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We present a detailed electron yield spectroscopy study of thK ymége features of single-crystal diamond
(100 and(111) surfaces which are induced by optical transitions from thes@dre level into excited states.
Both hydrogen-terminated and hydrogen-free surfaces were investigated. A sharp maximfm at
=287.2 eV in the spectra of thH&11) 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 spedtka=a84.6 eV for the(111) surface,
and at 284.15 and 286.3 eV for tti@00 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[S0163-18209)14247-4

I. INTRODUCTION II. EXPERIMENT

The samples we investigated are type-llb single-crystal

The possibility to deposit diamond from the gas phase irdiamonds (semiconducting due to boron accepjor§he
the form of thin films by chemical vapor deposition has (100 surface was prepared by mechanical polishing, while
stimulated attempts to utilize diamond as a material for electhe (111 surface was a cleavage plane. Prior to measurement
tronic devices. Due to the lack of an electrically active donorthe samples were exposex situto a microwave-excited
electronic devices have to work as unipolar devi¢eg., hydrogen plasma at substrate temperatures of 800—900 °C.
Schottky diodes, field-effect transistptsased on undoped or This plasma polishing process is known to result in atomi-
p-type diamond.? These devices rely on the properties of cally flat, hydrogen terminated surface$The (100) surface
the interface between the semiconductor and the metal axhibits a 2x1 LEED (low-energy electron-diffractionpat-
insulator. Some of the properties of the clean or hydrogentern which is characteristic for a surface terminated by one
terminated surfaces are believed to be maintained even aftaydrogen atom per surface atthtmonohydride dimer-row
a metallization, such as the dipole layer induced by a hydroreconstruction whereas the111) surface exhibits a %1
gen termination of the surfadeand therefore control the LEED pattern due to a bulklike termination of the surface
interface properties to a large extent. Whereas occupied suwith hydrogen. However, in a recent study we reported that
face states of diamontl00) and (111) have been investi- @additional hydrocarbons are adsorbed on the surfaces after
gated extensively by photoemissibhardly any experimen- the plasma preparation procésdhese hydrocarbons desorb

tal information is available on unoccupied surface statesuPon annealing in UHV at temperatures below the tempera-
This issue is the target of the present paper. ture necessary to desorb the hydrogen passivation. Annealing

the surfaces further, i.e., above the hydrogen desorption tem-
gberature, leads in both cases to cleaix 12reconstructed
surfaces that exhibit the intrinsic surface states that we dem-
onstrated elsewhefeWe note that all annealing tempera-
- . . o tures given in this paper were measured using an optical
of sp’ h);brld|zeq_carbor_1 can easily _be identified by thepyrometer. As diamond is transparent for the wavelength
C 1s— ™ lransition which is lower in energy than the o by the pyrometer, the temperatures given are those of
C 313_"7. transition observed as absorption threshold inhe T4 sample holder. Identifying this temperature reading
sp’-coordinated material. Similarly, any bonds which oc-  \yith the surface of the diamond causes an uncertainty which
cur as a result of reconstruction of the surface on the othefye estimate to about 100 °C from experience gained in the
wise purelyo-bonded diamond are expected to show up inpreceeding experiments. For a true temperature measurement
the K-edge absorption spectra on the hydrogen-free surfacef the diamond samples, more elaborate methods have to be
By the same token, unoccupied C-H antibonding states capsed!?
possibly show up, provided they lie in the fundamental gap All spectra were recorded using the plane grating mono-
of diamond. chromator PM-5(Petersen monochomajaait the BESSY |

As an experimental method we ugeedge absorption
spectroscopy. This method is widely used for the determin
tion of sp?/sp® ratios in carbon-based materiais. The rea-
son is that the presence efbonding which is characteristic
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of the cubic symmetry of the lattice. This, however, does not
hold for surface absorption, where the symmetry normal to
the surface is broken. Therefore, spectra were taken with
normal incidence of the light @;,;q=0°) so that the
electric-field vector had no component normal to the sample
surface. We also used an incidence angle@gf.,=60°,
where the electric field vector of the linearly polarized syn-
chrotron radiation forms an angle of 60° with respect to the
sample surfacep polarizatior). The angle between the in-
coming light and the electron detector is fixed at 60°.

Diamond (100)
Total Yield g

Electrons per Photon (arb. units

285 290 295 300 305
Photon Energy (eV)

FIG. 1. K-edge absorption spectruftotal yield of a diamond 1. RESULTS
(100 surface (upper curveé B: bulk core exciton of diamond.
Lower curves: calculated-edge absorption spectra by Shirley with ~ The K-edge absorption spectrum of a diamgd@0) sur-
(full line) and without(dashed ling core-hole effects. face (total yield is shown in Fig. 1, upper curve. The sharp

feature ath w=289.43 eV B) is caused by the creation of

storage ring in Berlin. The typical resolution of the light the bulk core exciton of diamond—i.e., an electron in the
source is 0.1 eV afiw=300 eV (the exit slit width is conduction band bound to a core hole—and it marks the
100 um). All spectra are corrected for variations of the onset of the bulk absorption. The importance of core-hole
beam current in the storage ring as well as for the spectradffects was pointed out by receab initio calculations by
transmission of the beamline by recording the photon fluxShirley* which are shown as the lower two curves in Fig. 1.
using a calibrated GAs; _,P photodiode. The exact photon The calculated spectra are adjusted in energy to the measured
energy was determined by measuring the difference in kispectrum so that the core-exciton peaks coincide. The full
netic energies of the photoelectrons of the Tacére level line is the calculated absorption spectrum including core-
of the sample holder excited by the first- and second-ordehole interaction, the dashed line that without core-hole
diffracted light of the grating monochromator. effects’* The inclusion of electron-hole interactions repro-

TheK-edge absorption spectra were measured in the yielduces most of the spectral features of the measured spectrum,
mode, i.e., by monitoring the electron flux emitted by thewhereas the exclusion of core-hole effects completely fails to
sample as a result of secondary processes which fill thexplain the experimental data. The dip in the yield spectrum
K-shell (1s) hole following the primary absorption process. atiw=2302.5 eV is caused by an absolute energy gap in the
The electron yield is thus proportional to the absorptionconduction-band structure of diamottin this paper we
coefficient!? will concentrate on the pre-edge features, seen as weak struc-

We measured th&-edge absorption spectra in the total tures belowzw~289 eV. These structures afat least
yield mode, collecting all secondary electrons emitted frompartly) induced by transitions into unoccupied surface states
the surface as well as in the partial yield mode, which isand their position and intensities are gathered in Tables |
restricted to electrons with minimum escape depthand Il.
(0.5—-1 nm) and therefore provides a very high surface sen- In the upper spectra of Figs(&@ and 2b), partial electron
sitivity. The comparison between total and partial yieldsyield spectra of the diamond11) and(100) surfaces in the
therefore readily identifies surface-related features. Anotheas prepared state after plasma hydrogenation are compared.
way to separate bulk from surface absorption is achieved bifor the(111) surface[Fig. 2(a)] the total yield spectrum for
using the polarization dependence of the optical transitionsd;,.q=60° is also shown to illustrate that the pre-edge fea-
Dipole transitions between bulk states of diamond do notures in the spectrai(w<<289 eV) are related to the surface.
depend on the polarization direction of the light on accounBoth the(100 and(111) surfaces show very similar spectra.

TABLE I. Energies, linewidthgin eV), and absorption strengths of characteristic features in the subthreshotdyeld spectra of the
diamond(111) surface.T, is the annealing temperature, a6, refers to the light incidence angle.

Surface LEED Absorption ho Intensity at Origin
preparation pattern maximum (FWHM) 0;,c=60° 0;,.=0°
as prepared X1 broad 285.0 weak strong nondiamond
H-terminated maximun? defect states
+hydrocarbon
contamination Sa 287.8 strong absent antibonding C-H
(1.1 states(hydrocarh).
T,=600°C X1 Sy 287.3 strong absent antibonding C-H
monohydrogenated (0.60 monohydride states
Tpo=1200°C 1 S 284.6 strong absent surface
hydrogen free (0.50 core exciton

&The broad maximum is present for all surface preparations.
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TABLE Il. As in Table | for the(100 surface.

Surface LEED Absorption ho Intensity at Origin
preparation pattern maximum (FWHM) 0;,.=60° 0;,=0°
as prepared 21 broad 285.0 weak strong nondiamond
H-terminated maximuni defect states
+hydrocarbon
contamination Sa 287.8 strong absent antibonding C-H
(1.0 states(hydrocarb)
T,=400°C X1 Sy 287.3 weak absent antibonding C-H
monohydrogenated (0.60 monohydride states
Tpo=1200°C 1 Sr, 284.15 very strong absent surface core
hydrogen free (0.57 exciton (C; symm)
Sr, 1, 286.3 absent strong surf. core exc.
(0.50 ('3 orI'y symm)

&The broad maximum is present for all surface preparations.

At hw=289.5 eV we detect a broad maximum which is detected at an angle &f.,,=60° with respect to the surface
seen in all yield spectra of diamond irrespective of surfacenormal, and hence the effective escape depth is only half of
preparation. The fact that the intensity of this broad maxi-the escape depth @X;,.q=60°, whered.,=0°. The inset of
mum is higher when normal light incidenc® f,;u=0°) is  Fig. 2(b) illustrates the two geometries. Besides the broad
used[the lower curve of Fig. @)] reflects the surface origin . maximum around 285 eV, a second p&kwith a full width
of these features. For normal light incidence, electrons arg; nalf maximum (FWHM) of about 1 eV is located at
287.8 eV. This peak, in contrast to the broad maximum at
285 eV, is not enhanced when going from,q
=60° (Ven=0°) t00iig=0° (Jem=60°), but is strongly
reduced.
As already mentioned, the surfaces prepared in a hydro-
gen plasma are found to be partially terminated by
o hydrocarbons?! These hydrocarbons desorb at an annealing
@Paj'g‘c',i'e'd | temperature of around 400 °C, which results in a change in
e the yield spectrdFig. 3). While the partial yield spectrum at
Oi.ciq=0° remains virtually unchanged, the featBg cen-
tered at 287.8 e\(Fig. 2) is replaced by a narrower peék
FWHM of 0.60 eV) athw=287.3 eV in the®,;q=60°
spectrum after annealindgs in Fig. 3). This feature occurs
at exactly the same photon energy and has identical line
shapes on both surfaces, albeit twice as intensélaf) as
on (100). In the case of111) the LEED pattern still shows
sharp X 1-spots of a bulklike termination, indicating that
the surface is still hydrogenated. From the similarity of the
spectra we draw the same conclusion for th@0) surface.
Annealing the(111) surface above 1000 °C finally leads
to hydrogen desorption, and produces the spectra of the
clean surfaces. Th&, feature of the monohydrogenated
surfaces is absent, and now characteristic differences occur

a.)
Diamond (111)
as prepared

Electrons per Photon (arb. units)

Partial Yield
N IR R U PR MR |

282 284 286 288 290 292 294
Photon Energy (eV)

b.) B
Diamond (100)

as prepared

LS,
Partial Yield |
0 . =60°

detector;ré( )

incid ™

Electrons per Photon (arb. units)

Ep |
o T»f\;‘ between the spectra of diamo(itD0) and(111) (Fig. 4). For
o 4 (111 a peak athw=284.6 eV (S appears which is only
650 visible for 0;,;q=60° [Fig. 4(a)]. The hydrogen-free,
L (2x1)-reconstructed diamond 00 surface Fig. 4(b)], how-
282 284 286 288 290 292 294 ever, exhibits a peak dtw=286.3 eV S, ,) under nor-
Photon Energy (eV) mal light incidence, whereas an intense maximum at

FIG. 2. Yield spectra ofa) a diamond(111) and(b) a diamond 284.15 eV Srl) is observed usmgﬂi?cid=60 - All three
(100 surface after preparation in a microwave hydrogen plasmal€sonances observed on the clean diamond surfaces are no-
recorded with different incidence angle of the excitation light. Thetably sharpefthe FWHM is 05...0.57 eV) than the peak
inset in (b) illustrates relative positions and orientations of the in-Sp  of the hydrocarbon adsorbate$the FWHM is
coming light, the sample surface, and the electron detector. 1.0...1.1 eV) anckven slightly sharper than the monohy-
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a.) Diamond (111) 2x1
ann. at 1200°C

a.) Diamond (111) 1x1
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b.) Diamond (100) 2x1
ann. at 1200°C

b.) Diamond (100)
ann. at 400°C
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FIG. 3. Yield spectra ofa) a diamond(111) surface annealed at FIG. 4. Yield spectra ofa) a clean, (2 1)-reconstructed dia-
600 °C and(b) a diamond(100 surface annealed at 400 °C. Both mond(111) surface andb) a clean, (2 1)-reconstructed diamond
surfaces have retained a hydrogen passivation after these annealifi®0) surface, both obtained after annealing at 1200 °C.
steps.

B. H-terminated surfaces

dride peakSy (the FWHM is 0.6 eV).(The origin of the For both surfaces the first annealing sf¢p0 and 600 °C
notationssr1 and Sfl will be explained below. for (100 and(111), respectively results in a desorption of
the hydrocarbons and yields the monohydrogenated diamond
surfaces. The peaks Atw=287.2 eV §,) are characteris-

tic for these surface€Fig. 3. Morar et al*° also performed
K-edge absorption spectroscopy on hydrogen-terminated dia-
A. As-prepared surfaces mond (111). They found two peaks afiw=284.7 and
§_87.3 eV. The peak at 284.7 eV resembles our graphitic
peak at 285 eV which is not intrinsic to the diamond sur-
faces. Their peak at 287.3 eV has a full width at half maxi-

. mum of 1.6 eV and is thus much broader than our structure
287.9 eV Ga). The maximum aroundiw=285 eV ap- g (the FWHM is 0.6 eV. It might be a superposition of the
pears in all spectra of the hydrogen-terminated surfaces "H* adsorbate resonances and the monohydride sgnal

well as in those of the annealed surfaces. The energy of thig 537 5 e\ The differences in the spectra measured here
structure resembles a broadened €—lr* transition which 54 those of Moraet al. are caused by different sample

is seen in graphite as well as in all unsaturated hydrocafboﬂreparation techniques. Morat al. prepared their sample by
m0|ecu|eS, also centered at 285 %V We therefore at- C|eavage under hydrogen atmospherel As no source for
tribute this maximum to transitions into empty defect statesatomic hydrogen was present, this procedure might not lead
that are not intrinsic to the diamond surfaces. The (&als to a surface which is completely hydrogen terminated.

within the uncertainty of our experiment situated at the same The interpretation o8, can be approached from two dif-
photon energy287.8 eVf on diamond(100) and(111), and  ferent perspectives. The findlvo-particle state which gives
vanishes after moderate annealing. We therefore assign thise to a resonance in the absorption cross section involves a
peak to hydrocarbon adsorbates which are easily thermallgtrongly localized C & core hole carrying a positive charge
desorbed. This interpretation is supported by the fact that aand an electron in a less localized but jet bound state which
absorption resonance around 287(%3 eV is found as the “feels” the positive charge of the core hole as well as the
dominant feature below the Cslionization threshold in a specific periodic potential of the surface. In general, both
large variety of saturated hydrocarbon molecdfes? interactions have to be taken into account simultaneously.

IV. DISCUSSION

The pre-edge absorption spectra of the as-prepared di
mond (100 and(111) surfaceqFig. 2 both show two rather
broad absorption maxima atZw=285 and at
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— resonances have molecular G-Hr atomic, i.e., Rydberg
I s Diamond _ state character, the local nature of the excitation is unambi-
1 H Monohydride gous. From its similarity with the hydrocarbon resonances
'ﬂ.'\ Surfaces we conclude therefore that ti&, peak of the monohydro-
L] genated diamond surfaces represents a strongly localized tra-
T \.‘f‘fﬂ T\ a3 sition. The electron-hole interaction is obviously much stron-
i Pl *a. 'y ger than the interaction between the ordered array of C-H
§ 11-". 15,'.‘.‘.5‘;5 ..... ( ."" units which give rise to the dispersion of the surface state
2 ,-/ %, : ‘l‘\-l"' band, as it is calculated theoretically within the local-density
| ‘f’ — --LM-"- 25 1 approximation. This band indeed has a very similar width
g . - ? o and position for diamond (100)21:H (Ref. 2) and
g 287 283 289 \”/ (111) 1x 1:H.22 Nevertheless, the evidence for the local mo-
£ Photon Energy (V) lecular character of the resonance opposes its interpretation
@ as a surface core exciton in the language of solid-state phys-
w SH _’l-l. ics.
!
| J-‘}
I.h‘!:g,’ C. Clean (100) and (111) surfaces
:ﬂ:):); 1221 E The situation is different for the clean diamond surfaces
_____ Background (Fig. 4). Here the resonanc&won diamond111) (2 1) and
e Sr, andSr, r, on diamond(100) (2x1) depend clearly on
284 285 286 287 288 289 200 201 202 the nature of the surface. An interpretation as surface core
Photon Energy (eV) excitons involving the respective surface states is more ap-

propriate here. In the majority of calculations for the surface

FIG. 5. Line-shape analysis of tt&, absorption resonance on states, electron-hole interaction is neglected, and in the UV
the monohydrogenated 00 and (111 surface demonstrating the excited photoemission and optical absorption experiments
identical signature. from which band-structure energies are usually inferred

electron-hole interaction is negligible on our energy scale.

From the perspective of solid-state surface physics this i&\s explained above, this is markedly different in the yield
done by using the characteristic surface-state band of a spexperiment, where a strongly localized hole state is involved.
cific surface as a basis set for the electron part of the finalFrom the comparison between measured and calculated x-ray
state wave function. The Coulomb interaction between elecabsorption spectra in Fig. 1, it is evident that core-hole inter-
tron and core hole is then treated as a second-ordeaction plays an important role. Therefore the question arises
pertubation, with the result that the finlound state of the where the conduction-band minimutCBM) has to be
optical transition is interpreted as a surface core exciton. Iplaced. As the bulk core excitgB) is the dominating struc-
has a specific binding energy with respect to the continuunture, the knowledge of the core-exciton binding energy
(i.e., the unbound final statesand a wave function which is AE.=Ecgy— E(B) would fix Ecgy . However, there is an
strongly influenced by the periodic potential of the solid.ongoing debate on the binding energy of the core exciton in
This surface physics approach thus appears to be appropriad@mond!>?*-2*Morar et al,® for example, obtained an ex-
when the specific signature of the surface is reflected in theiton binding energy oAE.,=0.19 eV by fitting the mea-
K-edge absorption spectrum, as is the case for the clean diaured absorption spectra to the theory of Ellf6tuvhich,
mond (100) and(111) surfaces. however, is only valid for loosely bound, hydrogenlike Wan-

A different approach is usually taken in molecular phys-nier excitons. We note that a fit of our measurements using
ics. The electron’s interaction with the charge of the corethis theory does not lead to a satisfacory result, neither using
hole is in this case considered as the dominant effect, and thitbe parameters of Moraat al. nor any other set of param-
excited state probed by near-edge x-ray-absorption finesters. Meanwhile, there appears to be a general consensus
structure spectroscopy and electron-energy-loss experimentsat AE,, as determined by Moragt al. is too low and that
is interpreted in terms of an excited molecular or evenvibrational effects, i.e., a local relaxation of the lattice, have
atomic state. The interaction of the electron with the periodido be taken into account in addition to the Coulomb interac-
potential of the surface is in this case neglected. The molecttion between the electron and héfé’~2° Nevertheless,
lar approach is expected to be the appropriate one for physome interesting conclusions can be drawn from our results
isorbed adsorbates, i.e., those bound only weakly to the suif we place them in a one-electron scheme as is done in Fig.
face by van der Waals forces. It is remarkable that pgak 6. We use the core excitdhas our fiducial point. Following
observed on the monohydrogenated diamdd) and(111) our discussion of the core-exciton binding energy, we shifted
surfaces seems to fullfill these criteria. Its line shape is identhe one-particle energies on the left-hand side Ml
tical on both surfaces as illustrated in Fig. 5, and the peak=0.25 eV as calculated for the allowed optical transition by
energy of 287.3 eV, moreover, falls into the range whereMauri and Caf® with respect to ouK-edge absorption data
resonances of saturated hydrocarbons such as cycloalkanas the right-hand side. Note that this value is smaller than
(287 ...287.7 eV)® and alkanes (ZB...288 eV}’ oc- the exciton ground-state binding energy when lattice relax-
cur. Although it appears to be still a matter of debate to whattion plays a significant ro® The left-hand axis is thus a
extent the final states participating in these hydrocarbomne-particle energy scale with-gy as zero.
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(111) Surface of the surface excitons and the reduced screening at the sur-

face. Since the dielectric constant of diamond=6.7) is

T { . small compared to IlI-V compounds, an exciton binding en-

3 0 oo ? B —0 O ergy ofSFl on the diamond100) surface at the upper end of

: -1 AE. s — -1 é this scale comes as no surprise.

w -2 B Y0 [ 53 The level scheme of Fig. 6 is drawn under the additional

f 3 3 g assumption that the energy of the initial state for the transi-

® ,1E broad [~ ™ tions C 1s—B and C k—S;_ is the same. In the core-

> F max.—— 4 ¢ 1

S | = - 3 level spectra of clearthydrogen-freg diamond surfaces, a

N, VEM S [7°S C 1s surface component is observed which is shifted by
0.9 eV toward lower binding energyl.0 eV on the

(100) Surface (111 -surfacd.!* If this component is taken as the initial

state for the surface core excitons, and the bulk component is

0 _'_*_ C o assumed for the bulk core level exciton, the position& pf

E 44 Ecam § B T and Eygy in Fig. 6 are also lower by 0.9 and 1.0 eV, re-

5 o] AE,, S _“1§ spectively, as discussed by Morat al?® This, however,

W4 e H..f 23 only holds true if the surface core-level shift observed in

£ 3 - - g photoemission is ammitial-state effectWe rather believe that

E; 44 E. SFS,FA [ 4 m this component in the C slphotoelectron spectra is induced

5 5 1E 77 br.max| | = by a different relaxation of the remainingN¢ 1)-electron

2 Vel [°2 s formation of a photohole i f

i 5.1 S ystem upon formation of a photohole in a surface atom

B compared to a hole in a bulk atoffinal-state effegt!!

FIG. 6. Schematic energy diagram comparing the one-particle
energiesEcgy, Evem» andEg with the resonances in th€-edge

absorption spectra for tHa11) (upper panegland the(100) surface ) ) ) »
(lower panel. The bulk core exciton at a photon energy of 1he use of the dipole selection rule for optical transitions

289.5 eV was used as a common reference in all spectra. For th@llows us to identify the point-group symmetry of the final
diagram, its binding energyE,, was set to 0.25 eV as calculated States. To this end we consider the matrix element of the
by Mauri and Car. The position @& applies to the hydrogen-free dipole operator for the electron transition between the £ 1

D. Symmetry of core-level excitations

surfaces. core state and its excitonic wave function. In our experiment
we employed two different polarizations of the excitation
The position of the Fermi level with respect gy light. Normal incidence with no component of the dipole

(VBM is the valence-band maximunhas been determined operator perpendicular to the sample surfa®g,fs=0°,p,
using valence-band photoemission. On the hydrogen-frees0) and®,.q=60°, for which the in-plane componeand
diamond(100) and(111) surfaces, values of 0.8—1.4 eV for the normal component of the dipole operator is finig (
Er—Eygy have been measuréd®3!The average position of #0,p,#0). In changing the incidence angle of the light the
Er is thus marked 1.0 eV abov@gy, in Fig. 6. azimuthal direction of the in-plane component of the dipole

On clean diamond100 a band of unoccupied surface operatorp; was not changed. The surface-related feat@es
states is predicted theoretically which extends from the CBMand S,y on both hydrogenated00 and (111) surfaces as
down into the band gap. The band minimum lies 1.3 evwell as S of the clean (11J:(2x1) andSy, for the clean
above the VBM, and the highest occupied surface state lieg100):(2x1) all appear for gracing incidence®(,q
below the VBM. If we use the minimum as a referenSg;  =60°) andare absent for normal incidenc&hus, for these
corresponds to an exciton with a binding energy of 1.3 eVfeatures the transition &;,.4=60° has to be induced by the
(see Fig. 6. The second resonancﬁpyr4 is degenerate with normal component of the dipole operafoy. As the C &k
the empty surface-state band, and must therefore be intefore level is transformed under all symmetry operations of
preted as an excitonic resonance. the point group of the surface corresponding to the totally

The (111) surface is predicted to be metallic with surface Symmetric representatior’¢), p, (which transforms as’,
states extending throughout the &pn light of these cal- as wel) can only induce optical transitions into final states of
culations peakS found on diamond111) has to be inter- 'z Symmetry as well. .
preted as an excitonic resonance as well. We should mention, A different polarization dependence is observed for
however, that recent angle-resolved photoemission spectra 8f,.r, 87w =286.3 eV on the clean (1902 1) surface.
that surface showed a gap on the clean, reconstructed dialere the transition has to be induced by the parallel compo-
mond (111) surface’ It extends from 0.5 eV to at least nent of the dipole operatqyj, and the final-state transforms
1.0 eV above the VBM. The surface core exci®im Fig. 6  according to thd"; or I', representations of the point group
is placed at 0.35 eV above the VBM, and thus coincidesf the (100):(2<1) surface C,, or 2mm). This means that
with the lower edge of the experimentally determined surthe wave function is symmetric with respect to the mirror
face gap. planes, and changes sign upon rotation by 180°.

In 1lI-V semiconductors, binding energies of 0.3—-1.5 eV  If one were able to prepare a surface reconstructed in one
have been measured for surface core excitdfidiese large  single domain, one should be able to distinguish between
binding energies are the result of the two-dimensional naturéhese two irreducible representations by investigating how
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the intensity depends on the azimuthal orientation of thg#%w=284.15 eV and %Zw=286.3 ey and (111

electric-field vector. On our samples, however, this is no{(284.6 eV). Moreover, their polarization dependence fol-
possible as a mixture of two domains, rotated by 90°, wasows specific selection rules which allows a determination of

always present with equal weight. the symmetry of the excited states. Consequently they are
interpreted as surface core excitons or excitonic resonances.
V. CONCLUSION However, their energetic positions are not linked consistently

We h identified optical . ¢ he G do to surface-state bands as would be expected for delocalized
e have identified optical transitions from the re Wannier-type surface core excitons. Also, in the case of the
leVEI into excited states on clean "’?’?d_ hydrogen-terminatefle oy gurfaces we therefore interpret the Igredge absorp-
diamond (100 ?ndélll) bsurfac_es utilizing the pcr)K—edhge tion resonances as rather localized Frenkel-type surface core
resonances of the absorption spectrum. On the  ass,ions again confirming the strong electron-hole interac-

hydrogenated surfaces, resonances occur at around 287.8 gy, The |atter may be due to the lack of electrostatic screen-

with no specific signature characteristic for the surfaces, y the valence electrons of diamond, and thus linked to
They are attributed to molecular excitations within hydrocar—the low dielectric constant of the matierial.

bon adsorbates. Mild annealing removes these adsorbates,
but retain a hydrogen passivation. On these monohydroge-
nated surfaces absorption resonances occur at a similar pho-
ton energy[as for the adsorbate p=287.3 eV)], but are We would like to thank K. Janischowsky and R."&el
notably sharper and significantly shifted. Their energy andor the hydrogen plasma preparation of our samples. The
line shape are, however, not specific for the respective suauthors gratefully acknowledge financial support by the
face, and thus we associate them with strongly localized exDeutsche Forschungsgemeinsch@&ioject No. Le 643/5-8
citations within the monohydride units of the surface atomscarried out under the auspices of the trinational “D-A-CH”
Their spectroscopic signature is dominated by the electron’sooperation of Germany, Austria, and Switzerland on the
interaction with the core hole rather than with the periodic“Synthesis of Superhard Materials.” The measurements at
potential of the surface. The situation is different for theBESSY were supported by the BundesministarBildung,
clean, reconstructed surfaces. Here again, sharp resonandd#ssenschaft, Forschung und Technologie under Contract
occur which are now clearly different for diamor(d00 No. 05622 WEA 7.

ACKNOWLEDGMENTS

1W. Ebert, A. Vescan, P. Gluche, T. Borst, and E. Kohn, Diamond'®J.A. Horseley, J. Stw, A.P. Hitchock, D.C. Newbury, A.L.

Relat. Mater6, 329(1997). Johnson, and F. Sette, J. Chem. PI85.6099(1985.
2P. Gluche, S.D. Wolter, T.H. Borst, W. Ebert, A. Vescan, and E.19A.P. Hitchock, D.C. Newbury, 1. Ishii, J. $to, J.A. Horseley,
Kohn, IEEE Electron Device Lettl7, 270 (1996. R.D. Redwing, A.L. Johnson, and F. Sette, J. Chem. P8§s.
3W. Monch, Europhys. Lett27, 479 (1994 6099 (1985.
“R. Graupner, M. Hollering, A. Ziegler, J. Ristein, L. Ley, and A. 203 £ Morar, F.J. Himpsel, G. Hollinger, J.L. Jordon, G. Hughes,
Stampfl, Phys. Rev. B5, 10 841(1997). and F.R. McFeely, Phys. Rev. 83, 1346(1986.
5G. Comelli, J. Sthr, C.J. Robinson, and W. Jark, Phys. Rev. B 21G. Kern, J. Hafner, and G. Kresse, Surf. S852-354 745
38, 7511(1988. 1996.

(
and 2213 Kern, J. Hafner, and G. Kresse, Surf. 386, 445(1996. In
this paper, Figs. 5 and 6 have been mixed up.
2K.A. Jackson and M.R. Pederson, Phys. Rev. L6t 2521
(1991).
243, Nithianandam, Phys. Rev. Le@9, 3108(1992.
25Y. Ma, P. Skytt, N. Wassdahl, P. Glans, D.C. Mancini, J. Guo,

5F.L. Coffman, R. Cao, P.A. Pianetta, S. Kapoor, M. Kelly,
L.J. Terminello, Appl. Phys. Let69, 568 (1996.

"A. Gutierrez, M.F. Lgpez, I. Gara, and A. Vaquez, J. Vac. Sci.
Technol. A15, 294 (1997.

8B.D. Thoms, M.S. Owens, J.E. Butler, and C. Spiro, Appl. Phys
Lett. 65, 2957 (1994).

90.M. Kittel, L. Diederich, E. Schaller, O. Carnal, and L. Schlap-

bach, Surf. Sci337, L812 (1995. ”e and J.. Nordgren, Phys. Rev. Leftl, 3725(1993.

198.D. Thoms and J.E. Butler, Surf. SE28 291 (1995. -d. Elliott, Phys. Rev. Leti.08 1384(1957.

uR Graupner, F. Maier, J. Ristein, L. Ley, and Ch. Jung, Phys. A. Mainwood and A.M. Stoneham, J. Phys.: Condens. Mdter
Rev. B57, 12 397(1998. 4917(1994.

123 B. Cui, K. Amtmann, J. Ristein, and L. Ley, J. Appl. Phgs,  “°F. Mauri and R. Car, Phys. Rev. Le®t5, 3166(1995.
7929(1998. 293, Tanaka and Y. Kayanuma, Solid State Commi@Q, 77

BW. Gudat and C. Kunz, Phys. Rev. Le29, 169 (1972. (1996.

14E L. Shirley, Phys. Rev. LetB0, 794 (1998. 30L. Diederich, O.M. Kiitel, P. Aebi, E. Maillard-Schaller, R. Fa-

153 F. Morar, F.J. Himpsel, G. Hollinger, G. Hughes, and J.L. Jor- sel, and L. Schlapbach, Diamond Relat. Mafer660 (1998.
dan, Phys. Rev. Let64, 1960(1985. 313. B. Cui, R. Graupner, J. Ristein, and L. Ley, Diamond Relat.

163, Stdr, NEXAFS-Spectroscofpringer-Verlag, Berlin, 1992 Mater. 8, 748(1999.

F. Sette, J. Stu, and A.P. Hitchock, J. Chem. Phy&1, 4906  32J. Faul, G. Neuhold, L. Ley, J. Fraxedas, S. Zollner, J.D. Riley,
(1984). and R.C.G. Leckey, Phys. Rev.3®, 7384(1994.



