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Surface-sensitiveK-edge absorption spectroscopy on clean and hydrogen-terminated
diamond „111… and „100… surfaces
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We present a detailed electron yield spectroscopy study of the pre-K-edge features of single-crystal diamond
~100! and~111! surfaces which are induced by optical transitions from the C 1s core level into excited states.
Both hydrogen-terminated and hydrogen-free surfaces were investigated. A sharp maximum at\v
5287.2 eV in the spectra of the~111! and~100! surfaces is characteristic of the monohydrogenated surfaces,
which is interpreted as a strongly localized intramolecular excitation within the C-H bond of a surface atom.
The clean diamond surfaces show maxima in the absorption spectra at\v5284.6 eV for the~111! surface,
and at 284.15 and 286.3 eV for the~100! surface which are interpreted as surface core excitons. From the
polarization dependence of the intensities of these features and by using dipole selection rules, the point-group
symmetry of the excited states involved in the optical transition is deduced. The transition energies of the
absorption maxima of the clean surface are discussed in terms of pertinent band-structure calculations and
excitonic effects.@S0163-1829~99!14247-4#
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I. INTRODUCTION

The possibility to deposit diamond from the gas phase
the form of thin films by chemical vapor deposition h
stimulated attempts to utilize diamond as a material for e
tronic devices. Due to the lack of an electrically active don
electronic devices have to work as unipolar devices~e.g.,
Schottky diodes, field-effect transistors! based on undoped o
p-type diamond.1,2 These devices rely on the properties
the interface between the semiconductor and the meta
insulator. Some of the properties of the clean or hydrog
terminated surfaces are believed to be maintained even
a metallization, such as the dipole layer induced by a hyd
gen termination of the surface,3 and therefore control the
interface properties to a large extent. Whereas occupied
face states of diamond~100! and ~111! have been investi-
gated extensively by photoemission,4 hardly any experimen-
tal information is available on unoccupied surface sta
This issue is the target of the present paper.

As an experimental method we useK-edge absorption
spectroscopy. This method is widely used for the determ
tion of sp2/sp3 ratios in carbon-based materials.5–7 The rea-
son is that the presence ofp bonding which is characteristi
of sp2 hybridized carbon can easily be identified by t
C 1s→p* transition which is lower in energy than th
C 1s→s* transition observed as absorption threshold
sp3-coordinated material. Similarly, anyp bonds which oc-
cur as a result of reconstruction of the surface on the ot
wise purelys-bonded diamond are expected to show up
the K-edge absorption spectra on the hydrogen-free surf
By the same token, unoccupied C-H antibonding states
possibly show up, provided they lie in the fundamental g
of diamond.
PRB 600163-1829/99/60~24!/17023~7!/$15.00
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II. EXPERIMENT

The samples we investigated are type-IIb single-crys
diamonds ~semiconducting due to boron acceptors!. The
~100! surface was prepared by mechanical polishing, wh
the~111! surface was a cleavage plane. Prior to measurem
the samples were exposedex situ to a microwave-excited
hydrogen plasma at substrate temperatures of 800–900
This plasma polishing process is known to result in atom
cally flat, hydrogen terminated surfaces.8,9 The ~100! surface
exhibits a 231 LEED ~low-energy electron-diffraction! pat-
tern which is characteristic for a surface terminated by o
hydrogen atom per surface atom10 ~monohydride dimer-row
reconstruction!, whereas the~111! surface exhibits a 131
LEED pattern due to a bulklike termination of the surfa
with hydrogen. However, in a recent study we reported t
additional hydrocarbons are adsorbed on the surfaces
the plasma preparation process.11 These hydrocarbons desor
upon annealing in UHV at temperatures below the tempe
ture necessary to desorb the hydrogen passivation. Annea
the surfaces further, i.e., above the hydrogen desorption t
perature, leads in both cases to clean, 231-reconstructed
surfaces that exhibit the intrinsic surface states that we d
onstrated elsewhere.4 We note that all annealing tempera
tures given in this paper were measured using an opt
pyrometer. As diamond is transparent for the wavelen
used by the pyrometer, the temperatures given are thos
the Ta sample holder. Identifying this temperature read
with the surface of the diamond causes an uncertainty wh
we estimate to about6100 °C from experience gained in th
preceeding experiments. For a true temperature measure
of the diamond samples, more elaborate methods have t
used.12

All spectra were recorded using the plane grating mo
chromator PM-5~Petersen monochomator! at the BESSY I
17 023 ©1999 The American Physical Society
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storage ring in Berlin. The typical resolution of the lig
source is 0.1 eV at\v5300 eV ~the exit slit width is
100 mm). All spectra are corrected for variations of th
beam current in the storage ring as well as for the spec
transmission of the beamline by recording the photon fl
using a calibrated GaxAs12xP photodiode. The exact photo
energy was determined by measuring the difference in
netic energies of the photoelectrons of the Ta 4f core level
of the sample holder excited by the first- and second-or
diffracted light of the grating monochromator.

TheK-edge absorption spectra were measured in the y
mode, i.e., by monitoring the electron flux emitted by t
sample as a result of secondary processes which fill
K-shell (1s) hole following the primary absorption proces
The electron yield is thus proportional to the absorpt
coefficient.13

We measured theK-edge absorption spectra in the tot
yield mode, collecting all secondary electrons emitted fr
the surface as well as in the partial yield mode, which
restricted to electrons with minimum escape de
(0.5–1 nm) and therefore provides a very high surface s
sitivity. The comparison between total and partial yiel
therefore readily identifies surface-related features. Ano
way to separate bulk from surface absorption is achieved
using the polarization dependence of the optical transitio
Dipole transitions between bulk states of diamond do
depend on the polarization direction of the light on acco

FIG. 1. K-edge absorption spectrum~total yield! of a diamond
~100! surface ~upper curve!. B: bulk core exciton of diamond
Lower curves: calculatedK-edge absorption spectra by Shirley wi
~full line! and without~dashed line! core-hole effects.
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of the cubic symmetry of the lattice. This, however, does
hold for surface absorption, where the symmetry norma
the surface is broken. Therefore, spectra were taken w
normal incidence of the light (Q incid50°) so that the
electric-field vector had no component normal to the sam
surface. We also used an incidence angle ofQ incid560°,
where the electric field vector of the linearly polarized sy
chrotron radiation forms an angle of 60° with respect to
sample surface (p polarization!. The angle between the in
coming light and the electron detector is fixed at 60°.

III. RESULTS

The K-edge absorption spectrum of a diamond~100! sur-
face ~total yield! is shown in Fig. 1, upper curve. The sha
feature at\v5289.43 eV (B) is caused by the creation o
the bulk core exciton of diamond—i.e., an electron in t
conduction band bound to a core hole—and it marks
onset of the bulk absorption. The importance of core-h
effects was pointed out by recentab initio calculations by
Shirley,14 which are shown as the lower two curves in Fig.
The calculated spectra are adjusted in energy to the meas
spectrum so that the core-exciton peaks coincide. The
line is the calculated absorption spectrum including co
hole interaction, the dashed line that without core-h
effects.14 The inclusion of electron-hole interactions repr
duces most of the spectral features of the measured spec
whereas the exclusion of core-hole effects completely fails
explain the experimental data. The dip in the yield spectr
at \v5302.5 eV is caused by an absolute energy gap in
conduction-band structure of diamond.15 In this paper we
will concentrate on the pre-edge features, seen as weak s
tures below\v'289 eV. These structures are~at least
partly! induced by transitions into unoccupied surface sta
and their position and intensities are gathered in Table
and II.

In the upper spectra of Figs. 2~a! and 2~b!, partial electron
yield spectra of the diamond~111! and~100! surfaces in the
as prepared state after plasma hydrogenation are comp
For the~111! surface@Fig. 2~a!# the total yield spectrum for
q incid560° is also shown to illustrate that the pre-edge fe
tures in the spectra (\v,289 eV) are related to the surfac
Both the~100! and~111! surfaces show very similar spectr
TABLE I. Energies, linewidths~in eV!, and absorption strengths of characteristic features in the subthreshold C 1s yield spectra of the
diamond~111! surface.TA is the annealing temperature, andQ inc refers to the light incidence angle.

Surface LEED Absorption \v Intensity at Origin
preparation pattern maximum ~FWHM! Q inc560° Q inc50°

as prepared 131 broad 285.0 weak strong nondiamond
H-terminated
1hydrocarbon
contamination

maximuma defect states

SA 287.8 strong absent antibonding C-H

~1.1! states~hydrocarb.!

TA5600 °C 131 SH 287.3 strong absent antibonding C-H
monohydrogenated ~0.60! monohydride states

TA51200 °C 231 S 284.6 strong absent surface
hydrogen free ~0.50! core exciton

aThe broad maximum is present for all surface preparations.
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TABLE II. As in Table I for the~100! surface.

Surface LEED Absorption \v Intensity at Origin
preparation pattern maximum ~FWHM! Q inc560° Q inc50°

as prepared 231 broad 285.0 weak strong nondiamond
H-terminated
1hydrocarbon
contamination

maximuma defect states

SA 287.8 strong absent antibonding C-H

~1.0! states~hydrocarb.!

TA5400 °C 231 SH 287.3 weak absent antibonding C-H
monohydrogenated ~0.60! monohydride states

TA51200 °C 231 SG1
284.15 very strong absent surface core

hydrogen free ~0.57! exciton (G1 symm.!

SG3 ,G4
286.3 absent strong surf. core exc.
~0.50! (G3 or G4 symm.!

aThe broad maximum is present for all surface preparations.
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At \v5289.5 eV we detect a broad maximum which
seen in all yield spectra of diamond irrespective of surfa
preparation. The fact that the intensity of this broad ma
mum is higher when normal light incidence (Q incid50°) is
used@the lower curve of Fig. 2~a!# reflects the surface origin
of these features. For normal light incidence, electrons

FIG. 2. Yield spectra of~a! a diamond~111! and~b! a diamond
~100! surface after preparation in a microwave hydrogen plas
recorded with different incidence angle of the excitation light. T
inset in ~b! illustrates relative positions and orientations of the
coming light, the sample surface, and the electron detector.
e
i-

re

detected at an angle ofqem560° with respect to the surfac
normal, and hence the effective escape depth is only ha
the escape depth atQ incid560°, whereqem50°. The inset of
Fig. 2~b! illustrates the two geometries. Besides the bro
maximum around 285 eV, a second peakSA with a full width
at half maximum~FWHM! of about 1 eV is located a
287.8 eV. This peak, in contrast to the broad maximum
285 eV, is not enhanced when going fromQ incid
560° (qem50°) to Q incid50° (qem560°), but is strongly
reduced.

As already mentioned, the surfaces prepared in a hyd
gen plasma are found to be partially terminated
hydrocarbons.11 These hydrocarbons desorb at an annea
temperature of around 400 °C, which results in a change
the yield spectra~Fig. 3!. While the partial yield spectrum a
Q incid50° remains virtually unchanged, the featureSA cen-
tered at 287.8 eV~Fig. 2! is replaced by a narrower peak~a
FWHM of 0.60 eV) at\v5287.3 eV in theQ incid560°
spectrum after annealing (SH in Fig. 3!. This feature occurs
at exactly the same photon energy and has identical
shapes on both surfaces, albeit twice as intense on~111! as
on ~100!. In the case of~111! the LEED pattern still shows
sharp 131-spots of a bulklike termination, indicating tha
the surface is still hydrogenated. From the similarity of t
spectra we draw the same conclusion for the~100! surface.

Annealing the~111! surface above 1000 °C finally lead
to hydrogen desorption, and produces the spectra of
clean surfaces. TheSH feature of the monohydrogenate
surfaces is absent, and now characteristic differences o
between the spectra of diamond~100! and~111! ~Fig. 4!. For
~111! a peak at\v5284.6 eV ~S! appears which is only
visible for Q incid560° @Fig. 4~a!#. The hydrogen-free,
~231!-reconstructed diamond~100! surface@Fig. 4~b!#, how-
ever, exhibits a peak at\v5286.3 eV (SG3 ,G4

) under nor-
mal light incidence, whereas an intense maximum
284.15 eV (SG1

) is observed usingQ incid560°. All three
resonances observed on the clean diamond surfaces ar
tably sharper~the FWHM is 0.5 . . .0.57 eV) than the peak
SA of the hydrocarbon adsorbates~the FWHM is
1.0 . . . 1.1 eV) andeven slightly sharper than the monoh

a,
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dride peakSH ~the FWHM is 0.6 eV).~The origin of the
notationsSG1

andSG1
will be explained below.!

IV. DISCUSSION

A. As-prepared surfaces

The pre-edge absorption spectra of the as-prepared
mond~100! and~111! surfaces~Fig. 2! both show two rather
broad absorption maxima at \v5285 and at
287.9 eV (SA). The maximum around\v5285 eV ap-
pears in all spectra of the hydrogen-terminated surface
well as in those of the annealed surfaces. The energy of
structure resembles a broadened C 1s→p! transition which
is seen in graphite as well as in all unsaturated hydrocar
molecules, also centered at 285 eV.5,16 We therefore at-
tribute this maximum to transitions into empty defect sta
that are not intrinsic to the diamond surfaces. The peakSA is
within the uncertainty of our experiment situated at the sa
photon energy~287.8 eV! on diamond~100! and ~111!, and
vanishes after moderate annealing. We therefore assign
peak to hydrocarbon adsorbates which are easily therm
desorbed. This interpretation is supported by the fact tha
absorption resonance around 287.560.3 eV is found as the
dominant feature below the C 1s ionization threshold in a
large variety of saturated hydrocarbon molecules.17–19

FIG. 3. Yield spectra of~a! a diamond~111! surface annealed a
600 °C and~b! a diamond~100! surface annealed at 400 °C. Bo
surfaces have retained a hydrogen passivation after these anne
steps.
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B. H-terminated surfaces

For both surfaces the first annealing step@400 and 600 °C
for ~100! and ~111!, respectively# results in a desorption o
the hydrocarbons and yields the monohydrogenated diam
surfaces. The peaks at\v5287.2 eV (SH) are characteris-
tic for these surfaces~Fig. 3!. Morar et al.20 also performed
K-edge absorption spectroscopy on hydrogen-terminated
mond ~111!. They found two peaks at\v5284.7 and
287.3 eV. The peak at 284.7 eV resembles our graph
peak at 285 eV which is not intrinsic to the diamond su
faces. Their peak at 287.3 eV has a full width at half ma
mum of 1.6 eV and is thus much broader than our struct
SH ~the FWHM is 0.6 eV!. It might be a superposition of the
C-H* adsorbate resonances and the monohydride signaSH
at 287.2 eV. The differences in the spectra measured
and those of Moraret al. are caused by different samp
preparation techniques. Moraret al.prepared their sample b
cleavage under hydrogen atmosphere. As no source
atomichydrogen was present, this procedure might not le
to a surface which is completely hydrogen terminated.

The interpretation ofSH can be approached from two dif
ferent perspectives. The final~two-particle! state which gives
rise to a resonance in the absorption cross section involv
strongly localized C 1s core hole carrying a positive charg
and an electron in a less localized but jet bound state wh
‘‘feels’’ the positive charge of the core hole as well as t
specific periodic potential of the surface. In general, b
interactions have to be taken into account simultaneou

ling

FIG. 4. Yield spectra of~a! a clean, (231)-reconstructed dia-
mond~111! surface and~b! a clean, (231)-reconstructed diamond
~100! surface, both obtained after annealing at 1200 °C.
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From the perspective of solid-state surface physics thi
done by using the characteristic surface-state band of a
cific surface as a basis set for the electron part of the fi
state wave function. The Coulomb interaction between e
tron and core hole is then treated as a second-o
pertubation, with the result that the final~bound! state of the
optical transition is interpreted as a surface core exciton
has a specific binding energy with respect to the continu
~i.e., the unbound final states!, and a wave function which is
strongly influenced by the periodic potential of the sol
This surface physics approach thus appears to be approp
when the specific signature of the surface is reflected in
K-edge absorption spectrum, as is the case for the clean
mond ~100! and ~111! surfaces.

A different approach is usually taken in molecular phy
ics. The electron’s interaction with the charge of the co
hole is in this case considered as the dominant effect, and
excited state probed by near-edge x-ray-absorption fi
structure spectroscopy and electron-energy-loss experim
is interpreted in terms of an excited molecular or ev
atomic state. The interaction of the electron with the perio
potential of the surface is in this case neglected. The mole
lar approach is expected to be the appropriate one for p
isorbed adsorbates, i.e., those bound only weakly to the
face by van der Waals forces. It is remarkable that peakSH
observed on the monohydrogenated diamond~100! and~111!
surfaces seems to fullfill these criteria. Its line shape is id
tical on both surfaces as illustrated in Fig. 5, and the p
energy of 287.3 eV, moreover, falls into the range wh
resonances of saturated hydrocarbons such as cycloalk
(287 . . .287.7 eV)19 and alkanes (287 . . . 288 eV)17 oc-
cur. Although it appears to be still a matter of debate to w
extent the final states participating in these hydrocar

FIG. 5. Line-shape analysis of theSH absorption resonance o
the monohydrogenated~100! and ~111! surface demonstrating th
identical signature.
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resonances have molecular C-H* or atomic, i.e., Rydberg
state character, the local nature of the excitation is unam
gous. From its similarity with the hydrocarbon resonanc
we conclude therefore that theSH peak of the monohydro-
genated diamond surfaces represents a strongly localized
sition. The electron-hole interaction is obviously much stro
ger than the interaction between the ordered array of C
units which give rise to the dispersion of the surface st
band, as it is calculated theoretically within the local-dens
approximation. This band indeed has a very similar wid
and position for diamond (100)231:H ~Ref. 21! and
~111! 131:H.22 Nevertheless, the evidence for the local m
lecular character of the resonance opposes its interpreta
as a surface core exciton in the language of solid-state p
ics.

C. Clean „100… and „111… surfaces

The situation is different for the clean diamond surfac
~Fig. 4!. Here the resonancesSon diamond~111! (231) and
SG1

andSG3 ,G4
on diamond~100! (231) depend clearly on

the nature of the surface. An interpretation as surface c
excitons involving the respective surface states is more
propriate here. In the majority of calculations for the surfa
states, electron-hole interaction is neglected, and in the
excited photoemission and optical absorption experime
from which band-structure energies are usually infer
electron-hole interaction is negligible on our energy sca
As explained above, this is markedly different in the yie
experiment, where a strongly localized hole state is involv
From the comparison between measured and calculated x
absorption spectra in Fig. 1, it is evident that core-hole int
action plays an important role. Therefore the question ar
where the conduction-band minimum~CBM! has to be
placed. As the bulk core exciton~B! is the dominating struc-
ture, the knowledge of the core-exciton binding ener
DEex5ECBM2E(B) would fix ECBM . However, there is an
ongoing debate on the binding energy of the core exciton
diamond.15,23–25Morar et al.,15 for example, obtained an ex
citon binding energy ofDEex50.19 eV by fitting the mea-
sured absorption spectra to the theory of Elliott,26 which,
however, is only valid for loosely bound, hydrogenlike Wa
nier excitons. We note that a fit of our measurements us
this theory does not lead to a satisfacory result, neither us
the parameters of Moraret al. nor any other set of param
eters. Meanwhile, there appears to be a general conse
that DEex as determined by Moraret al. is too low and that
vibrational effects, i.e., a local relaxation of the lattice, ha
to be taken into account in addition to the Coulomb inter
tion between the electron and hole.25,27–29 Nevertheless,
some interesting conclusions can be drawn from our res
if we place them in a one-electron scheme as is done in
6. We use the core excitonB as our fiducial point. Following
our discussion of the core-exciton binding energy, we shif
the one-particle energies on the left-hand side byDEex
50.25 eV as calculated for the allowed optical transition
Mauri and Car28 with respect to ourK-edge absorption data
on the right-hand side. Note that this value is smaller th
the exciton ground-state binding energy when lattice rel
ation plays a significant role.28 The left-hand axis is thus a
one-particle energy scale withECBM as zero.
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The position of the Fermi level with respect toEVBM
~VBM is the valence-band maximum! has been determine
using valence-band photoemission. On the hydrogen-
diamond~100! and~111! surfaces, values of 0.8–1.4 eV fo
EF –EVBM have been measured.4,30,31The average position o
EF is thus marked 1.0 eV aboveEVBM in Fig. 6.

On clean diamond~100! a band of unoccupied surfac
states is predicted theoretically which extends from the C
down into the band gap. The band minimum lies 1.3
above the VBM, and the highest occupied surface state
below the VBM. If we use the minimum as a reference,SG1

corresponds to an exciton with a binding energy of 1.3
~see Fig. 6!. The second resonance,SG3 ,G4

is degenerate with
the empty surface-state band, and must therefore be in
preted as an excitonic resonance.

The ~111! surface is predicted to be metallic with surfa
states extending throughout the gap.22 In light of these cal-
culations peakS found on diamond~111! has to be inter-
preted as an excitonic resonance as well. We should men
however, that recent angle-resolved photoemission spect
that surface showed a gap on the clean, reconstructed
mond ~111! surface.4 It extends from 0.5 eV to at leas
1.0 eV above the VBM. The surface core excitonS in Fig. 6
is placed at 0.35 eV above the VBM, and thus coincid
with the lower edge of the experimentally determined s
face gap.

In III-V semiconductors, binding energies of 0.3–1.5 e
have been measured for surface core excitons.32 These large
binding energies are the result of the two-dimensional na

FIG. 6. Schematic energy diagram comparing the one-par
energiesECBM , EVBM , andEF with the resonances in theK-edge
absorption spectra for the~111! ~upper panel! and the~100! surface
~lower panel!. The bulk core exciton at a photon energy
289.5 eV was used as a common reference in all spectra. For
diagram, its binding energyDEex was set to 0.25 eV as calculate
by Mauri and Car. The position ofEF applies to the hydrogen-fre
surfaces.
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of the surface excitons and the reduced screening at the
face. Since the dielectric constant of diamond (e55.7) is
small compared to III-V compounds, an exciton binding e
ergy ofSG1

on the diamond~100! surface at the upper end o
this scale comes as no surprise.

The level scheme of Fig. 6 is drawn under the additio
assumption that the energy of the initial state for the tran
tions C 1s→B and C 1s→SG1

is the same. In the core
level spectra of clean~hydrogen-free! diamond surfaces, a
C 1s surface component is observed which is shifted
0.9 eV toward lower binding energy@1.0 eV on the
~111! -surface#.11 If this component is taken as the initia
state for the surface core excitons, and the bulk compone
assumed for the bulk core level exciton, the positions ofEF
and EVBM in Fig. 6 are also lower by 0.9 and 1.0 eV, r
spectively, as discussed by Moraret al.20 This, however,
only holds true if the surface core-level shift observed
photoemission is aninitial-state effect. We rather believe tha
this component in the C 1s photoelectron spectra is induce
by a different relaxation of the remaining (N21)-electron
system upon formation of a photohole in a surface at
compared to a hole in a bulk atom~final-state effect!.11

D. Symmetry of core-level excitations

The use of the dipole selection rule for optical transitio
allows us to identify the point-group symmetry of the fin
states. To this end we consider the matrix element of
dipole operator for the electron transition between the Cs
core state and its excitonic wave function. In our experim
we employed two different polarizations of the excitatio
light. Normal incidence with no component of the dipo
operator perpendicular to the sample surface (Q incid50°,pz
50) andQ incid560°, for which the in-plane componentand
the normal component of the dipole operator is finite (pi
Þ0,pzÞ0). In changing the incidence angle of the light th
azimuthal direction of the in-plane component of the dipo
operatorpi was not changed. The surface-related featuresSA
and SH on both hydrogenated~100! and ~111! surfaces as
well as S of the clean (111):(231) andSG1

for the clean

(100):(231) all appear for gracing incidence (Q incid
560°) andare absent for normal incidence. Thus, for these
features the transition atQ incid560° has to be induced by th
normal component of the dipole operatorpz . As the C 1s
core level is transformed under all symmetry operations
the point group of the surface corresponding to the tota
symmetric representation (G1), pz ~which transforms asG1
as well! can only induce optical transitions into final states
G1 symmetry as well.

A different polarization dependence is observed
SG3 ,G4

at \v5286.3 eV on the clean (100):(231) surface.
Here the transition has to be induced by the parallel com
nent of the dipole operatorpi , and the final-state transform
according to theG3 or G4 representations of the point grou
of the (100):(231) surface (C2v or 2mm). This means that
the wave function is symmetric with respect to the mirr
planes, and changes sign upon rotation by 180°.

If one were able to prepare a surface reconstructed in
single domain, one should be able to distinguish betw
these two irreducible representations by investigating h
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the intensity depends on the azimuthal orientation of
electric-field vector. On our samples, however, this is
possible as a mixture of two domains, rotated by 90°, w
always present with equal weight.

V. CONCLUSION

We have identified optical transitions from the C 1s core
level into excited states on clean and hydrogen-termina
diamond~100! and ~111! surfaces utilizing the pre-K-edge
resonances of the absorption spectrum. On the
hydrogenated surfaces, resonances occur at around 287.
with no specific signature characteristic for the surfac
They are attributed to molecular excitations within hydroc
bon adsorbates. Mild annealing removes these adsorb
but retain a hydrogen passivation. On these monohydro
nated surfaces absorption resonances occur at a similar
ton energy@as for the adsorbates (\v5287.3 eV)], but are
notably sharper and significantly shifted. Their energy a
line shape are, however, not specific for the respective
face, and thus we associate them with strongly localized
citations within the monohydride units of the surface atom
Their spectroscopic signature is dominated by the electro
interaction with the core hole rather than with the perio
potential of the surface. The situation is different for t
clean, reconstructed surfaces. Here again, sharp resona
occur which are now clearly different for diamond~100!
n

E

.

B

nd

ys

p-

ys

or
e
t
s

d

s-
eV

s.
-
es,
e-
ho-

d
r-
x-
.
’s

ces

(\v5284.15 eV and \v5286.3 eV! and ~111!
(284.6 eV). Moreover, their polarization dependence f
lows specific selection rules which allows a determination
the symmetry of the excited states. Consequently they
interpreted as surface core excitons or excitonic resonan
However, their energetic positions are not linked consisten
to surface-state bands as would be expected for deloca
Wannier-type surface core excitons. Also, in the case of
clean surfaces we therefore interpret the pre-K-edge absorp-
tion resonances as rather localized Frenkel-type surface
excitons, again confirming the strong electron-hole inter
tion. The latter may be due to the lack of electrostatic scre
ing by the valence electrons of diamond, and thus linked
the low dielectric constant of the matierial.
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