
A in height, measured 500 to 1000 A in 
size, and had stable edges that consisted of 
straight segments. Their existence demon- 
strates high effective surface mobility of Ca 
attributable to weak van der wads-inter& 
tion with the substrate. Each protrusion, 

Ordered Overlayers of Cm on GaAs(ll0) Studied shown as a bright feature, represents a C: 
molecule. No internal molecular structure with scanning Tunneling Microscopy was observed, probably because of rotation- 
al freedom, as &~ggestd by Wilson et al. (5). 

Y. Z .  LI, J. C. PATRIN, M. CHANDER, J. H. WEAVER, The average apparent corrugation was -0.8 
L. P. F. CHIBANTE,' R. E. SMALLEY A but it depended on the bias voltage and, 

to a lesser extent, the tunneling current. 
&udies of CCX -layer on G A ( l l O )  with scanning m e l i n g  microscopy Planar second-layer arrays of Cm were also 
show large first monolayer islands that are locally well ordered, structurdy stable, and observed (marked S in Fig. I), as be 
Commensurate with the surface owing to molecule-substrate iXlterad011~. discussed elsewhere (10). STM imaging of 
Within the distorted dose-packed struaure, two distinct adsorption sites were 
identified, one of them beii-elevated because-of stress in the C, konolayer. 

R ECENT BREAKTHROUGHS (1) IN a h  allowed a calibration of the length scale. 
the synthesis of Cm, or budunin- The results of Fig. 1 show that the depo- 
steflerene (Z), have led to studies sition of -0.5 monolayer of C, produced 

of the electronic (3, 4) and structural (5, 6) large monolayer-high islands on the 
properties of this novel form of carbon in GaAs(ll0) s d c e .  These islands were -7 
condensed phase. Using scanning tunneling 
microscopy (STM), Wilson et at. (5) have 
shown mobile hexagonal arrays of mixed 
C, and C ,  that are structurally unstable on 
Au(lll) ,  and these results raise questions 
about interactions with the support. This 
report demonstrates that other surfaces can 
exhibit stronger bonding and that distinct 
growth structures can be stabilized. STM 
results for phase-pure C, on GaAs(ll0) 
reveal large stable monolayer islands derived 
h m  distorted dose-packed arrays, with dis- 
tinct bonding sites. w e  show "ariations in 
molecular height that are due to different 
GaAs(ll0) surface sites. 

The fulierenes were formed by the contact 
arc method (7, 8), with subsequent separa- 
tion by solution with toluene. Phase-pure 1 , d 
C, was obtained by a liquid chromat&a- Fig. I. A 380 x 380 A2 SIU image for -0.5 
phy pmess on alumina diluted with mix- monolayer of C, grown on GaAs(ll0). Areas . . .  

ofhexanes. ne resulting C, was then marked-GaAs, F,&d S correspond to the GaAs 

sublimed in the ultrahigh vacuum STM substrate, the first monolayer of Cm and the 
second monolayer of C,, respectively. The GaAs 

chanber onto substrates held at 300 K. The substrate orientations are indicated in Fie. 2c. 
pressure remained below 1 x torr Protrusions in the first C, monolayer repkent 
during growth and quickly recovered to 6 x individual Cm ~ ~ k d e s  and appear as bright 

lo-" torr when the source was cooled. The features. 

amount of material deposited was measured 
with a quartz crystal thickness monitor and 
was corybirmed by STM images. Atomically 
ordered GaAs(ll0) surfaces were prepared 
by cleaving in situ. STM topographs of the 
occupied and unoccupied states for 
GaAs(ll0) allowed unambiguous determi- 
nation of the surface orientation (9). They 

Y. Z. Li, J. C. Panin, M. Chandcr, J. H. Weaver, 
Depamnent of Materials Science and Chemical E 
nming, University of Minnesota, Minneapolis, % 
55455 -- 
L. P. F. Chibante and R E. Smalley, Rice Quantum 
Institute and Departments of Chewtry and Physics, 
Rice University, Houston, TX 77251. 

~ i g .  2. (a) 110 x 110 A2 and (b) 72 x 72 A2 
SIU topographs of the first monolayer C,. (a) 
depicts two domain types in the molecular layer 
corresponding to a pure A-site domain (upper 
portion) and a mixed A- and B-site domain 
(lower). (c) presents a model of the overlayer 
growth structure on GaAs(ll0). Sites A and B in 
(a) are represented by open and shaded circles. 
B-site rows in (a) are formed by displacing A-type 
molecules along the substrate [TlT] direction. 
Such rows can also be formed b displacing 
A-olp~ molecules along substrate [I&] direction, 
as shown on the bottom part of a curvature- 
enhanced STM image (b). The intermolecular 
distances indicated in (c) are d, = 9.8 A and d2 = 
11.3 A. 
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occupied and unoccupied states of C,, re- 
vealed no discernible differences in the 
monolayer structure. For these studies, the 
sample bias voltages were k(1.7 to 3.0) V 
and typical tunneling currents were 0.5 to 
1.2 n*; images shown here for the occupied 
states were acquired at 1.8 to 2.2 V. 

The higher resolution gray-scale STM to- 
pograph of Fig. 2a shows that C,, mole- 
cules form ordered arrays within large 
monolayer islands on GaAs(ll0). Despite 
the close-packed appearance, the ordered 
structure in this image does not have a 
hexagonal symmetry. Instead linear molecu- 
lar arrays run along a direction that corre- 
sponds to the [TIT] direction of the sub- 
strate. The spacing between molecules in 
this direction is 9.8 if. Figure 2b represents 
an image for this same surface in which linear 
arrays were aligned along the [ l n ]  direction 
of the substrate. Figure 2, a and b, also shows 
that the C,, molecules are bonded at different 
sites of the substrate, as reflected by different 
brightness. Lines of higher (brighter and 
larger) molecules, marked as B, along the 
above-mentioned directions are sandwiched 
between regular ones (marked A). 

~imultaieous imaging of C,, islands and 
the adjacent substrate made it possible to 
determine the bonding sites of the overlayer. 
Figure 2c depicts the observed structure of 
C,, on GaAs(ll0). Two different sites, la- 
beled A and B, correspond to open and 
shaded circles. The A sites, located above Ga 
atoms and centered on four As atoms, cor- 
respond to the darker molecules of Fig. 2a. 
They are -0.8 A lower than B sites that are 
centered on four Ga atoms. The difference in 
height reflects the intrinsic relaxation of the 
GaAs(ll0) substrate itself; that is, the out- 
ward shift of As relative to Ga as the bond 
rotates -29" while retaining its bulk bond 
length (9). The upper part of Fig. 2a shows 
a single domain of A-type character with a 
c(4 x 2) structure with;espect to the sub- 
strate. In this case, nearest neighbors of C,, 
along [TIT] or [ I n ]  have a separation of 
9.8 A, and those along [OOl] have a separa- 
tion of 11.3 if. In contrast, the l ~ w e r - ~ o r -  
tion of Fig. 2a reveals a domain with a 
mixture o f ~ - t y ~ e  and B-type rows, where 
B-type rows can be seep as a displacement of 
A-type rows by 2.4 A along the substrate 
[TIT] direction. Such B-type rows can also 
be formed by displacing A-type molecules 
along [ I n ] ,  as shown in Fig. 2b. The 
surface lattice structure of GaAs(llO), 
shown in Fig. 2c, determines that such 
displacement can only produce the two con- 
figurations of A-B-A rows depicted in Fig. 
2, a and b. Extended B-type domains were 
not observed. 

These STM results demonstrate that C,, 
growth structures are determined by a bal- 

ance between molecule-substrate and inter- A-sites and B-sites introduce movement out 
molecular interactions. A-type domains, dic- of the plane, pushing B-site molecules up- 
tated by registry with the substrate, have a 
tompressed nearest neighbor distance of 9.8 
A, compared to 10.02 A (1) or 10.04 if (11) 
determined for closed-packed C,,. A re- 
markable molecule-substrate interaction is 
revealed by the facts that pure A-type do- 
mains exist in an extended area and that 
both A- and B-sites are essentially commen- 
surate with the GaAs(ll0) substrate. 
Whereas previous studies of C,, on 
Au(l l1)  showed structural instability (S), 
our results for GaAs(ll0) show much stron- 
ger interaction, with two favored sites. The 
stability of the C,, monolayer on 
GaAs(ll0) and its instability on Au(l l1)  
are most likely determined by the strength of 
molecule-substrate interactions. On the oth- 
er hand, intermolecular interactions produce 
large monolayer islands that force molecules 
upward to B-type sites. Mixed domains with 

ward, and release stress in pure A-site do- 
mains. 
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The Higher Fullerenes: Isolation and Characterization 
of C76, Cs4, C90, C94, and C7@, an Oxide of D5h-C70 
FRANCOIS DIEDERICH," ROLAND ETTL, YVES RUBIN, 
ROBERT L. WHETTEN, RAINER BECK, MARCOS ALVAREZ, SAMIR ANz, 
DILIP SENSHARMA, FRED WUDL, KISHAN C. KHEMANI, ANDREW KOCH 

The toluene extract of the fluffy carbon material produced by resistive heating of 
graphite contains a variety of molecules larger than C,, and C,, in a total amount of 
3 t o  4% by weight. Repeated chromatography of this material on  neutral alumina has 
led t o  the isolation of stable solid samples.of C7,, Cs4, C,,, and C,,. The character- 
ization, which includes mass spectrometry, 13C nuclear magnetic resonance, electronic 
absorption (ultraviolet/visible) and vibrational (infrared) spectroscopy identifies these 
all-carbon molecules as higher Merenes.  I n  addition, C,,O, a stable oxide, has been 
isolated that is structurally and electronically closely related to  D,,-C,,. This com- 
pound forms during the resistive heating process and probably has an oxygen atom 
inserted between two carbon atoms on  the convex external surface of the C,, skeleton. 

I N A SURPRISING DEVELOPMENT, 

Kratschmer and Huffman et al. (1) re- 
ported in 1990 the isolation of 

macroscopic quantities of the highly stable 
icosaliedral-cage molecule C,, (buckminster- 
fullerene, soccer ball) (2). This new allotro- 
pic form of carbon is obtained from the 
benzene-soluble fraction of a flu@ soot-like 
material produced through resistive heating 
of graphite under inert atmosphere. In ad- 

dition to C,,, the soluble extract contains 
C, in C,,:C,, ratios between 75:25 and 
85:15 (3, 4). The two molecules, which are 
members of a homologous series of hollow 
closed-cage molecules, the fullerenes (Z), are 
separable by sublimation (S),%gh.pressure 
liquid chromatography (HPLC) (6,- T), or 
liquid gravity chromatography (LC)' on alu- 
mina (3, 4, 8 ) .  The predicted (2) icosahedral 
symmetry (point group I,) of C,, has been 
supported by comparison of infrared (IR) 
and Raman soectra with theoretical oredic- 

F. Diederich, R. Ettl, Y. Rubin, R. L. Whetten, R. Beck, tions (1, 5 ) ,  hy 1 3 ~  magnet{c reso- 
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Los ~ n ~ e l e s ,  CA 900241569. 
F. Wudl, K. C. Khemani, A. Koch, Institute for Poly- 

tunneling microscopy (STM) (10j. The 13C 
mers and Organic Solids, Department of Physics and NMR data support an ellipsoidal cage shape 
Chemistry, University of California, Santa Barbara, CA (point group D,,) for C,, (3, 4, 8, 11). The 
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photophysical (12) and material properties 
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