
sponding resonances for 3 (+81.9 and +99.8 
ppm) (7) and 5 (+97.7 ppm) (8). The Si, 
resonances were well reproduced in the perti- 
nent model compounds by ab initio MO calcu- 
lations; the resonances were +178.3, +105.3, 
and +1 10.1 ppm for 6 (D,,), spiropentasilene 8 
(C,"), and cyclotrisilene 11(C,,,) at the GMOI 
B3LYPl6-3 1 1 +G(2df;p)llB3LYP/6-3 lG(d) 
level. Because the Si, resonances in various 
disilenes are related to the reciprocal of the 
energy difference between o and T* orbitals of 
the Si=Si bond (26), the remarkable lower-field 
shift of the S i  resonance in 2 may be taken as 
another indication for the pronounced through- 
space interaction between T* orbitals. Unfortu- 
nately, the resonance due to the central ,%i 
nucleus in 2 was not observed, probably as a 
result of the large spin-lattice relaxation time; 
the corresponding resonance in 6 was found at 
-45.9 ppm by the GIAO calculations (16).  

The successful isolation of a spiropentasila- 
diene encourages us to make new types of 
silicon unsaturated compounds with new prop- 
erties. Studies of the chemistry of these com- 
pounds may be an important innovation in the 
theory of chemical bonding and reactivity. 
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Dimer Preparation That Mimics 
the Transition State for the 

Adsorption of H, on the 
Si(100)-2 x 1 Surface 

Emily J. Buehler and John J. Boland* 

A chemically induced dimer configuration was prepared on the silicon (Si) (100) 
surface and was characterized by scanning tunneling microscopy (STM) and 
spectroscopy (STS). These prepared dimers, which are essentially untilted and 
differ both electronically and structurally from the dynamically tilting dimers 
normally found on this surface, are more reactive than normal dimers. For 
molecular hydrogen (H,) adsorption, the enhancement is about l o 9  at room 
temperature. There is no appreciable barrier for the H, reaction at prepared 
sites, indicating the prepared configuration closely approximates the actual 
dimer structure in the transition state. This previously unknown ability to 
prepare specific surface configurations has important implications for under- 
standing and controlling reaction dynamics on semiconductor surfaces. 

The reaction of H, with the Si(100)-2 x 1 
surface is perhaps the best characterized and 
most important adsorbate-semiconductor sys- 
tem (I), but even the dynamics of Hz on 
Si(100)-2 X 1 are poorly understood. Repeated 

experiments have shown that the barrier to the 
recombination of H atoms and subsequent de- 
sorption of H, is 2.5 eV (2), whereas the bond 
energies of the Si-H reactants and H-H product 
are -3.5 and 4.5 eV (3).respectively. Together. 
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these results suggest the absence of a significant 
barrier to adsorption (Fig. 1). State-resolved 
gas-phase studies show that H, product mole- 
cules gain little excess translational energy 
when they leave the surface, which is consistent 
with a small barrier in the adsorption channel 
(4,5). However, direct adsorption studies mea- 
sure a sticking coefficient below at room 
temperature and a barrier to adsorption of 0.7 
eV (6, 7). 

These observations cannot be reconciled 
by considering exclusively the dynamics of 
incident Hz molecules on the Si(100) surface 
(4, 5, 8). Instead, motivated by the observa- 
tion of increased sticking probability at high- 
er surface temperatures, recent' theoretical 
studies have focused on the role of the sur- 
face itself (7, 9-11). The dimer units that 
compose the bare Si(1'00) surface tilt back 
and forth in a low-frequency (-5 THz) see- 
saw mode (12). In contrast, dimers that have 
reacted with H, have their Si-Si dimer bonds 
slightly elongated and locked in the horizon- 
tal plane of the surface (3, 13, 14). The 
existing data seem to support a "late" tqnsi- 
tion state (one that looks more like the prod- 
uct state) for adsorption involving a dimer 
configuration that is better approximated by a 
reacted horizontal dimer than a bare tilted 
dimer (7). Enhanced sticking reported at el- 
evated temperatures therefore results from 
the increased probability of exciting a bare 
dimer into a more horizontal configuration. 

Motivated by these insights, we describe 
here the use of surface chemistry to prepare a 
population of distinctive dimer sites and to 
investigate their properties and reactivity to- 
ward H, using STM and STS. Specifically, 
we create and characterize bare dimers that 
are essentially untilted such that their dimer 
bonds are constrained to the horizontal sur- 
face plane. The room-temperature H, stick- 
ing coefficient at these untilted dimersites is 
a factor of lo9 greater than that measured at 
tilting dimer sites. The measured sticking 
coefficient is also insensitive to the surface 
temperature, which indicates that the untilted 
dimer configuration is optimized and thus a 
reasonable approximation to the actual tran- 
sition state geometry. 

To prepare and characterize untilted dimer 
sites, a Si(100)-2 x 1 surface was exposed to 
a submonolayer coverage (8 = 0.05) of H 
atoms and then subsequently annealed to 600 
K for up to 180 s. (15) Figure 2A shows the 
presence of bright ball-like features and dark 
dimers on an otherwise unreacted surface. 
The former (latter) represent dimers that have 
reacted with one (two) H atoms, i.e., half- 
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filled and filled diiers, respectively. H-filled 
dimers are symmetric with Si-Si dimer bonds 
fixed in the horizontal surface plane. The 
arrow in Fig. 2A identifies an untilted dimer 
that is located in the same row next to dimers 
that are H-filled. Untilted dimers are unre- 
acted but better resolved than surrounding 
bare dimers. This difference in appearance is, 
at least in part, the result of an elastic strain- 
field induced by neighboring H-filled sites 
that constrains the dimer bond to the horizon- 
tal plane. 

The presence of this strain-field is more 
apparent in the low-temperature images in 
Fig. 2, B and C. In regions not containing 
H-filled dimer sites, the surface forms local 
c(4 x 2) domains that consist of anticorre- 
lated patterns of tilted dimers-the ground- 
state structure of the bare Si(100) surface 
(16). However, dimers next to H-filled 
dimers remain untilted, and this effect ex- 
tends for many dimers on either side of the 
H-filled dimers. To eliminate the possibility 

Fig. 1. Potential energy 
diagram for Hz on 
Si(100) that shows the 
relation between the 
heat of reaction (AH,) 
and the barriers to de- 

and ad- 5 
e bond 8 

energies and known MI- 
ue of E, suggest that 
E is small, consistent 
d& state-resolved 
measurements of the Hz 
desorption product. In- 
set, diagram of reactants 
and products that occur 
during the reaction. 

that the neighboring untilted dimers are dy- 
namically tilting on a time scale that is inac- 
cessible to STM, we imaged. the surface at 
temperatures down to -20 K. It was not 
possible to induce the neighboring dimers to 
tilt even under these low-temperature condi- 
tions: The persistence length of the strain- 
field on either side of the H-filled dimers 
remained unchanged (15 to 20 dimers) over 
the entire temperature range studied (20 to 
200 K). Larger, more controlled populations 
of untilted dimers could be produced by de- 
sorbing small amounts [0.001 monolayer 
(ML)] of Hz from a Si(100)-2 X 1 surface 
that has been completely reacted with H at- 
oms. In this case, bare, untilted dimers were 
surrounded on all sides by H-filled dimers. 
Figure 2D shows a population of bare, un- 
tilted dimers; they are easily identified in 
empty-state images by the presence of a nod- 
al feature across the middle of the dimer. 

Figure 3A compares room-temperature 
STS spectra measured at tilted and untilted 

Fig. 2. (A) Empty-state image of clean .B y*'* --y :-<= 
Si(l00)-2 X 1 partially dosed with H LT7 
atoms and then heated to  allow H dif- , , 
fusion and pairing. lmage is -14 nm by , 
14 nm and was recorded at -0.8 V. 
Dimers containing one H atom appear % 

as bright spots; those with two Hs are .\ 
darkened. The bare dimers located next 
to  H-filled dimers are resolved into two 

' ' 
h atoms. (B) Filled-state image of the sur- , 

face cooled to  -200 K. Image is -23 C. * 

nm by 23 nm and was taken at +1.6 V. c 
Rows of ordinary bare dimers are 
pinned into c(4 X 2) domains. Several 1 

rows of untilted dimers are seen due t o  
the presence of H-filled dimers. Box, 
area shown in (C). (C) Close up of the 
box in (B). Several H-filled dimers are 4 
indicated by arrows, and C defects are 
circled. H-filled dimers pin neighboring , 

i 
dimers into an untilted configuration. 
The extent of pinning is limited by the 
presence of C defects that pin neighbor- 
ing dimers in a tilted configuration. Filled-state images are presented to  show the buckling of the 
dimers, but they do not resolve individual atoms of a dimer. (D) Empty-state image of Si(100)-2 X 
l:H, heated to  allow a small amount of H, to  desorb. lmage is -19 nm by 19 nm and was taken 
at -1.7 V. Bare, untilted dimers appear as bright spots; the node of the antibonding orbital is visible 
on the middle of each bare dimer, making it easy to  identify. 
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dimer sites. Tilted dimers show a small su- 
perstructure band gap characteristic of the 
energy splitting between the filled and empty 
states localized at the tilted-up ends and tilt- 
ed-down ends of dimers, respectively (1,17). 
Untilted dimer sites have a different signa- 
ture: A distinct pair of empty and filled states 
separated by an energy of 2.4 eV. Analysis of 
this spectrum is complicated by tip-induced 
band bending on the H-reacted surface. 
Band-bending effects can be estimated from 
the H-filled dimer spectrum in Fig. 3A; the 
energy gap is 1.5 eV instead of 1.1 eV (1 7), 
indicating a 25% voltage drop in the Si. We 
attribute the (corrected) 1.8-eV energy gap to 
a T-a* interaction of the dangling bonds at 
untilted dimer sites. The magnitude of this 
energy splitting is greater than that found for 
a surface comprised of interacting dimers but 
consistent with calculations for a single iso- 
lated symmetric dimer (18). 

The reactivity of untilted dimer sites to Hz 
was measured directly by STM. Figure 3, B 
and C, show the Si(100) surface before and 
after Hz adsorption. Circles indicate the loca- 
tions of bare untilted dimers on the surface; 
the number of such sites decreases noticeably 
following H, adsorption. By analyzing the 
change in the untilted dimer population be- 
fore and after Hz exposure, the reactivity of 
untilted dimers was measured in terms of an 
effective sticking coefficient S,, defined by 

Here, A0 is the relative change in the untilted 
dimer population during an Hz dose of time 
At, and Z = Pl(21~m,~kT)'~ is the rate of Hz 
molecules (with mass mH2) incident on the 
surface at pressure P, where k is Boltzmann's 
constant and T is temperature. Figure 3D 
shows the measured values of S,, over a 
range of surface temperatures (77 to 520 K). 

Also plotted is the sticking coefficient on 
the bare surface measured bv Bratu et al. 
using second harmonic generation (6). The 
SCff  measured at untilted dimer sites is nine 
orders of magnitude greater than that on the 
bare surface. Moreover, the temperature de- 
pendence of the sticking coefficient is dra- 
matically reduced compared with the bare 
surface, indicating there is little need to 
excite untilted dimers into a suitable con- 
figuration for reaction. 

Other low-barrier adsorption pathways 
have been reported and involve step sites (19) 
or half-filled interdimer sites (20); the latter 
were also generated by a pre-exposure to H 
atoms. The relative importance of these path- 
ways has not been established. The intra- 
dimer pathway described' here will be impor- 
tant at high coverages or at high temperatures 
(>500 K) where there is a thermodynamic 
driving force for the formation. of H-filled 
dimers (1 7). The sticking coefficient reported 
for the bare surface (6) includes contributions 
from all possible sites (inter- as well as in- 
tradimer sites) so that the actual room-tem- 
perature enhancement at intradimer sites may 
be greater than lo9. 

Figure.4 shows a qualitative potential en- 
ergy surface that summarizes the results of 
this report and incorporates some of the de- 
tailed aspects of the dynamics revealed by 
recent experimental (4, 5, 8) and theoretical 
studies (7, 9-11). Molecular adsorption at 
tilted sites~involves excitation from the min- 
imum of the double-well potential, which 
characterizes the internal tilting coordinate of 
the dimer. The enhancement in the sticking 
coefficient at elevated temperatures then re- 
sults from an increased probability of finding 
the dimer in a less tilted configuration. The 
barrier for adsorption at untilted sites in- 
volves excitations from regions close to the 

Fig. 3. (A) STS curves taken over bare, 
tilted dimen; bare, untilted dimers; and 
H-filled dimers on the Si(100) surface. 
Each curve is the average of STS curves 
taken at several sites. The range of en- 
ergies probed was limited (-2 V to +Z 
V) to avoid tip-induced desorption that 
occurs at high biases. (B and C) Empty- 
state images of a larger area of the 
surface before and after H, dosing. Each 
image is -46 nm by 46 nm and was 
taken at -2.2 V (B) or -2.0 V (C). The 
entire population of bare, untilted 
dimers has been circled; other white 
features are mainly dimen containing 
single H atoms produced by H-atom 
diffusion during and after the prepara- 
tion step (Fig. ZA). The population of 
bare, untilted dimers decreases notice- 
ably with molecular H, dosing. (D) Ar- 
rhenius plot of the effective sticking 
coefficient (S.,) versus inverse temper- 
ature for H;"(open symbols) and D, 
(gray symbols) on Si(100). Measured values for the bare, tilted dimers [Bratu et al. (6)] are shown 
for comparison and have an associated barrier of 0.7 eV. 

maximum of the double-well potential and is 
correspondingly smaller than that at tilted 
sites. Because untilted sites have a minimal 
barrier to reaction, the untilted dimer configu- 
ration is optimized and close to the actual tran- 
sition state geometry. On the basis of this, the 
transition state for H, adsorption on a Si(100) 
dimer is late or product-like. Correspondingly, 
the transition state for Hz desorption from a 
dimer must be early, and the departing mole- 
cule is only weakly accelerated along the mol- 
ecule-surface coordinate, consistent with state- 
resolved measurements of the H, desorption 
product (4). However, energy is redistributed 
into the internal tilting coordinate as the dimer 
flips from the untilted geometry of the transi- 
tion state to the tilted geometry of the bare 
surface. 

These results raise several important is- 
sues. First, because the presence of hydrogen- 
filled dimers promotes adsorption of fixher 
hydrogen the adsorption process should be 
autocatalytic, which is consistent with recent 
measurements (21). A second issue concerns 
the absence of any significant barrier to ad- 
sorption at untilted sites. The Si(100) dimers 
tilt dynamically at room temperature, so the 
barrier between the double wells in Fig. 4 is 
substantially less than the 0.7-eV value asso- 
ciated with adsorption. If adsorption involves 
single dimer sites, then a possible explanation 
is that the 0.7-eV value is the energy required 
or gained from tilting not a single dimer but 
rather a domain of dimers. This interpretation 
is consistent with the data in Fig. 2, which 
show the importance of long-range correla- 
tions on this surface. In this sense, it might be 
more appropriate to view this barrier as a 
dynamical bottleneck that is the result of a 
highly constrained transition state. Lastly, 
symmetry arguments suggest that the dimer is 
in an electronically excited state immediately 
after H, desorption (22). The excited state 

adsorption at 
untilted dimer 

Y 

Fig. 4. Qualitative potential energy surface for 
the adsorption of H, at a Si(100) dimer site. 
The barrier to adsorption at a tilted dimer is 
much greater than that at an untilted dimer. 
The effective barrier is in the internal tilting 
coordinate of the surface and not in the mol- 
ecule-surface coordinate. 
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lifetime and the relaxation process to the 
ground state are not known, and either may 
account for the enhanced reactivity at untilted 
dimer sites. 

The ability to prepare dimers on a Si(100) 
surface has implications beyond the present 
system. There are many surface reactions that 
yield a range of unexpected products. The 
product distribution may reflect the dynamics 
of the surface atoms involved, and the de- 
tailed mechanisms of such reactions may be 
studied by the present method. Although un- 
tilted dimer sites can be generated by adsorp- 
tion of other species such as halogens, the use 
of hydrogen is particularly attractive. Hydro- 
gen is both small and electroneutral, so that 
other than pinning the geometry at adjacent 
dimer sites, it does not unduly influence the 
chemistry that takes place at these sites. This 
method is also likely to be important for other 
semiconductor systems because the charge 
density on these surfaces will generally be 
insufficient to screen chemically induced lat- 
tice distortions from neighboring sites. 
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Detection of Daily Clouds on 

Titan 


Caitlin A. Criffith,' Joseph 1. Hall,' Thomas R. CeballeZ 

We have discovered frequent variations in the near-infrared spectrum of Titan, 
Saturn's largest moon, which are indicative of the daily presence of sparse 
clouds covering less than 1% of the area of the satellite. The thermodynamics 
of Titan's atmosphere and the clouds' altitudes suggest that convection governs 
their evolutions. Their short lives point t o  the presence o f  rain. We propose that 
Titan's atmosphere resembles Earth's, wi th  clouds, rain, and an active weather 
cycle, driven by latent heat release from the primary condensible species. 

Titan possesses an atmosphere often com-
pared to that of Earth. It is composed mainly 
of N,, with a surface pressure of 1.5 bar (150 
@a), and possesses a wealth of organic ma- 
terial. Moreover, Titan may support a meth- 
ane cycle, resembling Earth's hydrologic cy- 
cle, with clouds, rain, and seas (1, 2). In the 
past decade, dozens of images and spectra 
have been recorded through narrow spectral 
regions or "windows," where Titan's other- 
wise optically thick atmosphere is largely 
transparent. However, no indication was 
found for the presence of rain and oceans, 
which are difficult to ascertain by remote 
measurements. Observations also showed no 
evidence (3-9) of clouds (relatively easy to 
detect), with one exception (10). 

On 4 and 5 September 1995, spectra record- 
ed within four windows revealed flux enhance-
ments of 14 to 200%, indicative of the presence 
of a hurricane-sized cloud system (10). This 
first appearance of clouds challenged our un-
derstanding of weather on a planetary body 
similar to, yet intriguingly different from Earth, 
while providing insufficient data (one event) for 
its investigation. Compared to Earth, Titan's 
atmosphere is cooler, more massive, and thus 
essentially more sluggish. Titan spins slowly, 
providing little vorticity to cloud systems. In 
addition, Titan receives -100 times less power 
from the sun (Table 1). 

To investigate Titan's weather, we record- 
ed repeated observations within three spectral 
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windows. We obtained 21 spectra at 1.8- to 
2.4-km wavelength, 10 spectra at 1.5 to 1.8 
pm, and 15 spectra at 2.4 to 3.0 pm in 
September 1999. These data are supplement- 
ed by five spectra from 1993 and 1997 (Table 
2). Titan's 1.8- to 2.4-pm albedo (Fig. 1) 
manifests characteristics of the moon's sur-
face, stratosphere, and troposphere. Promi- 
nent flux variations occurred at 2.0 to 2.11 
km, where Titan's atmosphere is most trans- 
parent, and result from Titan's surface as 
different terrains rotate into view (Fig. 1). No 
variations appeared at 2.17 to 2.4 km, where 
sunlight reflects from Titan's stratosphere, 
which does not observably change over a 
fortnight. Subtle variations emerged at 2.12 
to 2.17 pm, where sunlight penetrates deep 
into Titan's atmosphere but does not reach 
the surface. These indicate the presence of 
variable cloud coverages (11). 

To better discern the spectral variations, 
we calculated the difference between each 
spectrum and that with the lowest 2.1 1- to 
2.17-pm albedo (the second observation of 
14 September 1999, spectrum 6b in Table 2). 
The 2.1 1- to 2.17-km flux variations emerge 
clearly in contrast to the noise at 2.17 to 2.4 
pm and the uncorrelated surface variations 
shortward of 2.1 1 pm (Fig. 2). Most notably, 
these flux enhancements consistently occur at 
-2.155 pm (Fig. 2). In addition, variations 
arise in spectra recorded 2 hours apart (Table 
2) [Web fig. 1 (12)l. 

The 1.5- to 1.8-pm observations indicate 
variations consistent with those recorded at 
2.11 to 2.17 pm (Fig. 2). Among the noisy 
2.4- to 3.0-pm data, only the 22 September 
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