
adhesion between surfaces. The method de- 
scribed here, which is based on deforma- 
tions in a compliant polymeric lens and 
sheet, is sensitive to small variations in the 
compositions of the surface. In terms of 
analyzing surface energetics, it is comple- 
mentary to measuring contact angles. Al- 
though we have so far studied systems that 
interact primarily through London-van der 
Wads forces, the method can also be used to 
investigate more complex interfacial interac- 
tions (for example, hydrogen bonding) by 
incorporating relevant functional groups on 
the surface of the PDMS (25). 
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Dissociation of Individual Molecules with Electrons 
fkom the Tip of a Scanning Tunneling Microscope 

The scanning tunneling microscope (STM) can be used to  select a particular adsorbed 
molecule, probe its electronic structure, dissociate the molecule by using electrons 
fiom the STM tip, and then examine the dissociation products. These capabilities are 
demonstrated for decaborane(l4) (Bl,Hl,) molecules adsorbed on a silicon(ll1)- 
(7  x 7) surface. I n  addition to  basic studies, such selective dissociation processes can 
be used in a variety of applications t o  control surface chemistry on  the molecular scale. 

T HE SCANNING TUNNELING MICRO- 

scope (STM) can be used to control 
the structure and properties of mate- 

rials on surfaces at the atomic or molecular 
level. The STM has been previously used to 
transfer clusters of atoms from the STM tip 
to the sample ( I ) ,  to write molecular-scale 
marks on graphite (4, to reposition ad- 
sorbed atoms and molecules on metal sur- 
faces (3, 4), and to reversibly transfer indi- 
vidual atoms between a surface and a tip by 

the application of voltage pulses (4-6). At a 
somewhat more macroscopic level, the STM 
has been used for a variety of nanometer- 
scale surface modifications (7, 8 ) ,  including 
the deposition and etching of materials on 
surfaces, the electron-stimulated desorption 
of adsorbates (9) ,  and the exposure of litho- 
graphic films using the STM tip as a field- 
emission electron source (1 0). In this report, 
we discuss the dissociation of individual 
adsorbed molecules using low-energy elec- 
trons from the tip. With the STM, one can 
select a particula; adsorbed molecule, probe 

G. Dujardin, Laboratoire de Photophysique Moleculaire, 
BBtiment 213, Universitt Paris-Sud, 91405 Orsay, its electronic structure, dissociate the mole- 
France. cule, and then examine the dissociation 
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(Bl0H,,) adsorbed on the Si(ll1)-(7 x 7) 
surface. This system offers a number of 
experimental advantages. Decaborane(l4) 
has a vapor pressure of -lo-' torr at 
room temperature (1 1) and can be used as a 
convenient source of boron for surface reac- 
tions. Because of an interest in achieving 
precise control over the doping of Si with B, 
the adsorption and decomposition of 
BloH14 on Si surfaces has been studied with 
a variety of surface-science techniques (12- 
16). Bl0H,, adsorbs on the Si(ll1)-(7 x 7) 
surface at room temperature and can be 
directly imaged with the STM (13), and it 
can be readily decomposed by low-energy 
electrons (16). The STM used in our studies 
is mounted in an ultrahigh vacuum chamber 
(base pressure < 1  x lo-'' torr). Details of 
the apparatus and sample preparation tech- 
niques are described elsewhere (1 7). 

In each set of experiments, a clean 
Si(ll1)-(7 x 7) surface was prepared and 
examined with the STM. Topographic im- 
ages (Fig. 1A) were obtained with the Si 
sample biased to +2 V with respect to the 
tip and with a constant tunneling current of 
-200 PA. After imaging the clean surface, a 
small dose of BloH14 was admitted to the 

I- 
kk.1. (A) An STM image of the dean Si(l11)- 
(7 x 7) surface with the sample biased to +2 V. 
(B) & isolated Bl,,H14 m~lecule (large white 
spot) adsorbed next to a dark defect. (C) The 
resudt of electron bombardment at a bias voltage 
of +8 V. A large molecular species is now located 
over the original defect, and an additional frag- 
ment (small white spot) is seen to the lower right. 
The lateral distance between the large dark "cor- 
ner holes" of the Si surface is 27 and the color 
scale indicates a vertical range of 1 from black to 
white. 

a 

vacuum chamber, typically -0.01 L (1 L = 
torr s). Upon exposure at room tem- 

perature, molecules could be detected on the 
surface, as previously reported (13). 

For low exposures of B,,H,, (-0.01 L), 
isolated molecules generally adsorbed near 
defects on the surface (Fig. 1B). Preferential 
adsorption near defects indicates that 
B,,,I-I,, is initially in a mobile precursor 
state. Note that the STM can image only 
those molecules that are not mobile over the 
course of a measurement (-1 s). At higher 
exposures (-0.1 L), Bl0H,, was observed 
to adsorb over a variety of sites on the 
(7 x 7) surface, with a propensity for ad- 
sorption over center Si adatoms. We ob- 
served molecules with two different appar- 
ent sizes, with comparable populations in 
each size group. Molecules of one size group 
appear to be larger in images taken at posi- 
tive bias voltages, but smaller at negative 
biases. We believe that the two size groups 
correspond to distinct adsorption geome- 
tries of the same molecular species because 
during some topographic scans conversion 
from one size to the other was observed. 
With the exception of an infrequent conver- 
sion as mentioned above, the adsorbed mol- 
ecules could be reproducibly imaged at +2 
V with a -200-pA tunneling current. In all 
of the images taken at +2 V, the adsorbed 
molecules appear as protrusions from the 
surface, with a width of -7 A and a height 
of -2 A. For comparison, isolated Bl0HI4 
molecules have a major diameter of -7 A. 
With the STM we observe only the overall 
shape of the molecule; individual B-H 
bonds are not resolved. 

Some insight into the bonding of the 
molecule to the surface can be gained by 
probing the valence electronic structure 
with scanning tunneling spectroscopy. In 
this technique, the tunneling current is mea- 
sured as a function of bias voltage, while a 
topographic image is simultaneously record- 
ed. Within a simple model of the tunneling 
process (18), the differential conductance 
dI/dV would be proportional to the local 
density-of-states of the sample if the tip has 
a constant density of electronic states. In 
practice, the tip electronic structure ofien 
plays an important role (19, 20), so that the 
correspondence between experimental dl/ 
dV curves and the sample density-of-states is 
only qualitative. In Fig. 2 we show plots of 
dI/dV recorded with the STM tip positioned 
directly over an adsorbed molecule (solid 
curve) and over an Si adatom (dotted 
curve). These curves were recorded with the 
same tip during a single scan. Compared to 
the Si substrate, the adsorbed molecule has a 
small differential conductance for bias volt- 
ages in the range of - 1 to + 1 V, that is, the 
adsorbed molecule is effectively an insulator 

Blas voltage (Y) 

Fig. 2. The differential conductance (dI/dv is 
shown for tunnel junctions with the STM tip 
positioned directly over a BIoH14 molecule (solid 
curve) and over an Si adatom (dashed curve). 

with a -2-eV gap. The differential conduc- 
tance strongly increases over the molecule 
for bias voltages > 1 V or < - 1 V. Although 
the detailed shapes of the dZ/dV curves were 
tip dependent, the general features men- 
tioned above were always present in the 
data. 

The conductance versus bias voltage rela- 
tion has an important implication for mo- 
lecular imaging. If one attempts to image 
the adsorbed molecules at low bias voltages 
(lVbi,l < 1 V), then the tip would displace 
toward the molecule during the scan in 
order to maintain a constant tunneling cur- 
rent. Thii movement may result in mechan- 
ical contact between the tip and the mole- 
cule and can cause displacement, reaction, or 
fragmentation of the molecule. However, 
for bias voltages of +2 V, the molecular 
conductance is high, and thus the tip retracts 
as it scans over the molecule, and stable, 
reproducible imaging can be achieved. 

The dI/dV measurements suggest that 
there is a substantial density of states asso- 
ciated with the adsorbed molecule, both on 
the occupied side - 1.5 eV below the Fermi 
level and on the unoccupied side -1.5 eV 
above the Fermi level. In isolated Bl0H,, 
molecules, the occupied states are more 
strongly bound, = 10 eV below the vacuum 
level (21). Thus the features observed on the 
dZ/dV curves must arise from the chemisorp- 
tion process. The Bl0H,, molecule can react 
(22) by donating a proton to a nearby site, 
thus forming the (B,,H,,)- anion. Alterna- 
tively, BlOH,, may react by loosing two 
hydrogen atoms and then binding to two 
ligands that act as electron donors (22). In 
either case the boron-hydride cage takes on 
an anionic form with occupied states that are 
less strongly bound than those of B ,,H,,, in 
qualitative agreement with the observed dl/ 
dV curves. 
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After selecting a particular adsorbed mol- 
ecule, we used the STM tip as a source of 
low-energy electrons to probe for electron- 
induced reactions. A large current density is 
delivered to the sample in this way; a 100- 
pA current distributed over a -100 A2 
region corresponds to -10" electrons pass- 
ing through each atomic site per second. For 
our scanning parameters, an adsorbed mol- 
ecule receives a dose of -lo5 electrons 
during a single scan. The energy of the 
electrons can be controlled by adjusting the 
bias voltage between the sample and the tip, 
which is nominally at ground potential. As 
the bias voltage is increased fkom zero, the 
mechanism of current flow changes fiom 
tunneling to field emission. In the field 
emission regime, the kinetic energy of elec- 
trons incident upon the sample surface is 
generally taken to be the bias voltage minus 
the sample work function. However, the 
maximum available energy for an electron- 

Fig. 3. (A) B1JIl, molecules (large white spots) 
adsorbed along a domain boundary of the 
Si(ll1)-(7x7) surface. A number of dark defects 
are also present. (B) The two molecules on the 
upper left of (A) in a subsequent scan over a 
smaller area. (C) The result of electron bombard- 
ment at +8 V. The large molecules have dissoci- 
ated to yield a number of new dark sim and some 
small bright features as fragments. 

induced inelastic process is somewhat greater 
because the final state of the electron could be 
at the bottom of the conduction band, rather 
than at the vacuum level. Thus, the tip pro- 
vides a rather broad spectrum of available 
ene'gies, limited by the bias voltage. 

In a typical experiment, we imaged a 
region containing an adsorbed molecule at 
+2 V and 200 pA and then sent low-energy 
electrons to the sample by scanning the same 
region at an increased bias voltage. We then 
imaged again at +2 V to look for changes in 
the topography (23). When regions contain- 
ing a molecule were scanned with bias volt- 
ages greater than -4 V, we observed several 
effects induding displacement of adsorbed 
molecules, dissociation and fragmentation, 
and duster formation. In contrast, no topo- 
graphic changes were observed for regions 
containing only Si. Dissociation and frag- 
mentation appear to be direct consequences 
of electron bombardment (see below). The 
formation of dusters occurred at higher 
surface coverages (20.1 L) and involved 
groups of molecules adsorbed on large flat 
terraces of the (7  x 7) surface, rather than 
isolated molecules adsorbed near defects. 
The mechanism for cluster formation most 
likely involves the inhomogeneous electric 
field, which acts to draw molecules into the 
region under the tip (4, 24), together with 
wssible electron-induced reactions. 

Examples of dissociation and fragmenta- 
tion are shown in Figs. 1 and 3. A region 
containing a Bl,Hl4 molecule adsorbed 
next to a surface defect was initially scanned 
at 200 pA and +2 V (Fig. 1B). This region 
was then subjected to a scan at 200 pA with 
the bias voltage increased to +8 V. Dumg 
this scan, the tip retracted fiom the surface 
bv -6 A in order to maintain the set cur- 
rint. After the scan at +8 V, the region was 
imaged again at +2 V and 200 PA. Two 
distinct bright features appear in the result- 
ing image (Fig. 1C) displaced with respect 
to the parent molecule (Fig. 1B). We argue 
that the presence of such spatially separated 
products is direct evidence of dissociation or 
fragmentation. Similar dissociation processes 
were observed for a number of adsorbed 
molecules after electron bombardment at +8 
V bias, and no such processes were observed 
for regions containing only Si. We have not 
been able to spedically identify the fragments 
(25). To our knowledge, cracking patterns for 
the fragmentation of large boron hydride 
compounds by low-energy electrons are not 
available. At much higher electron energies 
(-70 eV), B l a 1 4  is known to dissociate 
into a wide variety of fragments (26), with a 
propensity for the loss of hydrogen and zero 
to two boron atoms. The image in Fig. 1C 
appears to be consistent with such a "partialn 
dissociation process. 

0 2 4 6 8 1 0  
voltese ( v) 

Fig. 4. The probability for dissociation is shown 
as a function of bias voltage. Error bars indicate 
uncertainties due to the finite number of samples. 

Another mode of fragmentation is shown 
in Fig. 3. In this example, Bl,,H14 molecules 
were initially adsorbed along a domain 
boundary (Fig. 3A). Two molecules from 
the upper left of this scan were selected and 
imaged at +2 V and 200 pA (Fig. 3B). The 
region containing these two molecules was 
scanned at +8 V and 200 pA and then 
imaged again at +2 V. After the scan at +8 
V, no large molecular species were observed. 
Instead, there were many new dark sites in 
the region containing the original molecules 
and some small new bright features, which 
suggests extensive decomposition of the par- 
ent molecules. Fragmentation resulting in 
dark sites was observed frequently. The pres- 
ence of dark sites qualitatively indicates that 
the Si dangling bonds that were initially 
present on the surface have been tied up by 
reactions with the decomposition products. 
Similar dark patches have been observed 
(14) upon thermal decomposition of 
Bl,,Hl,. During the scan at +8 V, each 
atomic site receives a large dose of electrons 
with an effective kinetic energy in the range 
of 4 to 8 eV. Thus it is possible to dissociate 
the parent molecule with one electron and 
con&ue to further dissociate the fragments 
over the duration of the scan. 

We examined the dependence of the var- 
ious fragmentation on the applied 
bias voltage; Fig. 4 shows the net probabil- 
ity for partial or extensive dissociation due 
to a single scan over adsorbed molecules at 
200 pA as a function of bias voltage. Occa- 
sional changes in the topography were ob- 
served for bias voltages as low as +4 V. 
When the voltage was increased to +8 V, 
the probability of inducing dissociation was 
quite high (-80%). A possible mechanism 
of dissociation by high electric fields is not 
likely since the fields in our case are 50.7 
v/% a factor of -5 smaller than would be 
required for field dissociation (27). Also, in 
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C,, Rotation in the Solid State: Dynamics of a 
Faceted Spherical Top 

The rotational dynamics of C,, in the solid state have been investigated with 
carbon-13 nuclear magnetic resonance (13C NMR). The relaxation rate due to 
chemical shift anisotropy (1/9cSA) was precisely measured from the magnetic field 
dependence of TI,  allowing the molecular reorientational correlation time, T, to be 
determined. At 283 kelvin, T = 9.1 picoseconds; with the assumption of diffusional 
reorientation this implies a rotational diffusion constant D = 1.8 x lo1' per second. 
This reorientation time is only three times as long as the calculated T for free rotation 
and is shorter than the value measured for C,, in solution (15.5 picoseconds). Below 
260 kelvin a second phase with a much longer reorientation time was observed, 
consistent with recent reports of an orientational phase transition in solid C,,. In both 
phases T showed Arrhenius behavior, with apparent activation energies of 1.4 and 4.2 
kilocalories per mole for the high-temperature (rotator) and low-temperature (ratchet) 
phases, respectively. The results parallel those found for adarnantane. 

T H E  FACX THAT C6, MOLECULES I N  

the solid state interact only weakly 
leads to interesting dynamical behav- 

ior. Rotational dynamics of molecules in 
condensed phases can be probed with NMR 
spectroscopy. In earlier NMR studies of 
solid C,, (1, 2), it was found that the 
spectrum at ambient temperature consists of 
a relatively narrow line rather than a broad 
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powder pattern, as expected for randomly 
oriented stationary molecules. This sharp 
spectrum implies rapid isotropic molecular 
reorientation. Powder patterns reflect the 
variation in the magnetic shielding of a 
nucleus with molecular orientation (chemi- 
cal shift anisotropy or CSA). Below 100 K 
the reorientation rate slows sufficiently to 
allow determination of the chemical shift 
tensor elements from the shape of the NMR 
line (1). 

The molecular reorientation time T can be 
found from measurements of the spin lattice 
relaxation time, Tl, because for rotating 
molecules, anisotropic shielding leads to 
fluctuating fields proportional to the exter- 

nal magnetic field (B,), with a concomitant 
relaxation rate proportional to B;. The CSA 
relaxation mechanism is expected to domi- 
nate in both liquids and solids at sufficiently 
high fields. A classic T, minimum was ob- 
served at 233 K in the first relaxation mea- 
surements on solid C,,. Interpreting this in 
terms of CSA relaxation yielded a value of T 

= 2.1 ns at this temperature (1). 
More recently, Heiney et al.  ( 3 )  found 

from x-ray studies and calorimetry that solid 
C,, exhibits a phase transition near 249 K 
from a simple cubic structure at low temper- 
atures to a face-centered-cubic (FCC) struc- 
ture. This transition was examined with 
NMR by Tycko et al.  (4 ) ,  who found a break 
in the T, relaxation rate at 260 K. These 
studies suggest that the phase above the 
transition temperature is characterized by 
free rotation or rotational difhion and that 
the phase below the transition is character- 
ized by jump rotational di£fusion between 
symmetry-equivalent orientations. 

In this report we present detailed mea- 
surements of the reorientational correlation 
time T for solid C6, over the temperature 
range 240 to 331 K. The quantity T was 
calculated from the CSA relaxation rate and 
the measured chemical shift tensor elements. 
Because the CSA relaxation rate has a 
unique quadratic dependence on magnetic 
field, measurement of Tl as a function of 
magnetic field allows the CSA contribution 
to be obtained and separated from non-CSA 
(NCSA) relaxation mechanisms. Results 
were obtained both above and below the 
phase transition, which we found at 260 K 
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