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The surface structure of (2X 1)S/Ge(001) was determined using the angle-resolved photoemission
extended-fine-structure technique in the normal-emission direction. By comparison of the experi-
mental data with curved-wave, multiple-scattering calculations, quantitative information about the
local adsorption geometry was obtained. In particular, adsorption in a twofold bridge site, with a
S—Ge bond length of 2.36+0.05 A, was found. The twofold S bridge appears most likely to occur
between two partially intact symmetric Ge—Ge dimers, with the Ge dimer laterally displaced by
0.10+0.05 A from the bulk position. This result therefore provides evidence for S bonding to
strong dangling bonds in the original dimers of the clean Ge(001) surface. There is, however, no
evidence of significant surface contraction or expansion in the substrate layers, in contrast to the
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(2 2)S/Ge(111) case.

I. INTRODUCTION

Recent advances in the study of the photoelectron
diffraction effect' ™ using synchrotron radiation have
demonstrated its effectiveness in accurate surface-
structural determinations. In particular, measurements
of the angle-resolved photoemission extended-fine-
structure (ARPEFS) technique,s'6 coupled with a com-
bination of Fourier analysis’ and a recently developed
curved-wave, multiple-scattering theory,® have provided
accurate determinations of the local surface-bonding
geometry including adsorption sites, bond lengths, and
bond angles. Detailed surface-structural information has
been obtained for sulfur adsorbed on several metallic sur-
faces: Ni(001),” Ni(011),'® Cu(001),'" Mo(001),”* and
more recently on a semiconductor surface, Ge(111).!3
These studies have firmly established the methodology of
the ARPEFS technique as well as providing new insights
into our understanding of chemisorption in these sys-
tems.

The ARPEFS method is based on measuring the pho-
toionization cross section of an adsorbate level over an
extended range of photon energy (typically 500 eV), at
appropriately chosen detection angles. The oscillatory
modulations in the cross section (the extended fine struc-
ture) are caused by interference between direct propaga-
tion of a photoelectron wave and indirect trajectories of
the photoelectron wave resulting from elastic scattering
of neighboring ion cores. This fine structure therefore
contains geometrical information about the surface. Ex-
traction of the surface-geometrical information may in-
volve direct Fourier analysis—generally applied as a
qualitative investigation of the adsorption site—and a
more quantitative R-factor analysis based on fitting the
data with a curved-wave, multiple-scattering theory.’
The ARPEFS technique is particularly suited for
surface-structural determinations because of its chemical
specificity, high surface and directional sensitivity, and
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large amplitude in the experimentally observed oscilla-
tions (typically £20-50 %). Furthermore, only a com-
paratively simple theoretical analysis [in contrast to low-
energy-electron diffraction (LEED)] is required to extract
geometrical information with high accuracy. To date,
complete determinations of local surface structures have
been achieved with accuracies of 0.02-0.05 A.%~ 12

The surface structures of the (001) and (111) surfaces of
Ge (and Si) represent prototype systems for investigation
of surface-bonding phenomena involving double and sin-
gle dangling bonds, respectively. These dangling bonds
provide unique and interesting directional bonding possi-
bilities on semiconductor surfaces that are not available
in metallic systems. The surface electronic structure and
reconstruction of clean Ge(001) have been studied by
both low-energy-electron diffraction (LEED)!*!* and
angle-resolved photoemission.!®=2° However, relatively
little work has been done on chemisorption of the
Ge(001) surface. The existing adsorption studies include
electron-energy-loss and infrared studies of hydro-
gen,2' =23 angle-resolved photoemission studies of Ag,?*
and other kinetic and thermal desorption studies of oxy-
gen and alkali metals.”> None of these methods are cap-
able of providing quantitative information about the sur-
face structure of these adsorbates on Ge(001). A recent
photoemission study of S/Ge(001) (Ref. 26) suggests that
sulfur is adsorbed in the bridge site. Another valence-
band photoemission study of As/Si(001) shows that a
symmetric As—As dimer is formed between two Si—
As—Si bridges and further suggests that such a system
can be used as a model for investigating dimerization of
the dangling bonds and other surface reconstruction phe-
nomena.?’” However, the nature of chemisorption involv-
ing these surface dangling bonds on Ge(001) [and Si(001)]
is still largely unexplored. In an earlier work, we applied
the ARPEFS technique to investigate the adsorbate
structure of (2X2)S on Ge(111).!> We now extend this
work to study (2X1)S on Ge(001) using the ARPEFS
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method. These two systems should allow a comprehen-
sive look at the bonding phenomena involving these dan-
gling bonds and possibly provide some understanding of
surface reconstruction.

II. EXPERIMENTAL

The ARPEFS measurements were performed on Beam-
line III-3 (“JUMBO”) at the Stanford Synchrotron Radi-
ation Laboratory using an angle-resolved multichannel
photoelectron spectrometer.”?  Monochromatized pho-
tons in the range 2500-3000 eV were available from a
double-crystal monochromator,” with a typical resolu-
tion of =2 eV full width at half maximum (FWHM).
The light was over 98% linearly polarized. The angle-
resolved multichannel photoelectron spectrometer was
housed in an uhv chamber (base pressure =~2Xx10'°
Torr) equipped with LEED and retarding-field Auger
electron spectroscopy (AES) capability. The spectrome-
ter was operated at a constant pass energy of 160 eV dur-
ing the experiment, giving an overall (monochromator
plus spectrometer) energy resolution of =~2.5 eV FWHM.
The angular resolution of the spectrometer was typically
3° half-angle.

An ultrahigh-purity (undoped) Ge single crystal was
cut and polished to within 1° of the (001) plane. It was
chemically etched in a solution of 100-ml Mirrolux (Ca-
bot Corp. Tuscola, II) and 25 ml 30% H,0,. A clean
Ge(001) surface was obtained after repeated cycles of Ar-
ion sputtering at 500 eV and annealing to 550°C. The
clean surface was characterized by a strong (2 X 1) LEED
pattern with two perpendicular domains of equal intensi-
ty. No contaminant was detectable by Auger measure-
ments, using LEED optics operating in the retarding field
mode.

Sulfur overlayers were obtained by exposure of the
clean surface to H,S gas (Matheson, 99.99% purity, used
without further purification). A saturated coverage, as
monitored by the ratio of S (152 eV) to Ge (89 eV) Auger
intensities, was obtained after three to four cycles of ex-
posures of =60 L (1 L=1X 107 Torr sec), each followed
by a 5-min anneal at 350°C. At this coverage, the origi-
nal double-domain (2 X 1) LEED pattern became slightly
diffuse, with a general increase in the background. The
persistance of the double-domain (2XX1) LEED patterns
from clean surface to sulfur-covered surface was also re-
ported by Olshanetsky, Repinsky, and Shklyaer*® for
germanium-germanium sulphide systems. No degrada-
tion of the LEED pattern was observed over the course
of the experiment, which typically lasted 12-20 h.

As noted by Weser et al. in their study of S/Ge(001),%6
sample preparation using H,S may lead to coadsorption
of H, HS, and S. In a separate chamber, we have studied
the adsorption of H,S on Ge(001) using high-resolution
electron-energy-loss spectroscopy (EELS). Figure 1
shows the vibrational EEL spectra of a H,S covered (50
L) Ge(001) surface after a series of 5-min anneals at
different temperatures. These spectra were obtained in
the specular direction with an incident energy of 1.6 eV
and an incident angle of 50°, using a modified EEL spec-
trometer described elsewhere.’! Typical energy resolu-
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FIG. 1. Electron-energy-loss spectra of 50 L H,S on Ge(001)
taken in the specular direction with an incident energy of 1.6 eV
and an incident angle of 50°. The (a) room-temperature sample
was annealed at (b) 200°C and (c) 300°C for 5 min. The broad
elastic peak is due to the surface resistivity of the undoped sam-
ple. The instrumental resolution of this spectrometer for a
clean metal surface is 5 meV FWHM.

tion of this spectrometer was 5-meV FWHM. The spec-
trum of the unannealed sample [Fig. 1(a)] clearly shows
the presence of two features: 244 meV corresponding to
Ge-H stretch and 314 meV corresponding to S-H stretch.
The vibrational modes for H,S/Ge(001) were identified
by comparison with gas-phase data.’? The Ge-H stretch-
ing frequency observed in this work agrees with that of
Papagno et al.?? After a 5-min anneal at 200°C, the S-H
stretch was nearly gone, indicating the breakdown of H,S
and/or HS species [Fig. 1(b)]. At this point, the possible
surface species were H and S. Further annealing to
300°C for 5 min resulted in the disappearance of the Ge-
H vibration, leaving S alone as the remaining adsorbate
[Fig. 1(c)]. Although the Ge-S stretch which typically
occurs at =70 meV for gas-phase complexes was ob-
scured by the broad elastic peak (the peak width is be-
lieved to be related to the surface resistivity), the presence
of S was identified by AES. By monitoring the Auger sig-
nals, it was further found that S started to desorb at
~370°C. The annealing temperature of 350°C used in
the ARPEFS experiments was based upon the EELS
study. The identical sample holder and manipulator set-
up, as well as the sample heating procedure, were used in
the two experiments. Annealing was achieved using elec-
tron bombardment from the back of a Ta sample plate,
on which the crystal was mounted. The sample tempera-
ture was measured using a Chromel-Alumel thermocou-
ple spot-welded at =~1 cm above the crystal on the Ta
plate. It was calibrated using an infrared pyrometer.
This procedure was believed to yield an absolute accura-
cy of =50°C. We therefore conclude that the ARPEFS
sample was a S overlayer on the Ge(001) surface, without
any other coadsorbates. The discrepancy in LEED pat-
terns between Weser et al.?® and the present work can be
attributed to the differences in sample preparation.
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The ARPEFS experiment consisted of measuring a
series of S (1s) core-shell kinetic-energy spectra (with a
20-eV wide window centered on the photopeak) for pho-
ton energies from =~2500 to 3000 eV. The S (ls) peak
areas were then extracted from individual spectra using a
curve-fitting procedure described in detail elsewhere.”!?
These areas were normalized using background curves
measured typically 10 eV above the photopeak at several
selected fixed photon energies, and converted to the ex-
perimental partial cross section after correction for the
transmission function of the spectrometer. The extended
fine structure X(E) [=I(E)/I (E)—1] was then extract-
ed from the normalized partial cross section I(E) by re-
moving an arbitrary smooth atomiclike contribution
Iy(E). Details of the data reduction procedure can be
found in Ref. 9. In the present work, ARPEFS curves of
two samples were measured in the normal emission [001]
direction, with the sample aligned such that the polariza-
tion vector of the incident photon beam was 35° to the
surface normal and parallel to the [011] direction. The
azimuthal direction of the crystal (with respect to the po-
larization vector) was chosen such that contributions to
the ARPEFS intensity from the two domains [i.e., (1X2)
and (2 X 1)] were equivalent. The alignment was achieved
using laser autocollimation to an accuracy better than 2°.

III. RESULTS

Surface-structure determinations using the measured
X(E) curves can in general be separated into two steps:
(1) determination of the adsorption site from all the possi-
ble sites and (2) quantitative determination of the surface
bonding geometry using a R-factor minimization ap-
proach similar to LEED.? The absorption site can usual-
ly be determined through a qualitative evaluation of the
possible path-length differences obtained from the
Fourier transforms of the experimental X curves mea-
sured in appropriately chosen detection directions. In
the following, we will use the R-factor analysis for both
adsorption-site and surface-geometry determinations,
with the Fourier spectra being used only to illustrate and
confirm the sensitivity of the theoretical results. The R-
factor between the Fourier-filtered experimental curve,
Xexpt» @and the calculated curves Xyor, Of 2 model struc-
ture using a curved-wave, multiple-scattering theory® i
defined as before, i.e.,

R = f |Xexpt( Xtheory E) I 2dE/ f !Xexpt l )| *dE .

The integrals were evaluated in the energy range from
=77 to 420 eV, correspondmg to a momentum range
from 4.5 t0 10.5 A~

The curved-wave, multiple-scattering (CWMS) theory®
has been successful in accurate simulation of the experi-
mental ARPEFS curves of all the systems studied to date.
Detailed structural information can be obtained by
minimization of the R factor calculated from the experi-
mental curve and CWMS calculations of specific models
of the surface geometry. The present analysis follows
closely the work of Robey et al.'> and employs similar
values for the scattering parameters relevant in the
CWMS caiculations. In particular, similar values were
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used for the damping factor of the finite mean free path,
and bulk and surface Debye temperatures. The phase
shifts used for S and Ge for the present calculation were
also identical to those in our earlier work,!> where a de-
tailed discussion of the phase-shift calculations was
presented. The inner potential was set to be 10 eV, a
value similar to the earlier work.!> As before, a small
variation in the inner potential does not change the gen-
eral conclusions derived form the R-factor analysis.

Figure 2 shows the experimental X(E) curves of two
different samples, measured in the normal emission direc-
tion. The amplitudes of the observed oscillations for this
system are rather small (:10% at best) and represent the
smallest oscillations observed by the ARPEFS method to
date. There is good reproducibility for the stronger
features up to 250 eV, while the features in the higher
kinetic-energy region lie within the experimental noise
level (typically 3%). The heavy solid line in the average
curve [Fig. 2(c)] represents Fourier filtered data with
filtering cutoffs at 1.0 and 11.5 A Filtering was ap-
plied primarily to further reduce the low- and high-
frequency noise arising from systematic effects such as
possible photon beam movements, etc.!* For consistency,
a similar Fourier filtering procedure was also applied to
the calculated curves before the R-factor analysis.

A. Determination of the adsorption site

In Fig. 3, we illustrate four possible unreconstructed
sulfur adsorption sites on the Ge(001) surface. These in-
clude two bridge sites, an atop site and a four-fold site. It
should be noted that two nonequivalent bridge sites are
possible with the bridge-I site directly above a fourth-
layer Ge atom and the bridge-II site directly above a
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FIG. 2. Normal emission experimental X curves as a function
of the photoelectron kinetic energy E. The average of the two
sets of data [(a) and (b)] is shown in (c). The solid line in (c)
represents Fourier ﬁ}terled data with filtering cutoffs at 4.5 A~
(=77 eV) and 10.5 A~ (=420 eV). The dashed line in (c) and
the solid lines in (a) and (b) simply connect the data.
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FIG. 3. Possible unreconstructed adsorption sites for S on
Ge(001). Two Ge unit cells are shown along with the crystal
orientations. Note that the bridge-1 site is directly above a
fourth-layer Ge atom while the bridge-II site is directly above a
second-layer Ge atom.

second-layer Ge atom. In other words, bridge I lies
parallel to the dangling bond direction while bridge II is
perpendicular to it. In effect, the bridge-I site represents
a ‘“‘substitutional” site where a S overlayer replaces the
next Ge layer.

Figure 4 compares the experimental X(E) curve with
two sets of theoretical curves calculated with the CWMS
theory assuming two different S—Ge(1) (S to the first-
layer Ge) interlayer distances and the bulk value (1.415
A) for all the Ge—Ge interlayer distances. The respec-
tive S—Ge(1) interlayer distances, as well as the S—
Gel(nearest) (S to the nearest Ge) distances (shown in
brackets), are indicated in the figure. The solid lines cor-
respond to S—Ge(nearest) distances of =2.3 A, which
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FIG. 4. Comparison of the experimental X(E) curve with two
sets of curved-wave, multiple-scattering calculations for the four
possible adsorption sites. The bulk value (1.415 A) is assumed
for all the interlayer Ge—Ge distances. The S—Ge(1) (S to first
layer Ge) interlayer distances (in A) along with S—Ge(nearest)
(S to the nearest Ge) distances (in A and shown in brackets) are
indicated. Note that the solid lines [m (b) to (e)] represent cal-
culated curves assuming the most “probable” S—Ge(nearest)
distance of ~2.3 A. Note also the scale change for (c), (d), and
(e).
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represents the Ge—S bond distance of the majority of
Ge—S containing compounds. The dotted lines corre-
spond to S—Ge(nearest) distances which give local mini-
ma in the R factor when the S—Ge(1) distance is varied
(see Fig. 6). It is clear that the bridge-I site gives the best
agreement with the experiment. All the other geometries
give amplitudes generally too large by a factor of 2 as
well as incorrect phases for the observed oscillations. It
is also evident from a comparison between the two sets of
CWMS calculations that varying the S—Ge(1) distance of
the individual adsorption sites affects the calculated am-
plitudes and phases of the corresponding X curves but
does not change the above conclusion. The drastic
changes in the ARPEFS curves corresponding to two
different S—Ge(1) distances for the same adsorption
geometry also demonstrate the sensitivity of the CWMS
theory in modeling the surface structure.

This sensitivity is further illustrated in Fig. 5, which
shows the Fourier transforms of the corresponding X
curves shown in Fig. 4. Only the bridge-I site gives a
dominant Fourier peak at a path-length difference of
~3.0 A, in close agreement with the experimental data.
Peaks in the Fourier spectra can be assigned to path-
length differences associated with one or more particular
scattering events. Considering only the solid curves, the
dominant Fourier peak of each adsorption geometry,
with the exception of the bridge-I site, corresponds to
path-length differences arising from scattering of the
S(1s) photoelectron wave from the Ge atom directly
below the S atom. This demonstrates the fact that photo-
electron diffraction is usually dominated by backward
scattering events.® For the bridge-I site, the dominant
Fourier peak corresponds to scattering off the bridging
Ge atoms in the first Ge layer. In this geometry, back-
scattering from the fourth-layer Ge atom is weak due to
the long path length. To summarize, the absence of a
peak at =3 A in the Fourier transform is strong evidence
against the other three trial geometries.

Finally, we show in Fig. 6 the R factors for different

——
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FIG. 5. Corresponding Fourier transforms of the X curves
shown in Fig. 4. The S—Ge(1) interlayer distances [and their
corresponding S—Ge(nearest) distances] used for the calcula-
tions are indicated as in Fig. 4. Spectrum (a) corresponds to the
Fourier spectrum of the unfiltered experimental data.
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FIG. 6. R factor as a function of S-to-the-nearest-Ge distance
for the four possible adsorptlon sites considered in Fig. 3. As
before, the bulk value (1.415 A) is used for all the Ge—Ge inter-
layer distances for the calculations. Only the S—Ge(1) distance
was varied.

bonding sites as a function of S—Ge(nearest) distance ob-
tained by varying the S—Ge(1) distance (with all the oth-
er Ge—Ge interlayer distances set at the bulk value).
The S—Ge(1) distance used in the R-factor analysis for
each adsorption site lie within the nominal limits for the
Ge—S bond lengths found in most Ge—S containing
compounds. It should be noted that the majority of
known Ge—S bond lengths lies between 2.05 to 2.44 A,
with most lying in the range 2.15-2.20 A It is clear
that the brldgeI site gives the lowest R factor, with a
parabolic minimum at 2.28 A. The top site and the four-
fold site give considerably larger R factors with local
minima at 2.70 and 2.86 A, respectively. Both are out-
side the expected limits of most Ge—S containing com-
pounds.

B. Quantitative determination of the local surface geometry

Four simple (two unreconstructed and two reconstruct-
ed) bonding geometries, compatible with the bridge-I site
and the observed double-domain (2X 1) LEED pattern,
are considered for the final structure determination.
These bonding geometries are illustrated in Fig. 7. For
the unreconstructed substitutional sites, two different ar-
rangements are compatible with the (2 X 1) long-range or-
der, depending upon whether S-S nearest-neighbor direc-
tion is parallel [parallel substitutional, Fig. 7(a)] or per-
pendicular [perpendicular substitutional, Fig. 7(c)] to the
dangling bond direction. For the unreconstructed sym-
metric dimer sites, the S atom can be placed inside the
symmetric Ge—Ge dimer [internal S, Fig. 7(b)] or be-
tween two Ge—Ge symmetric dimers [external S, Fig.
7(d)]. Assuming the bulk value for all interlayer distances
for Ge, we performed a R-factor minimization search for
the optimal geometry by varying the S—Ge(1) distance
and the Ge(1)—Ge(2) interlayer distance. In the case of
the symmetric dimers, such a minimization search was
also performed as a function of the lateral displacement
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FIG. 7. Schematic models of surface structures for

(2 1)S/Ge(001) compatible with the bridge-I site and the ob-
served LEED pattern. Optimal interlayer distances as well as
lateral displacements (in A) for individual geometries are indi-
cated in the side views. The bulk value (1.415 A) is assumed for
all other Ge—Ge interlayer (not shown) distances. Note that
the figures are not drawn to scale.

from the bulk position (i.e., from the perpendicular sub-
stitutional site). A lateral displacement of 0.10 A was
found to be optimal in both cases.

The CWMS theoretical X curves which give the lowest
R factors for each of the corresponding bonding
geometries are compared with the experiment in Fig. 8.
(The bonding parameters of the respective geometries are
shown in Fig. 7). It is clear that none of the calculated
curves simulates experiment satisfactorily below =100
eV, where we observe, as in the (2X2)S/Ge(111) case,!?
that the CWMS theory performs poorly.® In the higher
energy regime, the external-S symmetric dimer appears to
give better overall agreement with experiment. We shall
base our further discussion on this geometry, although
the other three geometries are not ruled out, given the
similarity of the curves in Fig. 8 and the experimental er-
ror.



8246

T T T— 7 T T T T T
(a) parallel subst.
(b) internal S dimer
‘__‘0
<F
) (c) perpendicular
T subst.
=t
" (d) external S dimer
w
- v
A107%
T
1 1 L | L L 1 1 I
0 200 400

E (ev)

FIG. 8. Comparison of the filtered experimental X(E) curve
to the curved wave, multiple scattering calculations for the four
bridge-I surface structures considered in Fig. 7. The calculated
curves were generated using the optimal interlayer distances (as
indicated in Fig. 7) in the respective surface structures.

Finally, assuming the external-S symmetric dimer
bonding geometry, R-factor minimization as a function
of S—Ge(1l) and Ge(1)—Ge(2) distances was performed
for different Ge(2)—Ge(3) interlayer distances. These
CWMS calculated curves, corresponding to the minima
of the R-factor maps for individual Ge(2)—Ge(3) dis-
tances, are compared with experiment in Fig. 9. A
Ge(2)—Ge(3) distance of 1.46 A was found to give the

LA m e e o R S|
(e) 1.375
(d) 1.415
_O
< r
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|
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FIG. 9. Comparison of the filtered experimental X(E) curve
to the curved wave, multiple scattering calculations assuming
the external S dimer model and several values of the interlayer
distances (in A) between the second and third Ge layers.
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FIG. 10. Contour plot of the R factor fdr the external S di-
mer case. The S—Ge(1l) and Ge(1)—Ge(2) interlayer distances
corresponding to the R-factor minimum are 1.08 and 1.41 A, re-
spectively. Note that a Ge(2)—Ge(3) interlayer distance of
1.455 A was used for the calculation, with all the other Ge—Ge
interlayer distances set at the bulk value (1.415 A)

lowest R factor. The R-factor contour map correspond-
ing to this optimal external-S symmetric dimer geometry
is shown in Fig. 10, from which we derive the optimal
S—Ge(1) and Ge(1)—Ge(2) interlayer distances to be 1.08
and 1.41 A, respectively.

In summary, the sulfur atom is adsorbed in a bridge-I
site on a Ge(001) surface. The Ge—S—Ge bridge may
connect two partially intact Ge—Ge symmetric dimers,
although other variants give very similar theoretical
curves. Specific local surface-structural parameters ob-
tained by using the R-factor analysis with CWMS simula-
tions are given in Fig. 11. Of these four parameters, the
0.1-A lateral displacement of S has only weak support—

it is the symmetric-dimer option. The other parameters
are not very sensitive to this choice.

(2x1)S/Ge(001)
01 Aslle_s
Ge(1)1 08 AA
Ge(2)’ !
{100} (001} Ge(3)
T—’ (010} L (010}

FIG. 11. The surface bonding geometry of (2X1)S/Ge(001)
determined by the ARPEFS method. Note that the result does
not give information about the planarity of the Ge layers.
Therefore only interlayer distances and the lateral displacement
from the bulk position are indicated and are rounded off to the
nearest 0.01 A.
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IV. DISCUSSION

We have determined the surface structure of
(2 1)S/Ge(001) by fitting the experimental S(1s) core-
shell photoemission extended fine structure measured in
the normal emission direction to CWMS calculations.’
The S/Ge(001) system has critically tested the present
treatment of structural determination because of its rath-
er small oscillations. Based upon the sensitivity of the
CWMS theory in distinguishing different adsorption sites,
the R-factor minimization procedure remains valid and
essential in the present analysis. The accuracies in the
derived structural parameters therefore depend on the
quality of the measured data. For metallic systems such
as S/Ni(001) where +50% oscillations were found,’ a
noise level of £3% (typical in most ARPEFS measure-
ments) in the X curves gave a signal-to-noise ratio of 17.
To achieve the same signal-to-noise ratio in the present
case where typical oscillations are £10% at best, the al-
lowed noise level in the measured X curves would have to
be reduced to +0.6%. It is difficult to achieve this kind
of data quality given the constraints of the available beam
time at present-day synchrotron radiation facilities. As a
result, even though the derived Ge(2)—Ge(3) distance
(1.46 A) is greater than the bulk value (1.415 A), the ex-
perimental uncertainty does not allow a definitive con-
clusion to be made about surface expansion. Within the
experimental errors, we may only conclude that there is
little evidence for surface contraction or expansion for
(2 1)S/Ge(001). The derived Ge(1)—Ge(2) distance is
essentially the bulk value. Sulphur adsorption therefore
appears to suppress the original surface reconstruction of
the clean Ge(001) surface proposed in the LEED
analysis.'*

There are some similarities in the bonding geometries
between the (22)S/Ge(111) case'> and the present
(2 1)S/Ge(001) case. In particular, both the two-fold
bridge adsorption site and an identical Ge—S—Ge bond
angle (i.e., 125°) are found in the two cases. The two-fold
bridge site was also suggested for S/Ge(001) in a recent
photoemission study by Weser et al.?® It was also found
to be the most stable site for O adsorption on Si(001) and
Sl(lll) surfaces in a recent MNDO cluster theoretical
study.®® The present bonding geometry, however, gives a
considerably larger bond length [2.36(5) A] when com-
pared with the Ge(111) case [2.23(5) A] and with the sum
of the covalent bond radii of S and Ge (2.26 A).

The derived geometry is consistent with the idea that
dimerization of the dangling bonds exists on the clean
surface. The S atom consumes the remaining dangling
bond of a Ge atom by forming a bridge between two
Ge—Ge dimers. The somewhat long bond length ob-
served in the present experiment further suggests that the
original Ge—Ge dimer bond is rather strong and that the
formation of the S bridge only suppresses the (2x1)
reconstruction. Previous LEED studies'*!® of the struc-
ture of clean Ge(001) surface proposed several models to
explain the observed (2X1) reconstruction. These in-
clude the missing row, the symmetric and asymmetric di-
mers and the conjugate chain models, with the latter be-

ing most popular.!* The dimer models considered in the
LEED calculations give typical lateral displacements of
0.72 A for symmetric dimers and 0.46-1.13 A for asym-
metric dimers.'* The present work gives a lateral dis-
placement of only 0.10 A, considerably smaller than a

“true” symmetric dimer case. A recent infrared study of
hydrogen adsorption on Si(001) and Ge(001) (Ref. 23) re-
ported the formation of only monohydride on a H-
saturated Ge(001) surface, in contrast to the hydrogen on
Si(001) case where both monohydride and dihydride were
observed. This study further suggested that the Ge—Ge
dimer was more stable than the Si—Si dimer. Further-
more, a recent photoemission study of Ag/Ge(001) by
Miller, Rosenwinkel, and Chiangz“ also inferred weak
bonding between the adsorbate and the surface and sug-
gested the suppression of (2X1) reconstruction of
Ge(001) due to Ag adsorption. All of these studies to-
gether confirm that the Ge—Ge dimer bond is strong and
that adsorption of H,?® Ag,?* and in the present case S
only suppresses the (2 X 1) reconstruction.

Other bonding variations of the bridge-I site incor-
porating the more popular models such as the asym-
metric dimer and the conjugate chain models for the
Ge(001) surface were also considered in the ARPEFS
simulation. None produce a lower R factor than that of
the external-S symmetric dimer model. We emphasize,
however, that the surface structure determined for the S
covered Ge(001) surface in the present work (or indeed
any adsorbate study) would not determine which dimer
model is correct for the clean Ge(001) surface because ad-
sorption of S may symmetrize the Ge—Ge dimer and
significantly alter the original reconstruction of the clean
surface. The present result only provides additional evi-
dence, not proof, for the existence of the Ge—Ge dimer
bond.

The present work is also consistent with the recent
photoemission study of As/Si(001) by Uhrberg et al.?’
In this work, the surface structure was determined by
comparison of a pseudopotential calculation to the ob-
served band structure. It was found that a model consist-
ing of a symmetric As—As dimer of two Si—As—Si
bridges gave the best agreement with experiment. The
key feature is that the trivalent As atom satisfies all of its
available valencies by forming the As—As dimer, in addi-
tion to the Si—As—Si bridge formation. For a divalent
adsorbate such as S, such an additional dimerization is
not necessary. We may therefore conclude that, like the
As on Si case, simple valence bond theory appears to
work for S adsorption on Ge(001) and Ge(111) surfaces.
Finally, it is interesting to note that the bond length for
the Si—As back bond (2.44 A) was also found to be
larger than the sum of the covalent radii of the individual
bonding partners (2.33 A), as is also found in the present
work.
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