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Dispersions of surface states on diamond„100… and „111…
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We present angle-resolved photoelectron spectra and surface state dispersions for the clean, 231 recon-
structed (111) and (100) surfaces of diamond. For the (100) surface a surface state is found in the gap of the
projected bulk band structure aroundȲ, which has a binding energy of 2.7 eV atȲ ~relative to the Fermi level!

and a dispersion in theḠ-Ȳ direction of 0.5 eV, consistent with theory. AtḠ a surface resonance is observed
at 1.4 eV binding energy. No surface states were observed above the valence-band maximum. Our results on
the (111) surface show a strongly dispersing surface state that reaches its maximum 0.5 eV below the Fermi
level at K̄. This result implies a gap of at least 0.5 eV in the surface electronic structure, which has conse-
quences for the surface reconstruction in terms of ap-bonded chain model.@S0163-1829~97!03416-4#
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I. INTRODUCTION

When systematic studies of diamond surfaces began in
late 1960s the similarities between diamond and silicon s
faces were emphasized and research concentrated main
silicon. Recent developments, however, have rekindled
interest in diamond as a semiconductor material that m
offer novel applications due to its energy gap of 5.5 e
exceedingly high heat conductivity, and a hole mobility th
is higher than in silicon. The key development is witho
doubt the possibility to deposit large areas of thin-film d
mond from the gas phase by a variety of chemical va
deposition~CVD! processes. This might also open the w
to utilize one of the unique surface properties of diamo
namely, its negative electron affinity in the form of co
cathode emitters.1 These potential applications have led us
study the electronic properties of diamond surfaces. In
paper we report the electronic structure of clean, rec
structed diamond (100) and (111) surfaces. Diamond
faces are conventionally prepared by polishing with cast i
wheels using a suspension of diamond powder in olive
After transfer into UHV and annealing at about 500 °C
131 low-energy electron diffraction~LEED! pattern is ob-
served for the (111)~Refs. 2 and 3! and (100)~Refs. 4 and
5! surfaces. It is generally believed that these surfaces
terminated by hydrogen. Upon annealing above 900 °C
hydrogen desorbs and the LEED pattern changes on
surfaces corresponding to a 231 reconstruction.

The accepted model for the 231 reconstructed diamon
(100) surface is that ofp-bonded dimers as shown schema
cally in Fig. 1. This structural model is similar to that of th
231 Si (100) surface6 except that most calculations favo
symmetric, nonbuckled dimers for diamond,7–12 whereas in
silicon tilted dimers are established.13 Despite this consensu
about the atomic structure of the (100) surface, remarka
differences exist as far as its electronic structure is c
cerned. Theoretical results range from an almost dispers
less surface state band in the middle of the bulk band g14
550163-1829/97/55~16!/10841~7!/$10.00
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to a wide splitting of occupied and empty surface states s
that the former lie below the valence-band maximu
throughout the surface Brillouin zone~SBZ!.12 The only ex-
perimental information available so far stems from ang
resolved photoemission spectra~ARPES! performed by Wu
et al.15 on diamond (100) 231 surfaces. They identify two
surface related features that disperse with emission angl

The surface structure that evolves upon terminating e
surface atom by one hydrogen atom without destroying
dimer rows~monohydride dimer row reconstruction! is be-
lieved to be the stable (100) surface during CVD growt7

Indeed, a 231 reconstruction is observed on diamond s
faces that are prepared using a hydrogen plasma in a m
wave reactor at temperatures that are characteristic for C
growth16,17 or grown homoepitaxially on single-crysta
diamond.18 The termination by hydrogen atoms was co
firmed by high-resolution electron-energy-loss spectrosc
~HREELS!.19 Most theoretical papers agree that there are
occupied surface states in the projected band gap for

FIG. 1. Atomic structure of the ideal~left! and the 231,
p-bonded dimer row reconstructed diamond (100) surface.
surface atoms are filled and the surface unit cell of the reconstru
surface is shown by the dashed line. Mirror planes are indicated
m.
10 841 © 1997 The American Physical Society
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10 842 55R. GRAUPNERet al.
monoatomically terminated dimer row reconstruction.20,12

The question whether higher hydrogen terminations of
(100) surface do exist is still under debate. A termination
both dangling bonds by hydrogen, which would result in
131 structure, would be accompanied by a strong repuls
between the hydrogen atoms on adjacent surface atoms
to the small interatomic distances of the diamond latt
(1.54 Å as compared to 2.35 Å in silicon!. Therefore, the
dihydride surface is found to be unstable in some of
theoretical investigations.7,9 The experimentally observe
131 structure4,5,15might therefore just reflect the periodicit
of the bulk material under a disordered surface.19 An inter-
mediate surface termination with hydrogen atoms that wo
show alternate rows of dihydride and monohydride termi
tion is predicted theoretically,21 but not confirmed experi-
mentally.

On the ideal, bulk terminated (111) surface of diamo
every surface atom exhibits one or three dangling bonds
surface atom. Of these alternatives the one with one dang
bond per surface atom is usually considered exclusively
energetic reasons~Fig. 2!. Initial LEED measurements on
diamond (111) were carried out by Marsh and Farnswo2

and Lander and Morrison.3 A 131 LEED pattern was ob-
served on the as-polished surface. Both observed half o
spots after annealing, but could not distinguish betwee
232 reconstruction or three, 120° rotated domains o
231 reconstruction. Later Derryet al.22 were able to ob-
serve a LEED pattern on a sample that showed a clear
domain 231 reconstruction. Hamzaet al.23 performed elec-
tron stimulated desorption in combination with LEED o
(111) surfaces. The desorption of H1 ions took place at
considerably lower temperatures (830 °C! compared to the
occurrence of the half order LEED spots (1000 °C!. They
concluded that the desorption of hydrogen is a necessary
not sufficient condition for the reconstruction of the (11
surface. Pioneering work in photoelectron spectroscopy
diamond (111) surfaces was published by Pateet al.24 They
observed occupied states extending up to the Fermi leve
the fundamental band gap. These surface states evolved
formation of the 231 LEED pattern. Upon exposure t
atomic hydrogen the LEED pattern reverted to 131 and the
surface states in the bulk band gap vanished. Angle-reso
photoelectron spectroscopy was carried out by Himp

FIG. 2. Atomic structure of the ideal~left! and the 231 recon-
structed diamond (111) surface according to the model
p-bonded chains. The surface atoms are filled and a surface
cell of the reconstructed surface is shown by the dashed line.
dimerization in the chains occurs, the mirror symmetrym is lost.
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et al.25 for the 231 surface over a limited range of angle
They observed a surface state at an energy of 1 eV below
valence-band maximum, which showed an upward disp
sion of about 1 eV from the center of the SBZ withki in-
creasing in the@011̄# direction. However, they did not trac
this surface state throughout the whole surface Brillo
zone.

The large bandwidth of the surface states seen in the p
toemission experiments leads to thep-bonded chain mode
of Pandey26 as the structural model for the hydrogen-fr
diamond (111) surface, again similar to the reconstruction
the silicon (111) surface. The surface atoms, which are s
ond nearest neighbors for the bulk terminated surface,
come nearest-neighbor atoms and form chains in the@101̄#
direction~Fig. 2, right!. The resultingp interaction along the
chains leads to a dispersion of the occupied and empty
face bands of several eV. However, as long as the dista
between adjacent surface atoms in the chains is equal, i.e
long as no dimerization in the chains occurs, the surfac
predicted to be semimetallic with a vanishing gap at theK̄
point of the SBZ.26 A dimerization has no effect on the siz
of the surface unit cell, i.e., the LEED pattern would rema
231, but is expected to open a gap between occupied
empty surface states.26 An indication for such a gap in the
surface band structure was found by Pepper.27 He carried out
electron-energy-loss spectroscopy~EELS! on diamond
(111) surfaces and reported an energy gap of 2 eV, wh
could be observed in the characteristic loss region
annnealed sufaces. Nambaet al.28 combined ultraviolet ex-
cited photoemission spectroscopy and EELS and comp
their results to the calculation of Pandey.26 They also postu-
lated a gap of about 2 eV in the surface band structure
supported the model of dimerized chains. The occup
states, however, did extend up to the Fermi level. Stro
experimental support for the model of dimerized cha
came from ion scattering experiments by Derryet al.22 They
were not able to explain their data without assuming a str
dimerization between adjacent surface atoms along
chains. An analysis of LEED intensities, on the other ha
supports the model of undimerized chains.29 A study of the
unoccupied surface states seen in two-photon ph
emission30 was unable to determine whether a a gap is
present in the surface band structure. Theoretical papers
fer with respect to dimerization depending on whether th
base their calculations on experimental data or perform to
energy calculations to obtain the minimal-energy structu
A fit to the experimentally determined surface state energ
of Himpsel et al.25 by Vanderbilt and Louie31 results in
dimerized chains. Dimerized chains are also obtained
band gap in the surface band structure is assumeda priori.32

Only one total-energy calculation obtains dimerized cha
with an energy gap of 0.3 eV,33 while most authors postulat
undimerized chains34,35 and a semimetallic surface.

To summarize, there appears to be agreement on the
eral structure of the hydrogen-free, reconstructed diam
(100) and (111) surface. However, considerable controve
exists concerning the electronic structure of both surfac
Moreover, on the (111) surface an additional dimerizat
may be present that is connected very sensitively w
changes in electronic structure.

In this paper we present angle-resolved photoemiss
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55 10 843DISPERSIONS OF SURFACE STATES ON DIAMOND . . .
data for the hydrogen-free, 231 reconstructed (111) an
(100) diamond surfaces with the aim to derive the dispers
relations of the occupied states. Our approach differs fr
that of previous work in that we do not start from mecha
cally polished surfaces. Instead, we employ a chemical
ishing process involving a hydrogen plasma that yield
superior surface finish.

II. EXPERIMENTAL DETAILS

The samples we investigated were natural type-IIb~i.e.,
boron-doped! single crystal diamonds with polished (100
and (111) surfaces. For the~111! surface we also used
cleaved sample that gave results identical to those of
polished surface. As it turned out that the polished surfa
did not exhibit dispersing features in ARPES experime
they were subjected to an additionalex situ dry chemical
polishing process by exposing them at a temperature
800 °C for 15 min to a microwave hydrogen plasma.17,16

After this treatment the (111) surface showed a sharp 131
LEED pattern indicating a bulklike termination of the su
face covered with hydrogen atoms. After annealing
1200 °C a three-domain 231 reconstruction occurred
which is characteristic for the hydrogen-free surface. T
(100) surface exhibited a two-domain 231 reconstruction
immediately after the same plasma preparation as perfor
on the (111) surface. Diamond (100) prepared that wa
terminated monoatomically by hydrogen, as was confirm
by HREELS recently.19 Annealing at 1200 °C has no effec
on the symmetry of the LEED pattern of the (100) surfa
However, the annealing temperature is well above the t
perature necessary for a complete desorption of hydro
(1050 °C!.19 Surfaces so prepared were free of any conta
nation as monitored by x-ray excited core level spectrosco
All temperature measurements were carried out using an
tical pyrometer. As diamond is transparent to the wavelen
used by the pyrometer, all temperatures are given for
tantalum sample holder on the backside of the diam
sample. The actual temperature of the sample surface m
have been considerably lower.

Angle-resolved photoelectron spectroscopy was car
out at the TGM 4 monochromator at BESSY, Berlin. As
electron analyzer we used the Toroidal Energy Analyse
Leckey and Riley,36 which has an angle resolution of abo
2° and the combined energy resolution of monochroma
and analyzer was typically 200 meV. All measurements w
performed inp polarization, i.e., with theE vector of the
light in the azimuthal plane of the energy analyzer. The m
sured binding energies refer to the Fermi levelEF , which
was determined on a clean polycrystalline gold sample
spectra were taken before and after annealing at 1200
i.e., on the hydrogen terminated as well as on the clean
mond surfaces.

III. RESULTS AND DISCUSSION

A. The „100… surface

A set of photoelectron spectra (\v535 eV, azimuth
along @011#), taken on a hydrogen-covered diamond (10
231 surface, is shown in Fig. 3, left-hand side. The relat
orientation of the SBZ of the two 231 domains with respec
n
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to the@011# direction is explained in Fig. 4. The spectra a
dominated by a sharp peak (A) at near-normal emission an
a broad structure between 4 eV and 8 eV binding energy
emission angles larger than 20°. Figure 3, right-hand s
shows a set of spectra under the same experimental co
tions after annealing at 1200 °C. Two new features app
between 1 eV and 3 eV (B,C), one of which (B) exhibits a
clear dispersion as a function of emission angle. We asc
these new structures that evolve upon annealing to the in
sic surface states of the clean, 231 reconstructed surfac
(p-bonded dimer row reconstruction!.

If one attempts to trace the energies for structuresB and
C as a function of emission angle or, equivalently, ofki , the
parallel component of thek vector, one faces the problem
that both structures seem to join peakA at normal emission.
PeakA, however, is unambigously related to the bulk as
appears in the spectra of the annealed as well as on the
drogen terminated surface. If this structure originated from
direct transition between bulk states, the corresponding

FIG. 3. Angle-resolved photoelectron spectra (\v535 eV, azi-
muth @011#) of a diamond (100) surface, prepared in a microwa
hydrogen plasma at 850 °C~left! and after annealing at 1200 °C
~right!.

FIG. 4. Surface Brillouin zone of a two-domain, 231 recon-
structed diamond (100) surface.
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10 844 55R. GRAUPNERet al.
tial state is expected to show a dispersion ink' and the peak
position should change as the photon energy is varied. T
is demonstrated in Fig. 5 for the normal emission spec
(ki50). PeakA moves in both sets of spectra by 1.6 e
when going from 30 eV to 50 eV photon energy, a mov
ment that corresponds to the dispersion of the topmost
lence band (D5) along theG-X direction of the bulk Bril-
louin zone. In the\v550 eV spectrum of the anneale
sample bulk (A) and surface state emission (C) are clearly
seperated. From the spectra taken with\v530 eV it is evi-
dent that the surface state is degenerate with bulk state
ki50 and thus forms a surface resonance at theḠ point, the
center of the SBZ. A closer look at the sharp maximum
the\v530 eV spectrum of the as-prepared as well as of
annealed surface reveals that it is shifted by 0.3 eV towa
higher binding energies after annealing. This shift is induc
by a change in surface band bending, which is a well-kno
effect of annealing of hydrogen passivated (100)~Refs. 15
and 37! and (111) surfaces38–40of p-type diamond.

In Fig. 6 theE(ki) dispersion relations of structuresA,
B, andC are plotted as they were obtained from the spec
taken at\v550 eV. The dispersion of structureB is sym-
metric aroundki51.25 Å21 with a maximum dispersion o
about 0.5 eV betweenki50.7 Å21 and 1.9 Å21. Structure
C shows a weak dispersion of about 0.25 eV with a shall
minimum atki50.6 Å21. On account of the symmetry o
their dispersion relations we identify these two structures
surface states belonging to either one of the two rotated
mains of the 231 reconstructed surface. PeakB is symmet-
ric with respect to the boundary of the surface Brillouin zo
of domain I (ȲI , see Fig. 4!, whereas structureC, having
double periodicity, would be consistent with a surface st
on domain II.

FIG. 5. Normal emission spectra for the as-prepared~left! and
the annealed~right! diamond (100) surface.A denotes a direct tran
sition between volume states andC the surface state.
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Moreover, as the directionḠ-Ȳ is the direction along the
chains in real space, a larger dispersion compared to
Ḡ-X̄ direction is expected. This is confirmed by the expe
mentally observed dispersion relation.

In Fig. 6 we also compare our experimental results w
the surface state dispersion as calculated by Furthmu¨ller
et al.12 To do so we adjust theory and experiment using
strongly dispersing featureB, which agrees to within60.2
eV with the calculated surface state dispersion over the ra
in ki whereB is observed. This incidentally places the ca
culated valence-band maximum 1.0 eV belowEF . Experi-
mentally, an upper limit forEF2EVBM can be given by in-
spection of the normal emission spectra of the annea
surface in Fig. 5. The minimum binding energy of 1.2 eV f
a bulk derived feature is seen at\v530 eV. Therefore,
EF2EVBM has to be less than 1.2 eV. Our alignment
theoretical and experimental data to a common energy s
is thus compatible with this limit. The surface stateB is
related to the formation ofp-bonding orbitals.12

We suspect that the surface state feature reported by
et al.15 at normal emission and Franczet al.37 ~namedS1 in
their papers! is indeed due to a combination of the surfa
resonance (C) and the direct transition from the bulk valenc
band (A). Both groups used a photon energy of about 40 e
which results in spectra similar to the one recorded w
\v535 eV in Fig. 5 where no clear distinction betwee
surface and bulk related features is possible. The bind
energies of 1.5 eV and 1.4 eV reported in Refs. 15 and
respectively, are in accordance with the binding energy
1.3 eV measured at\v535 eV for peakA on the annealed
surface if one takes the dispersion of bulk related feature
demonstrated in Fig. 5 into account. At the boundary of
surface Brillouin zone (Ȳ in our notation! Wu et al.15 mea-
sured a binding energy of 2.4 eV for the surface state, wh
is slightly lower than the 2.7 eV determined here for stru
tureB. However, the general form of the dispersion relati
is the same.

FIG. 6. E(ki) relation for the topmost surface state on the d
mond ~100! surface as obtained by using\v550 eV ~black
squares!, compared to a calculation of the band structure of
intrinsic surface states~crosses, theḠ-Ȳ direction; circles, theḠ-X̄
direction!. The shaded area is the projected bulk band structure
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55 10 845DISPERSIONS OF SURFACE STATES ON DIAMOND . . .
The calculated dispersion of the same surface state in
direction Ḡ-X̄ is shown in Fig. 6 as open circles.12 Structure
C does indeed have a weak dispersion as predicted
theory, but the energies are considerably different. AtX̄ the
energies differ by 0.5 eV. We note that a very similar surfa
state was observed on (100) surfaces of silicon. Johan
et al.41 observed an additional flat surface state band~called
B in their publication! close to the valence-band edge on
single-domain, 231 reconstructed and hydrogen-free su
face in theḠ-Ȳ direction. The definite answer as to wheth
structuresB andC belong to the same surface band mig
only be possible if one is able to measure single-dom
reconstructed surfaces of diamond.18

B. The „111… surface

Figure 7 compares an angle-resolved photoelectron s
trum of a hydrogen terminated surface at a polar an
q545° with a set of spectra taken from the anneal
hydrogen-free 231 reconstructed diamond surface at em
sion angles fromq533° to 67°. The azimuthal direction i
@ 1̄10#, the photon energy\v550 eV, and the light impinges
along the surface normal. The feature labeledS that is absent
in the spectrum of the hydrogenated surface is ascribe
emission from a surface state. It disperses towards lo
binding energy until it reaches a minimum of 0.5 eV belo
EF at q546° and then moves back towards higher bind
energies. In Fig. 8 the dispersion relation for this structur
plotted. The dispersion is symmetric with respect toki
50 Å21 andki52.5 Å21. It is at the latterk point in the

FIG. 7. Angle-resolved photoelectron spectrum taken at 45
taken from the as-prepared diamond (111) surface compared
set of photoelectron spectra fromu533.3° to 66.8° taken from the
surface annealed at 1200 °C. The photon energy is 50 eV at no
incidence of the incoming light and the measured azimuthal di
tion is @ 1̄10#.
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SBZ where according to all current calculations the upp
most occupied band of surface states reaches its highes
ergy ~i.e., lowest binding energy!, as will be discussed be
low. The fact that experimentally the uppermost occup
surface band approachesEF by no more than 0.5 eV implies
a surface energy gap of at least that magnitude. Moreover
other dispersing feature was found closer toEF at any other
ki point.

The overlapping SBZ’s of three 231 domains are shown
in Fig. 9. For domains I and II theki vector along@ 1̄10#
crosses the boundaries of the respective first SBZ at an a
of 60° and meets the Brillouin zone corner (K̄ I,II ) at
ki52.5 Å21 in the adjacent SBZ. From here it runs ba
until finally at ki55 Å21 a Brillouin zone center (Ḡ) is
reached again for both domains. The trajectories alo
@ 1̄10# through the domains I and II are related to each ot

°
a

al
c-

FIG. 8. E(ki) relation of the structure seen in Fig. 7 for positiv
and negative angles. The crosses represent the results of anab initio
molecular-dynamics calculation of the surface states of the cle
reconstructed diamond (111) surface. The shaded area is the
jected bulk band structure.

FIG. 9. Surface Brillouin zones of a three-domain, 231 recon-
structed diamond (111) surface.
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10 846 55R. GRAUPNERet al.
via the mirror operationm ~Fig. 2! and time-reversal symme
try, which ensuresE(ki)5E(2ki) for surface states. As
long as the surface reconstruction is such thatm is conserved
any ki vector along@ 1̄10# is equivalent in both domains. I
the mirror symmetry is lost by dimerization, for example,
general point along@ 1̄10# is no longer equivalent in both
domains except for thek vectors corresponding to the cent
(Ḡ) and the corner (K̄) of the SBZ’s, respectively. Thesek
points are equivalent in domains I and II even without mir
symmetry on account of the translational symmetry of
lattice alone. For domain IIIJ̄ lies at ki51.25 Å21 along
@ 1̄10# and the nextḠ is at ki52.5 Å21. Taking these sym-
metry considerations into account, the dispersing structur
Fig. 7 is very likely a combination of the surface state d
persion for domains I and II. If no dimerization is prese
~i.e., the mirror symmetry of the surface unit cell is pr
served! only one dispersing surface state is expected to
observed for both domains. If a dimerization takes place,
different structures might, in principle, be observed, wh
should, however, meet atK̄ at ki52.5 Å21. Moreover, at
K̄ the maximum in the surface state dispersion is expecte
alluded to above.26

In Fig. 8 our measured and a recently calculated42 surface
state dispersion are compared. The theoretical data are t
from an ab initio molecular-dynamics calculation that pr
dicts an undimerized,p-bonded chain reconstructed surfa
with no energy gap in the surface band structure. Theref
the highest occupied orbital in the calculation correspond
the Fermi energyEF and theory and experiment can be co
pared without further adjustment of the energy scales.
bulk valence-band maximum is predicted to lie at 1.0
belowEF . The calculation reproduces the measurements
markably well over most of the SBZ. However, whereas
calculation predicts that the surface state crossesEF at K̄ the
experimental dispersion remains 0.5 eV belowEF . We are
thus led to conclude that the surface band structure of
231 reconstructed (111) surface has a gap of at least
eV. Nevertheless, in the spectra of Fig. 7 photoemission
tensity is observed right up toEF , which was reported by
other authors as well.25,43,40This intensity is weak and non
dispersing and is in our opinion not related to the we
ordered part of the diamond surface that gives rise to
dispersing surface state and the 231 LEED pattern. Instead
it might be due to patches on the surface where locall
graphitization as a result of the annealing step has occur
This seems most probable for the (111) surface due to
hexagonal structure. Graphitization may take place on s
of the (111) surface as was shown theoretically.44 Another
place where graphitization may occur are twins on
(111) surface.45 Twin formation is a common phenomeno
in homoepitaxial CVD growth on (111) faces of diamon
As our preparation technique is very similar to CVD grow
conditions it cannot be excluded that locally twins ha
formed on our surface.

Himpselet al.25 were able to observe a surface state d
persing upward in the same azimuthal direction as show
Fig. 8 with an energy difference of 1 eV betweenki50.8
Å 21 andki51.3 Å21. This structure is not seen in our me
surements. Presumably the peak they observed is the s
surface state, however, for domain III nearJ̄. As mentioned,
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the experimental surface state dispersion requires a ga
the surface state band structure of at least 0.5 eV, which
agreement with the early EELS mesurements of Peppe27

An opening of a gap in the surface band structure is usu
ascribed to a dimerization of the surface atoms within
p-bonded chains.26 Most recent theoretical publications o
the structure of the (111) surface of diamond, howev
agree that no dimerization along the chains occurs. A rec
calculation by Schmidtet al.,46 for example, shows that eve
the slightest dimerization increases the total energy of
surface. Therefore, the question remains whether there e
an alternative mechanism that would open up a gap in
surface band structure of diamond.

IV. CONCLUSION

Angle-resolved photoemission experiments on plasm
polished, hydrogen-free 231 reconstructed diamond su
faces reveal strongly dispersing occupied surface state
both surfaces. The surface state dispersions determined
the (100) surface are in general agreement with those
pected for a surface reconstructed in the form ofp-bonded
dimers according to recent band-structure calculations.

For the (111) surface the dispersion relation is in gene
agreement with a reconstruction in the form ofp-bonded
chains. However, contrary to most total-energy and ba
structure calculations, which predict a semimetallic surfa
our results support a semiconducting surface with a gap o
least 0.5 eV. This result is in agreement with most surfa
reconstructions of covalently bonded semiconductors wh
reconstructions lead to a semiconducting as opposed
metallic surface state eigenvalue spectrum, a point that
been stated succinctly by Duke47 recently. At the same time
it raises the question as to whether this gap in the surf
band structure is necessarily connected with a dimeriza
of the atoms in thep-bonded chains, a belief that is gene
ally held up to now, but appears to be in conflict with th
results presented here and total-energy calculations tha
clude dimerization on energy grounds. On the experime
side similar investigations on single-domain reconstruc
(100) and (111) are desirable because they would allow
unambigous sampling of the surface state dispersions a
different directions in the SBZ.
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17O. M. Küttel, L. Diederich, E. Schaller, O. Carnal, and L. Schla

bach, Surf. Sci.337, L812 ~1995!.
18N. Lee and A. Bazian, Phys. Rev. B53, R1744~1996!.
19B. D. Thoms and J. E. Butler, Surf. Sci.328, 291 ~1995!.
20B. N. Davidson and W. E. Pickett, Phys. Rev. B49, 11 253

~1994!.
21S. H. Yang, D. A. Drabold, and J. B. Adams, Phys. Rev. B48,

5261 ~1993!.
22T. E. Derry, L. Smit, and J. F. Van der Veen, Surf. Sci.167, 502

~1986!.
23A. V. Hamza, G. D. Kubiak, and R. H. Stulen, Surf. Sci.206,

L833 ~1988!.
,

s-

i.

.

24B. B. Pate, P. M. Stefan, C. Binns, P. J. Jupiter, M. L. Shek
Lindau, and W. E. Spicer, J. Vac. Sci. Technol.19, 349 ~1981!.

25F. J. Himpsel, D. E. Eastman, P. Heimann, and J. F. van
Veen, Phys. Rev. B24, 7270~1981!.

26K. C. Pandey, Phys. Rev. B25, 4338~1982!.
27S. V. Pepper, Surf. Sci.123, 47 ~1982!.
28H. Namba, M. Masuda, and H. Kuroda, Surf. Sci.33/34, 187

~1988!.
29E. C. Sowa, G. D. Kubiak, R. H. Stulen, and M. A. V. Hove,

Vac. Sci. Technol. A6, 832 ~1988!.
30G. D. Kubiak and K. W. Kolanski, Phys. Rev. B39, 1381~1989!.
31D. Vanderbilt and S. G. Louie, J. Vac. Sci. Technol. B1, 723

~1983!.
32C. Kress, M. Fiedler, and F. Bechstedt, Europhys. Lett.28, 433

~1994!.
33S. Iarlori, G. Galli, F. Gygi, M. Parinello, and E. Tosatti, Phy

Rev. Lett.69, 2947~1992!.
34D. Vanderbilt and S. G. Louie, Phys. Rev. B29, 7099~1984!.
35G. Kern, J. Hafner, and G. Kresse, Surf. Sci.352-354, 745

~1996!.
36R. C. G. Leckey and J. D. Riley, Appl. Surf. Sci.22/23, 195

~1985!.
37G. Francz, P. Kania, G. Ganther, H. Stupp, and P. Oelhafen, P

Status Solidi154, 91 ~1996!.
38B. B. Pate, M. Oshima, J. A. Silberman, G. Rossi, I. Lindau, a

W. E. Spicer, J. Vac. Sci. Technol. A2, 957 ~1984!.
39J. F. Morar, F. J. Himpsel, G. Hollinger, J. L. Jordan, G. Hugh

and F. R. McFeely, Phys. Rev. B33, 1340~1986!.
40R. Graupner, J. Ristein, and L. Ley, Surf. Sci.320, 201 ~1994!.
41L. S. O. Johansson, R. I. G. Uhrberg, P. Ma˚rtensson, and G. V.

Hansson, Phys. Rev. B42, 1305~1990!.
42G. Kern, J. Hafner, and G. Kresse, Surf. Sci.366, 445~1996!. The

particular direction used here was calculated for us by the
thors using the same potentials.

43B. B. Pate, M. H. Hecht, C. Binns, I. Lindau, and W. E. Spicer,
Vac. Sci. Technol.21, 364 ~1982!.

44B. N. Davidson and W. Pickett, Phys. Rev. B49, 14 770~1994!.
45G. Jungnickel, D. Porezag, T. Frauenheim, M. I. Heggie, W. R

Lambrecht, B. Segall, and J. C. Angus, Phys. Status Solidi154,
109 ~1996!.

46W. G. Schmidt, A. Scholze, and F. Bechstedt, Surf. Sci.351, 183
~1996!.

47C. B. Duke, Chem. Rev.96, 1237~1996!.


