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Local adsorption geometry of acetylene on Si„100…„2Ã1…
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Using C 1s scanned-energy-mode photoelectron diffraction the local adsorption geometry of acetylene on
the Si~100!~231! surface has been determined and the results are compared with those of a similar study of
ethylene adsorption on this surface. Both molecules bond to the surface along the Si-Si dimers with the C-C
bonds parallel to the surface such that the C atoms are in off-atop sites relative to the Si dimer atoms. In both
cases the Si-Si bond length~2.3660.21 Å for ethylene and 2.4460.58 Å for acetylene! is compatible only with
the dimer remaining intact after adsorption and not with the Si-Si distance of an ideally terminated undimerized
Si~100! surface~3.84 Å!.
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I. INTRODUCTION

In the last few years there has been growing interest in
adsorption of organic molecules onto Si surfaces with a v
to developing a practical methodology to exploit molecu
electronics. The interaction of small unsaturated hydrocar
molecules on Si~100! provides a simple model system
explore the relevant underlying physics and chemistry.1 The
clean Si~100! surface is known to reconstruct, the key pr
cess being the production of Si-Si dimers at the surfa
nominally reducing the number of dangling bonds per s
face Si atom from two on an ideally terminated surface
one on a fully dimerized surface. At room temperature o
observes a (231) reconstruction,2 which is now generally
agreed to involve actual dynamical ‘‘flipping’’ of asymme
ric dimers3 arranged on a (231) mesh rather than a tru
long-range-ordered (231) phase; at low temperatures orde
ing of the asymmetric dimers results in ac(432) phase.4

Using a range of experimental spectroscopies and r
space imaging with the scanning tunneling microscope5–19as
well as total-energy calculations~both ab initio20–25 and
semiempirical!26–32there is a general consensus that ethyle
H2CvCH2 and acetylene HCwCH both bond to the Si~100!
surface along the Si-Si dimers in a so-calleddi-s configu-
ration. Most studies indicate that the Si-Si dimers rem
intact and probably become essentially symmetric~with the
Si-Si and C-C bonds parallel to the surface—see Fig.!,
although there have been both experimental and theore
results that have been taken to indicate fracture of the S
dimers for both ethylene11,12,14,15,29and acetylene10,13,30 ad-
sorption.
PRB 610163-1829/2000/61~24!/16697~7!/$15.00
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In order to obtain quantitative structural information w
have applied the scanned-energy-mode photoelectron
fraction ~PhD! experimental technique33 to these two adsorp
tion systems. This method exploits the coherent interfere
between the directly emitted component of the photoelect
wave field from a core level of an adsorbed atom with t
components of the same wave field elastically scattered
the surrounding~mainly substrate! atoms. This interference
gives rise to modulations in the photoelectro

FIG. 1. Schematic diagram of adsorbed C2H2 or C2H4 on
Si~100! with the molecule bonding to symmetric Si-Si dimers in
(231) phase; the key local structural parameters are defined.
H atoms are not shown.
16 697 ©2000 The American Physical Society
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intensity measured in any specific emission direction as
photoelectron energy~and thus wavelength! changes and the
scattering paths move in and out of phase. An integra
experimental and theoretical modeling PhD methodology33,34

has been developed and applied to the successful quantit
structure determination of some 50 or more adsorption s
tems. The detailed results of our PhD study of the Si~100!/
ethylene adsorption system provide clear confirmation
the adsorption does occur at symmetric but intact S
dimers and have recently been presented elsewhere.35 Here
we present the results of a similar study of acetylene ads
tion on Si~100!~231! and compare these with the ethyle
adsorption results. Comparison of the PhD data also prov
a clearer understanding of the relatively poor precision of
structure determination for acetylene adsorption.

II. EXPERIMENTAL DETAILS

The experiments were conducted at the BESSY I synch
tron radiation facility in Berlin on the HE-TGM-1 beam
line.36 The UHV end-station chamber is fitted with low
energy electron diffraction~LEED! optics and a concentric
spherical sector electron spectrometer~VG Scientific, 152
mm radius, three-channeltron detector! for soft x-ray photo-
electron spectroscopy~SXPS!, the latter being used both t
characterize the surface cleanness and to measure the p
electron diffraction spectra. The 0.5-mm-thick Si~100! wafer
~P doped, 10V cm!, cleaved to a rectangle of 1237 mm,2

was rinsed in methanol and ultrapure water prior to mount
on the UHV manipulator fitted with direct current heatin
together with cooling from a liquid-helium reservoir co
nected by copper braid to one of the metal clips of
sample mounting. The sample was cleanedin situ by flashing
to 1520 K, yielding a surface showing a well-ordered tw
domain (231) LEED pattern at room temperature with n
detectable contamination seen in SXPS. All measurem
were made with the sample cooled. In the case of the et
ene adsorption, cooling was with liquid helium; the tempe
ture reading at the metallic clip holding the sample was ty
cally 60 K, although the true sample temperature is likely
be slightly higher than this. When cold the clean surfa
showed a two-domainc(432) LEED pattern, clearly indi-
cating a sample temperature below about 200 K,4 and prob-
ably very much lower.

For the acetylene work liquid-nitrogen cooling was us
leading to a sample thermocouple reading of 100 K. T
sample was exposed at low temperature to either ethylen
acetylene to exposures of 231025 mbar s; on the basis o
the C 1s peak intensity in SXPS after successive doses,
appeared to yield saturation coverages. Following these
posures the LEED pattern changed to one characteristi
two orthogonal domains of a (231) unit mesh. As discusse
by other authors previously, this is most probably due
removal of the asymmetry of the long-range-orderedc(4
32) alternately inclined dimers, which gives rise to t
smaller unit mesh.

For each adsorbate system the C 1s photoelectron diffrac-
tion data were measured in the kinetic energy range 100–
eV in the two main azimuthal directions^100& and^110& for
polar emission angles between 0° and 60° in steps of
with additional measurements at 15° in the case of ethyl
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adsorption. The photon energy was incremented in steps
eV to cover the necessary kinetic energy range for the Cs
photoelectrons, and at each photon energy the emitted e
tron signal was recorded, in the kinetic energy range of625
eV around the C 1s core-level peak, to give a series of e
ergy distribution curves~EDCs!. The intensity of the peak in
each EDC was then determined by background subtrac
and integration, and the resulting intensity-energy spe
were normalized to give the photoelectron diffraction mod
lation functions. The modulation function is defined by

xex~u,f,k!5@ I ~k!2I 0~k!#/I 0~k!, ~1!

where I (k) and I 0(k) are the diffractive and nondiffractive
intensities,u and f are the polar and azimuthal emissio
angles, andk is the modulus of the photoelectron wave ve
tor. I 0(k) also includes the influence of smoothly varyin
instrumental effects and is obtained by performing a smo
fit to I (k) with a spline function. The data sets chosen for t
subsequent structure determinations comprised nine s
modulation functions from adsorbed ethylene and six fr
acetylene, and these are shown as the bold curves in Fi

III. RESULTS AND DATA ANALYSIS

Our integrated approach34 to the analysis of PhD data an
the associated structure analysis typically involves t
stages. In the first, application of a direct method of d
inversion to produce an approximate ‘‘image’’ of the loc
scatterer environment of the emitter atoms provides a fi
order assignment of the local adsorption site. In the seco
the results of multiple-scattering simulations for model stru
tures are compared directly with the experimental data
the structural parameters of the model adjusted to optim
the agreement between theory and experiment.

For the first stage of direct data inversion we use
so-called projection method.37,38 The underlying physical

FIG. 2. Comparison of experimental~bold lines! and theoreti-
cally simulated~gray lines! C 1s PhD spectra from ethylene an
acetylene adsorbed on Si(100)(231).
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principle is that modulation functions measured in directio
that correspond to 180° scattering from a near-neighbor s
strate atom are typically dominated by interference from t
one scattering path and show particularly strong inten
modulations. This modulation function can thus be descri
reasonably well within the single-scattering approximat
from this one scatterer. The method involves the calcula
of integrals of the actual experimental spectra projected o
such calculated spectra based on this simple single-scatt
description and produces a three-dimensional intensity m
of the space around the emitter, with maximum values of
projection integral in regions corresponding to the m
probable locations of nearest-neighbor backscatterers. No
that a key aspect of this approach is the reliance on ge
etries involving a single dominant backscattering eve
which in turn implies an emitter~adsorption! site at, or close
to, a site of high symmetry. The results of applying th
approach to the present experimental data sets are show
Fig. 3. The projection method provides a three-dimensio
image of the surroundings of the emitter with the parame
mapped having the highest intensity at locations most lik
to correspond to those of near-neighbor backscatterers.
parameter is shown in a gray-scale mapping for sections
pendicular to the surface passing through the emitter in
upper panels of Fig. 3. In both of these upper panels one
a saucerlike feature approximately 1.8 Å directly below t
emitter; the shape of these features results from the form
the contours of constant path-length difference for a ne
neighbor scatterer. In the lower panels are seen similar m
taken in planes parallel to the surface but below the em
by a distance determined by the location of the peak in
upper panels. In the case of the ethylene data inversion,
surface-parallel cut shows a broad feature centered aro

FIG. 3. Results of applying the projection method of direct d
inversion to the experimental photoelectron diffraction spectra
Fig. 2. The projection method provides a three-dimensional im
of the surroundings of the emitter@located at~0, 0, 0!#, the param-
eter mapped having the highest intensity at locations most likel
correspond to those of near-neighbor backscatterers.~a! and ~b!
show gray-scale mapping of this parameter in a plane perpendic
to the surface passing through the C emitter of ethylene and ac
lene, respectively, in â110& azimuth. ~b! and ~d! show similar
maps in planes parallel to the surface cutting through the domi
features of~a! and ~b! at depths of 1.88 and 1.75 Å below th
emitter.
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the position directly below the emitter, but actually pea
around a ring or radius some 0.2 Å around this point. T
ring effect is much more pronounced for acetylene, for wh
the ring radius is 0.5–0.6 Å. The most obvious interpretat
of these images is that in both adsorption systems th
emitter atoms lie slightly off-atop a surface Si atom, with t
offset being larger for acetylene. Notice that the project
maps incorporate the full symmetry of the substrate, as
be imposed on the PhD data, so even if the true offset w
in ^100& or ^110& azimuths only, the parallel maps woul
show four symmetrically positioned features around the c
ter. The fact that rings are seen may be due to some com
nation of the obvious smearing or poor resolution of t
images and possible components of the offset out of on
these high-symmetry azimuths.

The essential indication of off-atop geometries for the
emitter atoms is consistent with our expectation of molecu
adsorption parallel to the Si-Si dimers. On a clean Si~100!
surface the Si-Si dimer bond lengths found in theoreti
calculations are typically around 2.3 Å, whereas the C
bond lengths in gas-phase ethylene and acetylene are
and 1.21 Å, respectively, so while all of these distances m
be modified by the adsorbate-surface bonding, it is clear
there is unlikely to be a match of the Si-Si and C-C d
tances, forcing the C atoms into off-atop sites.

The second stage of our PhD structure determina
methodology is a full quantitative structural analysis usi
an iterative ‘‘trial-and-error’’ procedure comparing a set
experimental spectra with the results of multiple-scatter
simulations based on trial model structures. These calc
tions use computer codes developed by Fritzsche39–41 based
on the expansion of the final-state wave function into a s
over all electron scattering pathways from the emitter at
to the detector outside the sample. A magnetic quan
number expansion of the free-electron propagator is use
calculate the scattering contribution of an individual scatt
ing path. Double- and higher-order scattering events
treated by means of the reduced angular momentum ex
sion. The influence of the finite energy resolution and an
lar acceptance of the electron analyzer, both of which
prove convergence, is included. In order to quantify the le
of agreement between theory and experiment, a reliab
factor orR factor is defined as42

Rm5( ~x theor2xexpt!
2Y ( ~x theor

2 1xexpt
2 !, ~2!

where a value of 0 corresponds to perfect agreement, a v
of 1 to uncorrelated data, and a value of 2 to anticorrela
data. In order to establish the significance of best fits to
ferent structural models and to estimate the precision ass
ated with the individual structural parameters we use an
proach based on that of Pendry, which was derived
LEED.43 This involves defining a variance in the minimu
of the R factor,Rmin , as

Var5RminA2/N, ~3!

whereN is the number of independent pieces of structu
information contained in the set of modulation functio
used in the analysis. Structures and parameter values lea
to R factors less thanRmin1Var(Rmin) are regarded as falling
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16 700 PRB 61R. TERBORGet al.
within one standard deviation of the best-fit structure. Mo
details of this approach and the definition ofN can be found
elsewhere.44 Note that in applying this approach to estima
the precision in multiparameter structural fits in a variety
different techniques, it is common to consider changes in
R factor produced by changing each parameter separa
This procedure, however, takes no account of possible c
pling between parameters whereby the degradation in fit
duced by a change in one parameter can be overcome
change in a second parameter. We have recently describ
general method for investigating this effect in PhD using
Hessian matrix approach;45 a very similar approach has pre
viously been proposed for use in LEED.46 Using this ap-
proach we have checked for such coupling of parameter
rors, and the precision values quoted here are essen
worst-case estimates that take into account this problem45

Full details of the optimization of the structural model f
ethylene adsorption on Si~100!~231! on the basis of the dat
for this system shown in Fig. 2 have already been prese
elsewhere,35 but the key result is that the molecule is foun
to bond with the C-C axis parallel to the surface, symme
cally positioned over symmetric Si-Si dimers, with a C
distance of 1.6260.08 Å, a Si-Si dimer bond length o
2.3660.21 Å, and a C-Si distance of 1.9060.01 Å. This
places the O atoms in sites displaced parallel to the sur
along the dimer directions by 0.37 Å off atop. The full set
optimized structural parameter values is summarized
Table I, which also includes the precision with which a
possible azimuthal twist of the C-C axis about the surfa
normal (fC-C) can be excluded.

Before discussing the application of a similar structu
optimization to the case of acetylene on Si~100!, however, it
is helpful to draw some general conclusions from comp
son of the PhD modulation spectra from ethylene and ac
lene adsorption. One very striking feature of a comparison
the actual PhD spectra, as shown in Fig. 2, is the very w
modulations seen in the acetylene data. The ethylene
spectra seen in Fig. 2 are rather typical of such data from
adsorbate emitter in a near-atop geometry. Reason
strong~640% at low energy! modulations are seen at norm
emission, with a single dominant periodicity, indicative of
single dominant scattering path involving close to 180° sc
tering from the nearest-neighbor Si atom below. The am
tude of these modulations falls as the polar emission an
increases to only about 10% at 20°, and there is no str
scattering reappearing at large polar angles. The failur
see strong 180° backscattering from non-nearest-neig

TABLE I. Best-fit parameter values obtained in this wo
for the local geometry of adsorbed acetylene and ethylene
Si(100)(231).

Parameter Si~100!~231!-C2H2 Si~100!~231!-C2H4

dC-C 1.3660.19 Å 1.6260.08 Å
dC-SiD 1.8360.04 Å 1.9060.01 Å
/C-C-SiD (10769)° (10163)°
dSiD-SiD 2.4460.58 Å 2.3660.21 Å
zC-Si1 2.7860.25 Å 2.8160.18 Å
zC-Si2 4.55– 1.42/1` Å 4.4160.17 Å
fC-C (0623)° (0613)°
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outermost layer substrate atoms is rather typical of PhD d
from atop adsorbed species and has been attributed to
tively large-amplitude frustrated translational vibration
modes parallel to the surface~e.g., for CO,47 PF3,

42 and44

NH3.! In the present case such vibrations may also pla
role, but the fact that the emitter is off atop will also lead
this result; summing over the symmetrically equivalent o
atop static positions will have a very similar effect to sum
ming over a dynamical distribution of positions about t
atop site produced by vibrations. In the case of the Si~100!
surface the relatively large Si-Si spacings on the surface
the reduced symmetry of the dimer must contribute to t
effect. Indeed, very similar results were found in N 1s PhD
from NH2 on Si(100)(231), which occupies an off-atop
site.48

In the case of the acetylene adsorption, however, the Cs
PhD modulations are only around 10–15 % at normal em
sion, yet still fall to even smaller values at increasing po
emission angles. The direct inversion of these data, show
Fig. 3, provides some hint as to why this may be the case
that this appears to indicate that the C adsorption sites
more strongly displaced from the favored atop sites. T
does, indeed, prove to be the case. The best-fit structure
acetylene on Si~100! places the molecule in the same sym
metric configuration as for ethylene, but a reduced C-C bo
length and an increased Si-Si bond length combine to
crease the offset of the emitter and scatterer parallel to
surface, while a reduction in the C-Si distance also serve
increase the C-C-Si angle and thus shift the nearest-neig
Si scattering angle in normal emission even further from
favored value of 180°~see Table I!. Notice, however, that
because the PhD modulations are so weak in all the ac
lene spectra, the precision with which these structural par
eters can be determined is very much worse than for et
ene. This arises from the high value of theR factor for the
best-fit structure~a rather poor value of 0.40 for acetylen
compared with an exceptionally low value of 0.057 f
ethylene!. The R factor is defined as being a sum of squa
deviations between theory and experiment, but it is norm
ized by the actual values of these two quantities. This me
that a discrepancy of, say, 2% in the modulation amplitu
has a far greater effect on theR-factor value if the average
modulation is weak~say 10%! than if it is strong~say 30–
40 %!. The actual discrepancies, of course, are attributabl
both experimental noise and limitations in the theoretical a
computational description, but the evidence of many pre
ous studies is that providing one can identify a number
emission directions in which strong modulations are se
neither of these deficiencies presents a significant limita
to the method. If only weak modulations are seen, this is
longer the case.

If we compare the two experimental data sets for the s
set of emission geometries common to both, using the s
R factor normally used for comparing experiment and theo
we obtain a value of 0.80, clearly indicating the marked d
ference between these spectra that is seen on visual ins
tion. In order to understand the difference between the
sets of PhD spectra shown in Fig. 2 in more detail, so
further test calculations were conducted comparing the
perimental data from adsorbed acetylene with models wh
started with that found to describe the ethylene results

n
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then replaced the key parameter differences between the
systems~Table I! individually. The results of this exercis
are shown, for the normal emission spectrum only, in Fig
Comparison of the theoretical spectra for ethylene geom
with the experimental acetylene data yields anR factor of
0.78; the fact that this value is almost identical to that o
tained by comparing the two experimental data sets refl
the fact that the differences between theory and experim
for the ethylene data are small compared with the differen
between the two adsorbates. As may be seen in Fig. 4,
theoretical simulation of the normal emission spectrum
the ethylene geometry not only shows much stronger mo
lations than seen in the experimental acetylene spectrum
also shows energy shifts in the peak positions, implyin
change in the length of the dominant scattering path-len
difference. While Table I compares the static optimum str
tural parameters of the two systems, one other fitting par
eter, the mean-square vibrational amplitude of the C em
perpendicular to the surface, differs significantly in the tw
fits. In particular, this value was found to be 0.00
60.002 Å2 for ethylene and 0.01060.007 Å2 for acetylene.
This difference may, in part, be due to the higher tempe
ture ~100 K! at which the acetylene data were recorded re
tive to that used for ethylene~60 K!. Notice that the fitting
procedure for both data sets allowed for different vibratio
amplitudes of the emitter in each of the orthogonal directio
in the surface and perpendicular to the surface, and also
lowed the nearest-neighbor Si atoms to the emitters to h
different vibrational amplitudes from the bulk Si atoms,
order to take some account of correlated vibrations. The
brational amplitude of the emitter atoms perpendicular to
surface was the one that changed most between the two
sorbate systems, but while this larger vibrational amplitu
in the case of acetylene leads to some attenuation of the
modulations as seen in Fig. 4, ifonly this parameter is ad

FIG. 4. Comparison of the experimental normal emission Cs
PhD spectrum from adsorbed acetylene on Si(100)(231) with the-
oretical simulations in which the structural parameters appropr
to adsorbed ethylene~Table I! are replaced one at a time by th
best-fit values for adsorbed acetylene~see also Table I!. The
R-factor values shown correspond to the values for the full se
experimental spectra used in the analysis~Fig. 2! and not just the
normal emission spectrum shown here.
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justed in the ethylene geometry, the fit to the experimen
acetylene data is still very poor~R factor value of 0.71!.
Changing both this vibrational amplitude and the distance
the C emitter to the nearest-neighbor Si~dimer! atom,dC-SiD,
leads to a more significant improvement to anR value of
0.54, while additionally changing the C-C distance (dC-C),
and subsequently the C-C-Si~dimer! bond angle@and hence
the Si-Si~dimer! bond length,dSiD-SiD#, further lowersR to
0.51 and finally to 0.45. Evidently the improved modulatio
amplitude arising from the enhanced vibrations is significa
but the largerR-factor improvements arise from the chang
in bond lengths and associated bond angles. Optimizatio
the remaining parameters involves smaller changes in i
vidual parameters but reduces the overallR-factor value to
0.40, with an associated variance of 0.07. This means
the fit immediately prior to this final optimization lies withi
the final value ofRmin plus its variance~0.47!, but all the
others lie outside the variance.

IV. DISCUSSION AND CONCLUSIONS

The primary structural information arising from this wor
is summarized in Table I. Two significant conclusions m
be drawn from these parameter values. First, both ethy
and acetylene are found to bond parallel to the surface
are symmetrically located above symmetric Si dimers. S
ondly, these Si dimers are intact; even in the case of the v
low precision in the Si-Si dimer bond length obtained in t
case of adsorbed acetylene, the value obtained (2
60.58 Å) is clearly incompatible with the Si-Si distance o
an ideally truncated~nondimerized! Si~100! surface~3.84 Å!.
The issue of whether or not the adsorption of these spe
breaks the dimer bond has been controversial, and while
cent ab initio theoretical treatments have certainly favor
intact dimers, our results provide a quantitative experimen
demonstration of this conclusion.

A more detailed quantitative comparison of the structu
parameters we derive from our experiments with the res
of total-energy calculations is contained in Table II. A num
ber of general trends are clear. First, the theoretical value
the C-C bond lengths, with only one exception, show
values for adsorbed acetylene around 1.32–1.37 Å and
sorbed ethylene around 1.50–1.53 Å. These values are
sistent with those corresponding to bond orders of 2 and
respectively, as found in gas-phase ethylene~1.33 Å! and
ethane~1.53 Å!, and imply that the bonding to the Si ha
reduced the C-C bond order by 1. Our experimental res
are consistent with this picture. In the case of adsorbed
ylene our best-fit value is actually longer than this expec
tion, but the estimated precision indicates that a bond or
of 1 is reasonable but a higher integral value is not. In
case of adsorbed acetylene, our experimental C-C distan
consistent with the expected bond order of 2, although
low precision renders this bond-order determination forma
not significant. Secondly, the Si-Si dimer bond length sho
in the calculations shows no obvious consistent trend
distinguishes the two different adsorbates, and our optim
experimental values in the presence of the two adsorb
agree to an extent that is much smaller than the estim
imprecision. The key result here is simply that the dimer
intact, with a bond length consistent with expectations. Co

te
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TABLE II. Comparison of structural parameter values from this work~expt! and from various theoretical calculations for ethylene a
acetylene adsorbed on Si~100!~231!.

C2H2 C2H4

~expt! Ref. 22 Ref. 21 Ref. 31 Ref. 25 Ref. 26 Ref. 27 ~expt! Ref. 23 Ref. 24 Ref. 22

dC-C ~Å! 1.3660.19 1.37 1.36 1.49 1.40 1.33 1.32 1.6260.08 1.52 1.50 1.53
dSiD-SiD ~Å! 2.4460.58 2.40 2.36 2.23 2.40 2.23 2.43 2.3660.21 2.33 2.39 2.39
dC-SiD ~Å! 1.8360.04 1.90 1.98 1.94 1.87 1.78 1.9060.01 1.93 2.01 1.95
/C-C-SiD ~°! 10769 105 105 101 105 104 108 10163 102 102 103
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n-
parison of the C-Si~dimer! bond-length values, howeve
shows a rather consistent discrepancy between our ex
mental values and those of the total-energy calculations.
cause this bonding direction lies quite close to the surf
normal and the backscattering of this nearest-neighbo
atom dominates the PhD spectra, this distance can be d
mined rather precisely in our experiments, even in the c
of adsorbed acetylene. Our value for adsorbed ethylen
consistently and very significantly smaller than the theor
cal values, while a similar trend is seen for adsorbed ac
lene, although two of the values from the semiempiri
calculations26,27 do fall within the experimental range. Thi
comparison does suggest a systematic problem in theab ini-
tio calculations.

In addition to these structural conclusions, which clea
are the motivation for this work, some comment on the P
results for adsorbed acetylene appear appropriate. We
in particular, the poor value of theR factor ~0.40! for the
best-fit structure, which compares unfavorably with valu
found in other structural studies by this method, which m
usually fall below 0.30, and indeed are often below 0.20. T
reason for this poorR factor, however, can be attributed ve
directly to the weak PhD modulations that are found even
the near-normal emission direction, which appears to be
ci

m

J

J
o

J

ri-
e-
e
Si
er-
se
is

i-
y-
l

y

te,
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e
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e

most favorable direction for this system. Weak modulatio
mean that experimental noise and any deficiencies in
theoretical description have a far more serious effect on thR
factor. However, these weak modulations can be reprodu
effectively by the theoretical simulation and do appear to
intrinsic to the system, due to a combination of a lo
symmetry adsorption geometry for the individual C atom
emitters and a significant~but not exceptionally large! am-
plitude of molecular vibration perpendicular to the surfac
We should stress, however, that the method of data ana
and evaluation explicitly takes account of the large value
the R factor and leads to much reduced precision. This p
cision has been fully considered in the discussion of the
nificance of the structural conclusions outlined above.
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