturated unreconstructed100)-(1 in the_ vicinity of the Fermi energy. The variationgl quantity
X 1):nH surface(with an as yet undetermined coverageto " finite-temperature LDF theory is the electronic free en-
a reconstructed @00-(2X 1):H monohydride surface and €'9Y- L .
further to an even more strongly reconstructed clean (2 The minimization of the free energy is performed us-
C(100-(1x 1) surface. However, quantitative information on N9 an efficient matrix-diagonalization routine based on a
the bond lengths in the reconstructed surfaces is not availarant of the conjugate-gradient techniques developed by
able. There have been several attempts to complement tt?@y[l‘f and co—worke”rjs and Bylander, Kleinman, and
incomplete structural information on the clean and hydroge-€€:~ The method is a doubly iterative one: in the inner loop
nated diamond surfaces by investigations of their electroni¢he wave functions and eigenvalues at e&choint in the
propertie31%2 For the G111) surfaces the photoemission Brillouin zone and for each band are improved at a fixed
spectra indicate that besides the well-known surface configusotential by a preconditioned conjugate-gradie(@G)
rations corresponding to the clean reconstructed surface amaethod® until the change of the eigenvalue has dropped be-
the monohydride-passivated surface, a third configuration itow a fixed threshold, i.e., the CG method is used as an
formed under extreme hydrogen exposure. This surface probastrument for the iterative calculation of the lowest eigen-
ably contains -CH or -CH; groups at the surfacé.The values & 10% of all eigenvalugsof the large Hamiltonian
three configurations differ by the presence or absence of sumatrix. After running over all bandgncluding some empty
face states in the vicinity of the Fermi level, as well as bybands, a subspace diagonalization is performed, the Fermi
differences in bulk states up to rather high binding energiesenergy and the new partial occupancies are recalculated, and
Similar changes have also been observed at {i#®@ sur-  the charge density and the potential are updated. For the
faces under repeated desorption and reloading witharge unit cells used in the slab calculations for the surfaces,
hydrogerf-31:32 it is essential to use an efficient mixing routine to avoid
In this paper we present an investigation of the structuratharge-sloshing problems. We use an improved Broyden
and electronic properties of clean and hydrogenated diamonatixing for calculating the new charge density and
(100 surfaces using@b-initio LDF technigues. Our approach potential*®~4?
is based on a variational solution of the Kohn-Sham equa- (3) The optimization of the atomic geometry is performed
tions of finite-temperature LDF theory in a plane-wave basis/ia a conjugate-gradient minimization of the total energy
using preconditioned conjugate-gradient techniques and owith respect to the atomic coordinates. Alternatively, a full
the optimization of the atomic geometry using the exactcanonical molecular dynami¢#/D) simulation may be per-
Hellmann-Feynman forcé€-3®The electron-ion interaction formed using a Noséhermostat for the ion¥.
is described by optimized ultrasoft pseudopotentfaisal- (4) After moving the atoms, the new charge densities are
lowing for a low cutoff energy in the plane-wave expansionestimated by extrapolating the results of the last steps. A
of the valence states. The use of the ultrasoft pseudopotehigher-order extrapolation requires a high accuracy in the
tials solves the convergence probléfnthat plague many calculation of the ground state.
pseudopotential calculations fop 2lements such as C. The  (5) The calculation has been performed using a fully non-
exact calculation of the Kohn-Sham ground state before eadecal optimized ultrasoft pseudopotentfaf’ The nonlocal
calculation of the Hellmann-Feynman forces eliminates thecontributions are calculated in real space, using the opti-
nonadiabaticity problems arising if the Fermi level falls into mized projectors introduced by King-Smith, Payne, and
a partially occupied surface band. We have performed a full-in.*?
optimization of the clean and the monohydride surfaces and The program has been applied with good success to the
of a surface with 1.5 hydrogen atoms per C atom in thecrystalline, amorphous, and liquid phases of germanttita,
surface and we present a detailed analysis of the electronfgolten simplé® and transition metaf and to the investiga-
structure of all three surfaces. tion of the phase transitions between the layered, cubic, and
high-pressure phases of carbon and boron niffidée most
detailed description of the program is given in the paper by

IIl. AB INITIO LDF METHOD Kresse and Hafnef. A very important aspect of the applica-
o tion of the program to diamond is that it allows one to use
A. Variational solution of the Kohn-Sham equations and ultrasoft pseudopotentials.

optimization of the atomic geometry

For our calculations we used the Vienrab initio B. Ultrasoft pseudopotentials

molecular-dynamics prografvamp).®3-3vamp is based on Ultrasoft pseudopotentials have been introduced with the
the following principles: aim of reducing the number of plane waves necessary for a
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well-converged expansion of the valence-electron stategotential was used as the local component. It is a character-
Modern pseudopotentials are usually constructed fronistic feature of the ultrasoft pseudopotentials that large, even
pseudo-wave-function®; (i is shorthand for all quantum overlapping, cutoff radii can be used. Due to the description
numbers and for the energy of the reference stditted to  of the charge deficit in terms of the augmentation functions,
the exact wave function¥,; at a certain cutoff radiuR, ; the pseudo charge densities are still accurf'?lte. For a detailed
such thatd; is at least two times continuously differentiable study of the dependence on the cutoff radii, we refer to the
atR,; and that the norm of the wave function is conserved arlier work on the phase stability of €©We have showit
The norm-conservation condition is thought to improve thethat calculations using this ultrasoft pseudopotentlal and a
transferability of the pseudopotential. Various attempts havéutoff energy ofEc, = 270 eV lead to a maximal error of
been made to improve the accuracy and transferability of th8-003 eV/atom in the structural energy differences between
potential and the convergence of the expansiondefin  the allotropic forms of carbor(diamond, graphite, b¢8
terms of plane waves by imposing further conditions on thecompared to calculations with an optimized norm-conserving
pseudo wave functior:5%5°54%63/Generally it turns out PSeudopotential and a cutoff energytf,, = 1100 eV. For
the pseudopotential can be softened by increasing the cutofiamond, the calculated lattice constant and _bulk modulu_s
radiusR; ;, but the loss of accuracy and transferability putsare 3.530 A and 4.60 Mbar, to be compared with the experi-
an upper limit toR, ; and hence to a further reduction of the Mmental values of 3.567 A and 4.43 Mbar, respectively. The
plane-wave basis set. It has been shown that in the case gmaining difference represents thg characteristic LDF error.
diamond with accurate norm-conserving pseudopotentials gor consistency, the th'eoretlcal lattice constant has been used
cutoff energyE.,, (corresponding to the highest kinetic en- in the surface calculations.
ergy of a plane wave in the bagisf 1000 eV is required to For the hy(_JIrogen atom we have cqnstructed an ultrasoft
achieve full convergenc®. Such a cutoff energy would re- Pseudopotential for the component, while the component
quire a number of plane waves per atom that is prohibitivelywas described by a norm-conserving potential. The cutoff
large for simulations on large systems. radn areR; =R ,=1.25 a.u. and the augmentqtmn rgdlu-s
Vanderbilf® has pointed out that the main obstacle to aiS Raugs = 0.8 a.u. The reference electron configuration is
further increase oR.; (and hence a reduction &) isthe ~1S° and the reference energies arg;=-6.36 eV,
requirement of norm conservation forcing the pseudo waves2= —9.52 €V, ande,=—3.40 eV. The pseudopotential
function to reproduce the sharp peak of the all-electron wavévas tested at the example of the dimer. The bond length,
function (this concerns in particular the sharply peaker 2 binding energy, and vibrational eigenfrequencydef 0.765
wave functions of the first-row elements and the Bave , Eg = 4.90 eV, andw = 4210 cm ! are in good agree-
functions of the transition metals Dropping the norm- ment with the experimental values ¢¥0.74 A,Eg = 4.75
conservation constraint, however, makes the logarithmic deeV, ande = 4395 cm .
rivative of the pseudo-wave-function deviate rather quickly
from the all-electron value as the energy moves away from
the reference value. Vanderbilt proposed improving the loga-
rithmic derivative by fitting not just at one, but at least at two
reference energies and to use a small set of localized “aug- We have modeled the diamond surfaces by a finite slab
mentation functions” to describe the charge-density deficitconsisting of eight layers of eight C atoms e@cbrrespond-
arising from the violation of the norm. It has been shown thating to a (4x2) surface cell separated by eight layers of
with ultrasoft pseudopotentials for diamorig, , can be as vacuum. A (4x2) cell is necessary to investigate the possi-
low as 300 eV without any loss of accuraty’ bility of a higher-order reconstruction than X2L) such as
The new “ultrasoft” pseudo wave functions satisfy a gen- that found in the low-temperature phases df180).1° A su-
eralized Kohn-Sham eigenvalue relation with an overlap oppercell containing 64 atoms corresponds well to the state-of-
erator given in terms of the augmentation functions. The exthe-art ofab initio LDF calculations for both silicotf:2°22
istence of a nondiagonal overlap matrix must be considerednd diamond® For some tests, the calculations have been
in the calculation of the gradients of the wave functions. Dueextended to 16-layer slabs and a wider vacuum layer. These
to the dependence of the overlap operator and of the augests show clearly that the surface geometries obtained with
mentation functions on the positions of the ions, additionakhe eight-layer slabs are unchanged if the thickness of the
terms appear in the Hellmann-Feynman forces and in théayer is doubled. For most calculations, the coordinates of
stresses on the unit cell. The modifications of #ieinitio  the lowest double layer were fixed in the ideal bulk-
MD routines introduced by the use of ultrasoft pseudopotenterminated geometry to simulate the bulk material. Test cal-
tials are described in detail in Refs. 33, 37, 47, and 51.  culations have also been performed with symmetric layers.
For carbon, extensive tests of the optimal ultrasoftEven for the eight-layer slab we found that the interaction of
pseudopotential have been performed in Refs. 37 and 5%he surface states across the layer caused a maximum split-
The optimal pseudopotential is specified by an atomic referting of the symmetry-degenerate surface states on both sides
ence electron configurations22p?, cutoff radii Rcs=Rcp  of the slab of a few meV. We also verified that increasing the
=R.q = 1.9 a.u., and augmentation radii for the construc-thickness of the slab to 16 layers did not change the energies
tion of the pseudized augmentation functionRgf,s = 1.3 of the surface states by more than a few meV.
a.u., Rygp=12 au., and reference energies ef; For the hydrogenated surfaces, a layer with eight or
=—-13.84 eV, €,=—-952 eV, ¢,,=—-952 eV, ¢, twelve H atoms was added to the topmost C layer. The po-
=—5.31 eV, andey=—4.08 eV (the d component of the sitions of the atoms in the lowest C layer are kept fixed to
pseudopotential is norm conserv)nghed-electron pseudo- simulate the bulk material. The pseudo-wave-functions and

IIl. COMPUTATIONAL ASPECTS OF THE MODELING
OF THE DIAMOND (1000 SURFACE
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the smooth part of the charge density and potential are cal-
culated on a 3% 32X 64 fast-Fourier-transform grid, a finer
48X 48x96 grid was used for the augmentation functions
and charges in the ultrasoft pseudopotential schigheefiner

grid in r space is used for calculating the Hartree and
exchange-correlation potentials ohlyThese grids corre-
spond to cutoff wave vectors &, = 7.53 and 11.30 a.u.,
respectively. For the Brillouin-zone integrations we used a
2x2x1 grid of Monkhorst-Pack special poim$together
with a Gaussian broadening of = 0.1 eV in the finite-
temperature LDF scherife®”*8during the atomic relaxation
calculations. For the calculation of total energies, an extrapo-
lation to — 0 has been performed.For the determination

of the reconstructed geometry, the atomic coordinates were
relaxed via a quasi-Newton-quenthFor the calculation of
the electronic density of states and of the electronic eigen-
states and charge densities of the equilibrium atomic con-
figurations, a minimal2 X 1) cell with 16 C atomdeight
layers with two C each plus 0, 2, ad 3 H atoms and a finer
8X 16X 3 Monkhorst-Pack grid was used. The iterative cal-
culation of the Kohn-Sham eigenstates is stopped when the
eigenvalues are converged to within 0.1 meV. The optimiza- ©
tion of the atomic coordinates was continued until the total
energy was converged to within 1 meV/atom. Layer-resolved
local densities of states have been calculated on the basis of ©
a projection of the plane-wave components of the eigenstates
onto spherical waves within the individual atomic sphéres, (¢) C(100)(1x1):1.5H
this projection technique has also been used for the analysis
of electronic surface states.

Top view Side view
[011]

FIG. 1. Top views and side views of the reconstructédi0D)(2
X 1) (a), the reconstructed hydrogenatetl@0)(2X 1):h (b), and of
IV. OPTIMIZATION OF THE SURFACE GEOMETRY the higher H-loaded @00)(1x 1):1.5H (c) surfacegnote that for

. . . . ) the last surface the periodicit{lx 1) refers only to the carbon
In our study we investigated five different surfacegthe layers and not to the hydrogen adlayeFhe numbers along the

clean G100(1x1) surface(only vertical relaxation of rigid connecting lines marking the nearest-neighbor bonds represent the
layers alloweg, (b) the clean reconstructed(0(2X1)  ponq jengthgin A). The other distancegnarked by the lines en-
surface,(c) the monohydrogenated unreconstructed, but regjosed between arrowsare the vertical distances between the C
laxed G100)(1x1):H surface,(d) the reconstructed mono- aioms in adjacent layers or within a buckled lagagain given in
hydride surface (00)(2X 1):H, and (e) a surface covered A): cf. text.

with 1.5 monolayers of hydrogen with the hydrogen atoms

arr_anged in alternant rows of monohydride _anq _dihydride{dlz(c_c) = 1.50 A] is slightly increased relative to the
units, Q100)(1x 1):1.5H[note that th¢1x 1) periodicity re-  (1x 1) surface, but still smaller than in the bulk. Together

fers to the C layers only with the short surface dimers, this leads to an appreciable
inwards relaxation of the surface layer. The reconstruction
A. Clean C(100(1x 1) also induces a considerable buckling of tH#2) and (S3)

For the clean surface with the ideal geometry of the bulk@yers(by 0.26 and 0.6 A, respectively because there are

lattice we calculate a surface ener@leavage energyof ~ NOW two inequivalent C sites in each lay@me just below
3.89 eV/surface site. The relaxation of the surface layerd€ surface dimers and one below the intervals between the
within a restricted 1x 1) geometry leads to a modest energy dimers. The two (S2) to (S3) bond lengths are 0.03 A larger
gain of AE = 0.26 eV/surface atom, the distance between(sma”eb than the bond length in the bulk. Our calculations
the C atoms in the surface layeB)(and the first subsurface N@ve been performed with &x2) surface cell, but the
layer (S1) is reduced fromd,,(C—C) = 1.53 A in the ideal forces acting on the atoms give no indication for a higher-

bulklike geometry tod,(C—C) = 1.47 A. order reconstruction thaf2x 1). o
Our calculated surface geometry is in excellent agreement

with two other recenab initio LDF calculations?’*® see the
B. Clean ((100/(2x 1) compilation in Table I. The non-self-consistent tight-binding
The reconstruction of the clean(ID0) surface leads to (TB) calculationd®*31° predict a 0.03—0.04 A larger bond
the formation of rows of symmetric dimers with a bond length in the dimer, and eventually a slight buckling of the
length of d;;(C—C) = 1.37 A, i.e., almost equal to the dimers!? Buckling was also predicted by the earlier TB cal-
length of the G=C double bond in the gH, molecule culations of Reichardt and Bechstédfhese discrepancies
(d=1.38 A). Details of the reconstructed geometry are givenindicate the uncertainty arising from the construction of the
in Fig. 1. The distance between th& and (S1) atoms TB Hamiltonian. The important point is that &b initio
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TABLE I. Bond lengths(in A) in reconstructedrelaxed C(100) surfaces.

Present
work Ref. 272 Ref. 28 Ref. 12°¢ Ref. 15 Ref. 159 Ref.13¢ Ref. 100  Ref. 99

(2x1)
C=C dimer Symmetric Symmetric Symmetric Buckled Symmetric Symmetric Symmetric Symmetric
d44(C-0O) 1.37 1.37 1.37 1.40 1.40 1.41 1.58 1.38
d;,(C-O) 1.50 1.50 1.52 1.50 1.48

1.55
(2x1):H
d (C-H) 1.10 1.17 1.12 1.07 1.08 1.13
C=C dimer Symmetric Symmetric Symmetric Symmetric Symmetric Symmetric
dq1(C-0) 1.61 1.67 1.62 1.58 1.73 1.56
d.»(C-C) 1.53 1.59 1.54
(mx1):nH
n,m 151 1.33,3 152 2,1 151 2,1
d(C-H), monohydride 1.09 1.18 1.12 1.07
d(C-H), dihydride 1.11 1.17 1.27 1.07 1.07 1.08
dq4(C-C), dimer 2.50 1.62 2.36 251
d;,(C-C), monohydride 1.47 1.58 1.48
d;,(C-C), dihydride 1.50 1.60 1.52

%resset al., ab initio LDF.

bKriiger and Pollmannab initio LDF.

¢Yang et al, non-self-consistent DFT-TB.

9Davidson and Pickett, TB molecular dynamics.

®Frauenheinet al, TB molecular dynamics.

fMehandru and Anderson, molecular orbital.

9Zheng and Smith, MINDO.

"The 1.5-fold hydrogenated surface of Ref. 15 corresponds to single H atoms bonded to the C atoms, with pairs of C atoms sharing a
common H atom in a symmetric position.

calculations predict that there is no buckling of the surfacdion to be~ 0.80 eV/site lower in energy than the X1L)
dimers, in contrast to the @i00 (Ref. 20,22, and 23and  bulk-terminated surface and 0.15 eV/site lower than the
Ge(100 surfaces. (2X1) symmetric-dimer structure. The much higher recon-
The calculated reconstruction energyA§€=—1.51 eVv/  struction energy reflects the strength of the=C double
site relative to the relaxetllx1) surface, reducing the sur- bond.
face energy to 2.12 eV/site. Again we find good agreement _
with ab initio LDF and semiempirical TB calculationsf. C. Monohydride C(100/(2x 1):H surface
Table Il). It is remarkable that for the clean surface, the re- If the surface is covered with a monolayer of hydrogen
construction energy per dimer is larger than the cohesivgéone hydrogen atom per carbon atom in the supfatee
energy per bulk bondXE = 3.02 eV/dimer,E.,, = 2.25  reconstruction pattern changes only quantitatively: the length
eV/bond. This reflects the strength of the double bond in theof the surface dimers is nowly;(C—C) = 1.61 A, i.e.,
dimer. The reconstruction energy calculated fql@) is  slightly larger than a single C-C bond in a hydrocarbon mol-
considerably larger than that obtained for thél80) surface  ecule[d(C—C) = 1.55 A in C,H¢], theS-(S1) bond length
where Vittadiniet al?#°find the buckled dimer configura- is close to the bulk value so that the inwards relaxation of the

TABLE II. Reconstruction energ@dE (in eV per surface sijeand hydrogen-adsorption energye, (in
eV per H atom, see also texfor C(100) surfaces.

Present
work Ref. 23 Ref. 24 Ref. 10 Ref. 11 Ref. 8 Ref. 7

AE C(100(2x1) -1.51 -1.76 -1.68 -1.82 -1.50 -1.84 -3.93
C(100(2x1):H -0.91
AEy C(100(1x1):H -5.14
C(100(2x1):H -4.54 -6.20 -6.63 -6.32
C(100(mx1):nH -1.02 -3.90 -2.44 -4.11
n=15 n=1.33 n=2 n=2

m=1 m=3 m=1 m=1
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top layer is now very small. The buckling of the deeper“pseudo”-(1Xx 1) surface. The predicted geometry is in good
subsurface layers is reducéskee Fig. 1 and Table | for de- agreement with the results of Frauenhestral® The main
tails). The C-H bond lengthl(C—H) = 1.10 A. difference is that we find slight differences in the lengths of
There are no otheab initio calculations of the hydroge- the monohydride and dihydride bon6ghich is reasonab)e
nated surface. The TB-based calculatigid**predict C-H  \whereas the bond lengths are equal in the TB calculation.
bond lengths varying betweed(C—H) = 1.07 A and  Dpavidson and Pickett considered a different geometry for the
d(C—H) = 1.17 A, and dimer bond lengths varying be- 1 5.jayer coverage: monohydride bonds at all C surface sites,
tweend,,(C—C) = 1.58 _A andd;y(C—C) = 1.67 A ie.  with the extra H atoms in symmetric interstitial surface sites.
they agree with thab initio results within the limited accu- ag the distance between the C atoms and the extra H atoms
racy of the TB theory. . is rather largg d(C—H) = 1.27 A], the bonding must be
The reconstruction energy per dimer is ndiE=—1.81  ipor \weak. Yang, Drabold, and Adatsconsidered a

eV/dimer, i.e., smaller than the cohesive energy per bon ( } - .
. . ) 100(3% 1):1.33H surface consisting of alternating C-C
The H adsorption energdE, per H atom is defined as the d&mers(with one H atom per C atom |?1 the din)emndgdi-

energy difference between the hydrogenated, reconstruct?l?/dride units leading to 43X 1) surface periodicity. Evi-

surface and the clean, reconstructed surface plus a free . higher th | I ;
atom per surface site. Our value AE, = — 4.54 eV/surface ently, a higher than monolayer coverage aflows for a very
large number of different surface structures.

site (including the effect of the spin polarization of the free ) i

atom) is nearly 2 eV smaller than earlier TB predictions. The ~Unfortunately, the energetics of H adsorption has hardly
AE,, defined in this way measures the activation energy ned>een explored in previous calculations. We find that an in-
essary to break the C-H bond. As the desorbed H atom§'eéase of the H coverage from 1 to 1.5 ML proceeds at an
immediately recombine to form Hmolecules, the total en- adsorption energy oAE,=—1.02 eV per H atom. This is

ergetic cost of the desorption reactionAg&, = 2.05 eV/ very small compared to the adsorptpn energy of
surface site, defined as the energy difference between tHE+= —4.54 €V per H atom for the formation of the first
hydrogenated diamond surface and the clean surface pifgonolayer. Our result is in good agreement with the
molecular hydrogen. temperature—programmed desorption experiments of Hamza,
Again it is instructive to compare the hydrogen-inducedKubiak, and Stulefi. They found that H desorption from a
changes in the surface structure with the results obtained fditrongly H loaded Q00 surface occurs in a two-step pro-
the silicon surfaces. For @i00(2x1):H, Northrug’ and  cess. The first desorption step has an activation energy of
Vittadini et al?*% predict fromab initio LDF calculations 1.61 eV per H atom and leads to a still H-covered surface
the disappearance of buckling upon hydrogenation. Howwith (2X1) symmetry. Further H desorption requires much
ever, the increase of the dimer bond length is only 0.16 A orhigher activation energies. Previous semiempirical calcula-
Si(2x 1) compared to 0.24 A on C(21). Also, the length tions have predicted much higher desorption energies for the
of the Si-H bond of 1.55 A is much greater than that of thefirst step(see Table)l
C-H bond. Both effects point to a very strong C-H interac- Again it is instructive to draw a comparison with the
tion. strongly hydrogenated silicon surfaces. Based on scanning-
tunneling microscopy, Bolafiisuggested for $100) the ex-
istence of an ordered ¢81) phase with a coverage of 1.5
monolayers(arranged in the form of alternating monohy-
There is now a general agreement that ti00) surfaces dride and dihydride unijs and of a possibly disordered
showing a(1x 1) LEED pattern are passivated by more than(1X 1) phase with a coverage of 2 ML hydrogekb initio
one monolayer of hydrogen, but there is disagreement as t@alculations by Northruf and Vittadiniet al* indicate that
the exact amount of hydrogen necessary to induce a conthe Si(3<1):1.33H phase is stable over a certain limited
plete dereconstruction. A saturation of all dangling bondgange of the hydrogen chemical potential. For dihydride cov-
would require a coverage of two hydrogen atoms per surfacerage, a structure with canted dihydride units is found to be
sites. Such a high coverage was considered in the molecularore stable than the symmetric bulklike configuration. The
orbital studies of Mehandru and Anderdband in the recent structure proposed for the §31) phase is that investigated
TB calculations of Davidson and PickEt{see Table), but by Yanget al. for C(100(3% 1):1.33H. However, it is im-
other calculationge.qg., Frauenheinet al®) lead to the re- probable that the “canted row” structure found for Si
sult that such a high coverage is unstable because of tHg X 1):2H is stable for the dihydrogenated100) surface.
strong repulsion between the H atoms placed at such sholm the case of $100), the canting allows one to increase the
distances. shortest H-H distances from 1.51 to 2.21 A, and this appears
In our calculations we have studied in detail a surfaceto be sufficient to reduce the Coulomb repulsions. With the
covered by 1.5 monolayet®L) of hydrogen, with alternant much smaller interatomic distances on the diamond surfaces,
rows of C atoms bonding one and two H atoms, respectivelythe Coulomb repulsion is still to a high even after canting.
The relaxed geometry of this surface is very close to, but noPreliminary results from simpler tight-binding molecular-
exactly equal to(1x1): the S and (S1) layers are slightly dynamics calculations on much largef100 surface cells
buckled, but the lateral distances are exactly equal to theuggest the existence of complex higher-order
bulk values(see Fig. 1 and Table).I The relaxation of the reconstruction§? However, in view of our remarks on the
slab was started from different configuratidmscluding the  limited accuracy of tight-binding calculations, an at least
ideal (1x 1) geometry and several configuration with a bro- punctual verification of these predictions b initio calcu-
ken surface symmettybut the final result was always the lations appears to be necessary.

D. Higher hydrogen coverage
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FIG. 2. Layer-resolved density of stat@309) in the surface §) and the first three subsurfac8l(, S2, S3) layers, together with the bulk
density of statesg) and the DOS integrated over the first four layg¥g1-4)] for the clean €100)(2Xx 1) surface. The full lines represent
the total DOS, the dashed and dotted linesghand p-electron partial DOS’s.

V. ELECTRONIC PROPERTIES dangling bonds at the surface moves the surface states in the
gap into the valence and the conduction band, respectively.

natural as well as CVD grown diamond have been investi- I':or. the cIeap Q09(2x 1) surface prehmmary photo-
gated intensively using both experimental and theoreticafMiSSION experiments by Hamza, Kubiak, and SﬁJMe
techniques, less attention has been devoted to electronfiemonstrated the existence of occupied electronic surface
states on the @00 surfaces. For the clean(C11)(2x 1) states within an interval of 2 eV from the valence-band maxi-
surface of natural diamond, photoemission spectroscop{um- The existence of surface states close to the upper edge
(PES and angular-resolved photoemissidmave demon- of the valence band has been confirmed by recent photoemis-
strated the existence of electronic surface states covering &Pn studies by Oelhafen and Fraffcwho showed that the
energy range of 2 eV and exhibit a maximum emission in-surface-related features appear only after annealing at 1250
tensity at 1 eV below the valence-band maximum in normaK and vanish again after reloading with hydrogen. However,
emission(i.e., at the center of the surface Brillouin zonkn there are appreciable discrepancies as to the precise position
off-normal emission an upwards dispersion of about 1 eV hasf the surface states. Preliminary information is also avail-
been found. The extra emission intensity associated with thable on the dispersion of the electronic surface st
surface states disappears after hydrogen loading and thlke sample is tilted away from normal incidence, the surface-
transformation to a(1x1) symmetry. Similar reversible related peak becomes weaker and splits into two features
changes on H desorption and reloading have also been foursthowing strong and weak dispersion. Some information on
on CVD-grown diamond film&! Electronic surface states on electronic surface states is also available from reaénini-
C(111) have also been studied kab initio technique$*®®  tio calculation®~?®the TB calculations of Yang, Drabold,
Theoretical as well as experimental studies point to a proand Adam& and Davidson and Pickéttand our own pre-
nounced similarity of the electronic surface states ¢hlQ@) liminary ab initio studie$® have extended the investigations
with those on the corresponding Si surface. ForaBijnitio  to the hydrogenated surfaces. There is general agreement that
studies have been performed for the clean and hydrogenatsdrface states in the bulk gap exist for the clean, recon-
(111) (Refs. 66 and 67and (100 (Refs. 20, 22, and 23 structed surface, but not after monolayer passivation. These
surfaces. The common feature is that the passivation of theesults are in qualitative agreement with the PES studies.

Whereas the electronic properties of {i41) surfaces of
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Little is known about the electronic properties of the heavily 5T ’ T
hydrogenated samples. 1
It has also been suggested that negative-electron-affinity I
(NEA) effects can be observed at thé1G0) surface®® NEA 0 e — _
surfaces are semiconductor surfaces that have a work func- e * "':: A
tion such that the vacuum level lies below the conduction- P T 1 Nl ]
band edge. A NEA has been found of1€l) surface& ™ > 5T . T des T
and has been associated with the presence of hydrogen = ‘. g R
bonded to the surface. The recent PES work of van der o 1 gt AN
Weide et al®® indicates that a NEA occurs also for a s-or | .. A° T
hydrogen-terminated (@00 surface with a(2x1) LEED 1 ., 1
pattern. 1 ieo, !
=15+ [ comene} ¢ * ®aq =4
A. Clean C(100)(2x 1) 1 Q;“
=20 4+ Le® -
1. Total and layer-resolved densities of states 0 1 =
We begin by analyzing the total and layer-resolved densi- 1
ties of stategDOS). The following figures display the local 25 T sV T S
DOS (total and decomposed in to tlseandp contribution$
in the top fourC layers(plus eventually théd layen and the (b)

sum of the local DOS for these layers. For comparison the

bu_lk DOS is also shown. _The I_:)OS’ have bet_a'n calculated FIG. 4. Dispersion relations of electronic surface states on clean,
using the smal(2Xx 1) cell with aflng 8<16X3 gr'd and the_ reconstructed (100)(2X1). The shaded areas represent the pro-
tetrahedron method. The local projector technique describe@ teq band structure of bulk diamond. The full circles represent
above has been used for the layer-resolved DOS’s. The DOgyrface states, the degree of shading corresponds to the degree of
of the clean C100)(2x 1) surface is shown in Fig. 2. The |ocalization in the surface. In patt) states with more than 45%
DOS of the surface layer shows the presence of both occuyso, 75%, 90%of the total intensity in the surfaceS| layer are

pied and empty surface states in the bulk gap. The occupiegbnsidered as surface states. In [fb)t the same criterion has been
surface states extend over an energy range of about 2 edpplied to the sum of the intensities in tBeand (S1) layers. See
below the valence-band maximum, with two peaks at 0.5 antext.
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1.7 eV below the valence-band maximum. In the bulk gap, a
band of empty surfaces states is situated between 1.5 and 2.5
eV above the valence-band maximum. The DOS related to
the surface states is predominantly pf character. The
surface-related features in the DOS extend, albeit with
strongly reduced intensity, to the first and second subsurface

layers, the DOS of theS3) layer is already close to the bulk
DOS' @
(@) o o] (o)

2. Surface states D

8)
0o

Figure 3 shows the complete set of bands calculated for % D
an eight-layer slab with clean surfaces. The upper surface has
been reconstructed, while the lower surface is fixed in the o o o o
ideal bulk geometry. The calculation has been perfomed for a o) o o o
(2X1) unit cell on the surface; the bands are drawn along a
path of symmetry lines in the tetragor(@X 1) surface Bril- D o O o
louin zone. The picture is confusing because it contains two ) )
different types of surface states: those of the clean, unrecon- P
structed lower surface and those of the strongly reconstructed
upper(2x1) surface. The analysis of surface states requires
their precise definition according to an appropriate criterion.
Figures 4a) and 4b) show the projected band structure of (a) (b)
the bulk(the shaded arepand the dispersion relations of the
surface states. In paff) a state has been considered as a
surface state if more than 45% of its intensity is concentrated
in the surface layer. It is represented by a filled circle whose
shading indicates the degree of localizatiamore than 45%,
60%, 75%, and 90%, respectivelyWe shall refer to this
mode of defining surface states as criterion 1. Bgrtepre-
sents the surface states obtained if the same criterion is ap-
plied to theS and (S1) layers(criterion 2. We find that only

the two surface bands within the bulk gap are genuine sur- (@) @
o

face states that are strictly localized in the first layer. The

maximum of the occupied surface band is situated close to o (o)

the X point; the band shows almost no dispersion along p o » P

I'X, but strong dispersion along tH& andI'Y directions.

The surface band gap is about 1.2 eV between the maximum o o ® ®
of the occupied band along¥S and the minimum of the o o (@) (o)
empty band alongY. A number of surface resonances and g o D o)
surfaces states split from the bulk bands are identified using o o b °

criterion (2).

The two surface bands within the bulk gap are mainly
related to dangling bonds parallel to the surface, as demon-
strated by the charge-density analysis in Fig. 5. The occupied
(unoccupied surface bands in the bulk gap are formed by (¢) (d)
bonding# (antibonding=™) linear combinations of dangling
p orbitals centered at th€ atoms forming the surface
dimers, modified by rehybridization with the orbitals par-
allel to the S.u.rfacésee Figs. G.i) and 3b) representing the E=—1.5 eV; (b) unoccupied antibondingr* state at theS point
charge densities of the occupied and empty surface states gl e _ 1 5 ev:(¢),(d) most localized surface states within the bulk
the S point]. Upon formation of the dimer bond, the splitting bands, at th& point andE = — 2.2 eV binding energyc) and at the
of theo ando™ states is much larger than thew” splitting v point atE=—10.4 eV binding energyd). Cf. Fig. 4 and text.
so that electrons are transferred from #eto the 7 and  contour lines are drawn at intervals of 0.1 electrond ~3. Filled
m* orbitals, resulting in the formation of bonding and anti- and empty circles represent C atoms in and below and above the
bonding states that are asymmetric with respect to the axis @frawing plane, respectively.
the dimer. A similar hybridization mechanism for the sur-
faces states has already been discussed by Mehandru af#il) C atomgsee Figs. &) and 5d)] and too bonds in the
Anderson®® dimer.

Surface states at higher binding enefgythin the range The Q100(2x 1) surface band structure is only qualita-
of the bulk bandscorrespond ter bonds between thBand  tively similar to that calculated for the @i00)(2x1)

FIG. 5. Charge-density distributions for surface states on
C(100)(2X 1). (a) Occupied bondingr state at theS point and
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p partial DOS.

action is too weak to lead to a buckling of the surface dimers.

0,73 ; ; i
surfacé?®"3In the case of diamond, there is an indirect gap Our results are in very good agreement with #sinitio

of about 1.2 eV between the filled band and the emply . \ovone of Krger and Polimanf and Kresst al?’ and

7 band. Thew band_ shqws a dispersion of about 2_ ev are consistent with the TB-LDF calculations of Yang, Drab-
across the surface Brillouin zone, t}*_mé has a weaker dis- old, and Adam&? but differ appreciably from the semiempir-
persion of about 1.2 eV. For the Si and @00 surfaces 5| TR calculations of Davidson and Pick&itFrauenheim
with a symmetric dimer reconstruction, theand = bands et 5113 and Gavrilenkd? Gavrilenko’s results show only a
overlap. This would mean that the surfaces are metallic, ijngle occupied surface level in the gap. Davidson and Pick-
marked contrast to experiment. For the Si and Ge surfaces, &t find two surface states in the gap, but the minimum of
Jahn-Teller-like distortion of the surface structure leads tgheir =+ state lies more than 1 eV above the valence-band
asymmetric dimers, the asymmetry leads to a splitting of thenaximum, whereas thab initio calculations(Refs. 27,28,
surface bands and the formation of a semiconducting surfacand present wopkagree in predicting a band whose maxi-

as discussed by Kger and Pollman/® For C(100) the gap  mum agrees with the top of the valence band. Also the split-
between the occupied and empty surface states exists alreatiyg of thes and =™ states is 2.7 eV, i.e., more than twice as
for the symmetric dimers, the bonding or antibonding inter-large as theab initio LDF prediction. Here we have to re
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FIG. 7. Dispersion relations for electronic surface states on a FIG. 8. Charge-density distributions for surface states on
reconstructed (00)(2x 1):H monohydride surface, defined ac- C(100(2X1):H. (a) Occupiedo surface state at th& point and
cording to criteria(1) [part ()] and (2) [par{b)]. For the explana- E=—4.7 eV binding energy(b) lowest empty surface state at the
tion of symbols, see Fig. 4 and text. I' point andE=3.2 eV; (¢),(d) occupied surface states at the

point andE=—2.2 eV and at the' point andE= —11 eV(cf. also
member that the LDF eigenvalues have a restricted meanin@ig. 5. Contour lines are drawn at intervals of 0.1 electrorisih
especially as far as the prediction of electronic excitatiorparts(a) and(c), and 0.04e/& for (b) and(d). Large circles repre-
energies is concerned. Characteristically, the LDF predictiosent C atoms and smaller circles represent the absorbed H atoms.
of the gap width is below the experimental value: for bulk
diamond we haveE, = 4.25 eV (LDF, from T' to  Hedin's GW approximation’®’’ They find that the quasipar-
~0.8X),® andE, = 5.47 eV (experiment’). Kresset al?’ ticle corrections increase the bulkgap by 1.65 eV; the surface
have performed quasiparticle calculations of the electronigap is increased to 2.14 eV by moving th& band to higher
excitation energies on the reconstructed @) surface in  energies, but without affecting their dispersion in a signifi-
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cant way. However, the unoccupied surface band remainsith the TB-LDF result of Yang, Drabold, and Adafses-
within the bulk gap, in contrast to the TB results of Frauen-sentially no surface states within the gaput differs from
heim et al*® and Gavrilenkd This means that the semi- the TB result of Gavrilenk8 predicting bonding surface
empirical TB calculations should be interpreted with somestates in the lower half of the gap. Our results are also similar

care, even if the Hamiltonian is adjusted to reproduce tth those obtained for the corresponding Si surfce.
correct gap.

2. Surface states
B. Monohydride C(100(2x% 1):H surface . . . . . . .
More detailed information is again contained in the cal-

1. Total and layer-resolved densities of states culated dispersion relations of the surface states. Figure 7

Figure 6 shows again the local densities of states in théhows the surface states determined according to the criteria
adsorbed H layer, in the top four C layers, and in the bulkdefined abovécriterion 1 now refers to the H layer and the
The striking result is that there are no states in the gap withiiop C layer, criterion 2 to the H and ti&and (S1) C layerd.
3 eV from the top of the valence band. Compared to the bulkyVe find that compared to the clean surface, the occupied
the edge of the conduction band is slightly lowered. Thesurface states have been moved to lower energies. Due to
states below the edge of the bulk conduction band are essetheir strong interaction with the bulk states, they tend to be
tially H states. Occupied hydrogesn states are distributed more delocalized. The empty surface states have been moved
over an interval of 15 eV from the top of the valence band,upwards and shows a strong dispersion so that the surface
with the largest DOS between 3 and 10 eV binding energyband intersects with the bulk conduction band. Again the
This means that the H orbitals interact mainly with thggC comparison of the surface states defined according to the two
states. The DOS'’s of the top C layers are somewhat modi- different criteria is interesting. The empty surface states are
fied, the sharp maximum at about 5 eV binding energy reconcentrated on the H layer and the top C layer, they are
sults from the interaction with the H atoms. In tH&3f layer, = formed by antibonding C-H states as is also confirmed by the
the DOS is already well converged to the bulk form. Ouranalysis of their charge distributioffrig. 8. The occupied
predicted DOS for the @00(2X1):H surface agrees well surface states correspond mainly to bonding C-H states.
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dride and dihydride C sites in the top layer of100)(1% 1):1.5H ()
carrying one and two H atoms, respectively. Same symbols as in
Fig. 6. 10 T - %
A detailed analysis of the surface states shows that the -w»;%«* I A PO I
hydrogenation has little effect on the states associated with 5k 03 e PTIGUTITSN RN
- 3 "N\ .....'.'m §.o.o sese, .
o bonds, whereas- or 7*-type surface states survive only 1 LA |

if they fall into the bulk gap. This is demonstrated in Fig. 8.
Part(a) shows the charge distribution of the strongest occu- o> sttt
pied surface state at the upper edge of the bulk band & the 1 IRRLTIIN ¥
point. The state clearly represents a CeChbond, weakly
hybridized with the I4 orbitals bonded to the C-C dimer.
Parts(c) and(d) represent the same states as shown in Figs.
5(c) and Hd). The eigenvalues of these states are almost
unchanged; only the state shown in pé&ti is somewhat
more extended due to the interaction with thestbrbital.
The lowest and most intense empty surface gtadet (b)] is . 1
a 7" state, made more delocalized by interaction with the H -15 <
s state.
For the monohydride surface, our work presents the only
ab initio calculation of electronic surface states. We find -20 I
marked  differences  with  previous tight-binding 1
calculations—in view of the differences that we have already
discussed for the clean(f00 surface, this is not too surpris- -25
ing. The surface band structure calculated by Gavriléhko
for the monohydride surface shows an occupied and an (b)
empty surface band with weak dispersion within the bulk
gap, separated by a small surface gap—this is in striking FiG. 11. Dispersion relations of electronic surface states on
contrast to the present results and to experiment. The resulgg100)(1x 1):1.5H, defined according to criter{a) and(2) (a),(b).
of Davidson and Pickeft are closer to thab initio predic-  For the explanation of symbols, see Fig. 4.

tions, but the bottom of the empty surface band almost
coincides with the bottom of the bulk conduction band. ThiSportS exists in the literature. Yang’ Drabo]d, and Ad%'ns

may be the conse-quence of a large C-H transfer integrakport TB-LDF calculations and claim that the surface DOS

leading to an overestimate of the C-H bonding-antibondingyf a (100)(3x 1):1.33H surface(consisting of alternating

splitting. rows of H-C-C-H dimers and dihydride unit§s essentially

the same as that of the(TD0)(2Xx 1):H surface”; i.e., it

shows no occupied surface states in the bulk gap. This is in
For the electronic properties of a(ID0 surface with contrast with the TB work of Gavrilenkd who find filled

more than monolayer coverage of hydrogen, conflicting resurface states on clean (ID0)(2X1), but not on the

-5 e, ." L PP I
® b1 »

energy (eV)

r x s Y r S

C. Dereconstructed G100)(1x 1):1.5H surface
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FIG. 12. Charge density distributions for electronic surface stateg d00Z1x 1):1.5H. (a)—(c): Empty surface states at thepoint and
E=1.2 eV (a), E=2.6 eV (b), and E=5.1 eV (c). (d) Occupied state at th& point in the surface band crossing the Fermi
level (E=—1.2 eV). (e),(f) Degenerate empty surface states at $hgoint andE=4.5 eV. Contour lines are drawn at intervals of 0.04
electrons/&; cf. text.

C(100(1x 1):2H dihydride surface. Davidson and Pickett ing linear combinations of orbitals on the §1) and (S2) C
report band structures for(000):xH surfaces with varying atoms, hybridized with Bl states of the dihydride units.
coveragegx=0.5 and 1 with(2X 1) periodicity and asym- The combined evidence from owab initio calculations
metric and symmetric C dimers, respectively, amdl.5and and from the tight-binding work of Yang, Drabold, and
2 with (1x1) periodicity; cf. also Table]l Surface states in  Adams!? Davidson and Picketf and Gavrilenké* suggests

the gap are found fox=0.5 and 1.5, but not fox=1. For  that for the polyhydride surfaces states in the bulk gap ap-
x=2 two bands of empty surface stat@onsisting essen- pear when the existence of monohydride units is assumed,

conduction band are predicted. H-C-C-H dimers.

1. Total and layer-resolved densities of states

Figure 9 shows the total and layer-resolved DOS for the D. Comparison with photoelectron spectra
surface with 1.5 ML coverage, arranged in the usual way.

Fllgure. 10 sh_ows_the local DOS on the monohydnde anclure with the available photoemission work. The most de-
dihydride C sites in the top layer. We find a relatively Iargetailed information is given in the work of Oelhafen and

intensity in the gap, arising mainly from unsaturated dan- 2 . .
gling bond Cp states on the monohydride positions, in,[er_Francz?‘ The (100 surfaces of natural semiconducting type-

acting with H states. IIb diamond were mvestlggted via ultraviolet photoelectron
spectroscopy. The as-received surfaces were probably hydro-
2 Surface states gen saturated and showed no prominent surface features in
the bulk gap or close to the valence-band maximum. Upon

o ) .~ >“annealing at temperatures between 750 and 1250 K, a strong
face states on @00)(1X 1), classified according the criteria surface peak developed at 1.5 eV below the Fermi energy

defined above. Within the bulk gap we find a half-occupied i . . :
surface band located mainly on the top C layer and tvvo(o'5 eV below the valence-band maximunihe intensity of

empty surface bands consisting of C-H antibonding states. Ahe surface peak was strongly reduced by reloading the sur-

detailed analysis shows that all states within the gap are a‘l‘gce with deuterium, but it.did not completelly disappear.
sociated with the @ orbitals on the monohydride units. The Probably the deuterium partial pressure used in the rehydro-

three surface states at tHe point are located above the 9enation experimenfup to 21000 L(1 L=10 ® Torr 9]
Fermi level[see Figs. 1&)-12c)]. In the sequence of in- Was not sufficiently high to induce a complete monolayer
creasing energies they corresponddpC p orbitals parallel ~ COverage.

to the surface, weakly hybridzed with i orbitals on the Comparison of the calculated electronic density of states
dihydride, but not on the monohydride sités) antibonding ~ With experiment requires some assumptions on the escape
states formed by K and Cp, orbitals in the monohydride depth of the photoelectrons and on the partial photoioniza-
units; (c) antibonding states formed by C orbitals parallel totion cross sections. Here we simply compare the layer-
the surface and I8 orbitals on the dihydride units. The most resolved DOS, integrated over the four top C layg8sto
localized occupied surface state at B@oint is essentially (S3)], plus eventually the adsorbed H layer, with the mea-
an unsatisfiedp orbital on the monohydride C site. The sured normal-emission photoelectron intensity. No broaden-
empty surface states at the S pdiRigs. 12e) and 12Zf)] are  ing to account for the limited experimental resolution has
already quite extended; they correspond mainly to antibondeeen applied. Figure 13 shows the DOS calculated for the

We now turn to the comparison of our surface band struc-

Figure 11 shows the dispersion relations of electronic sur
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FIG. 14. Differences in the photoelectron intensities measured
0.6 for the clean and hydrogen-covered1G0 surfacesdashed ling
. E(b) compared with the difference in the DOS calculated for the clean
2 E and H-passivated surfaces; cf. Fig. 13 and text.
5,5 R S A '
28 3 emission experiment Hamza, Kubiak, and Stulen found no
E5 0.2A_ 7/ \ empty surface states in the bulk gap for either ¢heg 1) or
< E the (2x 1) surfaces. Even if we assume that {{2x 1) sur-
0. 0 Bttt 1 I face had a monolayer coverage of hydrogen, this result is in
-10 -5 0 contrast to all existing calculations on clean or monohydride
E (eV) surfaces. The source of the discrepancy could again be in the

o ) correct location of the valence-band maximum. For the
FIG. 13. (&) Photoemission intensity measured for the as-(1x 1) surface the reported absence of surface states in the
received(probably monohydrogenate@(100 surface, compared g1 \would mean that we have to explore other surface struc-

with the local DOS integrated over the top four C layers and they roq ajlowing for a better saturation of dangling-bond states
H-layer of a G100(2% 1):H surface.(b) Photoemission intensity than our present model

measured for a @00 surface annealed at 1250 K, compared with Oelhafen and Francz were also able to derive at least

the local DOS integrated over the top four C layers of a clean . . . .
C(100(2x 1) surface: cf. text. some information on the dispersion of the surface states by

recording ultraviolet photoemission spectroscofiye Il)
spectra of the annealddlear surface as a function of the
monohydride surface compares well with the photoelectrotpolar angle. Variation of the angle affects mainly the states
spectrum of the as-received sample, whereas the DOS calcwith binding energies up to 4 eV. At polar angles greater than
lated for the clean surface gives a good account of the spe&®°, the surface peak begins to split into two features, one is
trum measured on the annealed sample. This confirms theimost independent of the angle, whereas the second shifts
interpretation of Oelhafen and Francz that high-temperaturby about 1 eV to greater binding energy. This corresponds
annealing leads to the formation of a hydrogen-free surfaceather well to the weak dispersion predicted foX and the

The difference curveéFig. 14 demonstrate that theory and strong dispersion along tHeS andT'Y directions.

experiment agree in showing that H desorption results in the Angular-resolved spectra for(€00) have also been re-
appearance of surface states within an interval of 2 eV belo‘%orted by Wuet al

the valence-band maximum, and a decreased DOS in the
range between 2 and 5 eV binding energy. The desorption
has no appreciable effect on the states at higher binding en-
ergy. A semiconductor surface has a NEA if the vacuum level
The results of Oelhafen and Fraftare in contrast to the lies below the conduction-band minimum. Therefore elec-
photoemission experiments performed by Hamza, Kubiakirons of low kinetic energy can escape from the surface and
and Stulef at very low photon energiesh¢ = 6.45 e\J.  are observed in a photoemission experinférit. NEA ef-
Hamza, Kubiak, and Stulen found no surface states in thé&cts may be explored iab initio calculations. The vacuum
bulk gap for a @100)(1X 1) surface(probably a polyhydride level is determined from the self-consistent, plane-averaged
surface, but a strong surface-state intensity over a 1.5 e\potential in the vacuum region between the slabs. The posi-
energy rangeabove the valence-band maximum for a tion of the conduction-band minimum is obtained by adding
C(100(2x 1) surface. This is at variance with both theory to the plane-averaged self-consistent potential in the slab the
and the experiment of Oelhafen and Francz, placing the sudifference between the average self-consistent potential and
face states below the valence-band maximum. Howevethe highest occupied energy level in the bulk and the width
Hamza, Kubiak, and Stulen determine the positionof the bulk gap. However, at this stage we have to consider
of the valence-band maximum relative to the polyhydridethat the local-density approximation systematically underes-
C(100)(1x 1) surface and not relative to the monohydride timates the width of the gap. Therefore it is more appropriate
C(100(2x 1) surface. As the rest of the valence band is notto use the experimental value for the g&g=5.47 eV. This
probed in the experiment of Hamza, Kubiak, and Stulen, it isconstruction is shown in Fig. 15 for a slab consisting of eight
difficult at the moment to correctly relate the energy scales ofC layers and eight equally wide vacuum layéssmilar re-
the two experiments. sults are obtained for a #6L6 layer slalp. One side of the
Another important result is that in a two-photon photo-slab is fixed in the bulk geometry and one side relaxed

E. Negative electron affinity effects
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10 dangling-bond orbitals, rehybridized to some degree with

- orbitals (see Fig. 5 There is no overlap between the states
- localized at neighboring dimers. The much strongenter-
action leads to the formation of a surface band gap already
for symmetric dimers and prevents a Jahn-Teller distortion.
Further surface bands are associated withatH®onds in the
dimers. Due to the very strong interaction the bondingr
surface band occurs within the projected bulk band structure.

A monolayer coverage of hydrogen transforms the double
bond in the dimer into a single bon@s reflected by the
increase in the dimer bond length t_c = 1.61 A), but
preserves th€2x 1) periodicity of the surface. The hydrogen
passivation of the dangling-bond orbitals eliminates the
m-bonded surface states from the gap and shiftsthetates
to higher energies. The-bonded states are almost unaf-
fected.

Very recent photoemission experimefitsonfirm the ex-
istence of an occupied surface band with a maximum coin-
ciding with the maximum of the bulk valence band and a
dispersion of about 1.7 eV. The calculation predicts that pas-
sivation with a monolayer of H eliminates the surface-related
intensity in the interval between the Fermi level and 2-eV
binding energy and increases the density of states in the in-
S30 et terval between 2- and 5-eV binding energy. Again this is in
2 4 6 8 10 12 14 full agreement with the measured photoelectron spectra. The
. presently available experimental information does not allow

z (M) a critical assessment of the theoretical prediction relating to

FIG. 15. Calculated plane-averaged selfconsistent potentials f@#mpty surface states. Investigations by inverse photoemis-

clean (full lines) and monohydrogenate@lashed ling C(100)(2 sion spectroscopy seem to be highly desirable.
x 1) surfaces. The positions of the valence-band maximum and the If corrected for the local-density error in the prediction of
conduction-band minimum in the bulk are indicated; cf. text. the bulk gap, the theory correctly predicts a negative electron
affinity for the hydrogenated but not for the clearf1G0
with or without a covering H layer. We find, in agreement surface, in agreement with experiméhiThe difference has
with van der Weideet al®® that a NEA is found for the to be attributed to the strong dipole potential that exists on
C(100)(2x 1):H surface, but not for the clean surface. Thethe clean, but not on the hydrogenated surface.
difference has to be attributed to the existence of a much Whereas the theory gives a consistent and satisfactory
stronger dipole layer on the clean surface arising from theicture of the properties of the clean and monohydrogenated
charge distribution of the dangling-bond orbitals in the sur-surfaces, some questions concerning the nature of the unre-
face states. constructed polyhydride (@00)(1x 1):xH surface remain. In
our work we have studied a model with a 1.5 ML coverage
consisting of alternating rows of monohydride and dihydride
units. We have found that this structure is at least metastable

Using theab initio molecular-dynamics packagemp we  in a relaxed configuration with g1X1) periodicity in
have been able to perform a thorough study of the structurdhe C surface layer. The desorption energy from the
and electronic properties of clean and hydrogenated diamon@(100)(1X 1):1.5H to the reconstructed(@00)(2X 1):H sur-
(100 surfaces. We find that the clean surface reconstructs iface is predicted adE = 1.02 eV/H atom, i.e., much
a(2x 1) cell via the formation of rows of symmetric dimers. lower than the desorption energy from the monohydroge-
The C-C bond length in the dimersdls._=1.37 A, almost  nated G100)(2X 1):H to the clean CL00)(2x 1) surface of
exactly equal to the length of a=<€IC double bond in hydro- AE,, = 4.54 eV/H atom. This corresponds rather well to the
carbon molecules. The symmetric dimer reconstruction contwo-stage desorption process observed by Hamza, Kubiak,
trasts the formation of asymmetric surface dimers da(&) and Stulef by electron-stimulated thermal desorption ex-
and Gé€100) surfaces. The origin of this difference is in the periments. However, this structure leads to the formation of a
different character of the electronic surface states. Opartially occupied surface band at the Fermi level. The pre-
Si(100 with symmetric dimers the occupied and empty sur-diction of a metallic surface state does not agree with the
face bands are formed mostly by dangling-bond orbitals wittphotoelectron spectroscopy of Hamza, Kubiak, and Stulen
only a weaksr interaction to form the bondingr and anti-  for C(100)(1X 1):xH surfaces. The possibility that other sur-
bonding #* bands and no surface band gap at the Fermface structures are energetically more favorable cannot be
level. This favors a Jahn-Teller-like distortion leading to excluded at present. A definite answer to that question seems
asymmetric dimers and the formation of a surface band gapo require a dynamical simulation of the strongly hydroge-
On (100 the occupied and empty surface bands are formedated surface in which the hydrogen atoms are allowed to
by bonding= and antibondingr* linear combinations of the move freely and to adopt the energetically most favorable
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positions with a few symmetry constraints as possible. ThisForschung in Gterreich within the framework of the trina-
however, must be left to future work. tional German-Austrian-Swiss Research Cooperation on Su-
perhard Material$D-A-CH), project No. SJ908. Stimulating
discussions with Professor P. Oelhaf@&ase) and Professor

This work has been supported by the Austrian Sciencé.- Ley (Erlangen within the D-A-CH workshops are grate-
Foundation (Fonds zur Folerung der wissenschaftlichen fully acknowledged.
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