number of high-stress-drop events that oc-
cur on their edges.

Based on our analysis of source parame-
ters, two types of microearthquakes appear
to be taking place around the aseismic
zones. The most common type is a back-
ground seismicity of uniformly distributed
low-stress-drop (<1 bar) events. Less com-
mon are higher-stress-drop (1 to 10 bars)
events, which tend to cluster around the
asperities. Perhaps these less common events
represent the transition between weak and
strong parts of the fault zone.

We propose that this character of the
microearthquakes is related to the locking
up of the San. Andreas fault in this region.
Our proposal comes from the observation
that as events from the creeping fault section
northwest of the network are progressively
eliminated, the departure from b = —1 is
progressively larger (Fig. 4). In our model,
slip at any point on the fault is a combina-
tion of earthquake ruptures and creep, the
relative proportion of which might account
for the relative numbers of small and large
microearthquakes. Perhaps at locations
where the fault is strong for longer times
and distances, such as at the Parkfield asper-
ities, small displacements are mostly ex-
pressed as creep events over large planes. At
locations where the fault is easily broken at
shorter distance and time scales, small mi-
croearthquakes can take place as well as
creep, as seems to be happening to the north
of Parkfield.

The DDSN catalogue of microseismicity
provides a baseline that can be used in
monitoring the earthquake process at Park-
field. The evolution of the aseismic zones
and high-stress-drop events may provide
clues to the mechanics of moderate earth-
quakes. Likewise, changes in the propor-
tions of smaller microearthquakes, larger
microearthquakes, and fault creep may indi-
cate what time- and length-scale factors are
controlling slip on this part of the San
Andreas fault.
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Long-Range Electronic Perturbations Caused by
Defects Using Scanning Tunneling Microscopy

H. A. Mi1zgs AND J. S. FOSTER

Real-space observations of long-range electronic perturbations caused by defects have
been made with scanning tunneling microscopy. The defects are isolated adsorbed
molecules on the surface of graphite. These defects perturb the charge density, giving
periodic oscillations similar to Friedel oscillations. The oscillations have a wavelength
V/3 times that of the graphite lattice, and the symmetry of the oscillations reflects the

nature of the defect.

HE SCANNING TUNNELING MICRO-

scope (STM), an important tool for

characterizing solid surfaces with
atomic resolution, has recently been used to
manipulate and subsequently to observe
these surfaces (1-7). In this report, we de-
scribe and explain peculiarities of the graph-
ite surface that are associated with isolated
adsorbed molecules (8). Frequently, these
adsorbed molecules strongly perturb the
surface electronic charge density, giving rise
to periodic oscillations that emanate from
the defect. These oscillations have the same
physical origin as Friedel oscillations, the
ripples in the charge density that surround
point defects in metals. The images we
present here are real-space observations of
these oscillations. The oscillations are strik-
ingly apparent in an STM topograph and
modulate the graphite lattice with a V3 x
/3 period. We describe the physical origin
of this so-called superlattice in graphite and
then show how from the symmetry of the
superlattice one can determine the symmetry
of the defect itself.

Figure 1 shows two examples of a super-
lattice effect associated with adsorbed mole-
cules. Figure la shows the STM topograph
that was obtained after adsorption had been
induced by exposure of the graphite to
ozone and ultraviolet radiation. In Fig. 1b,
the adsorption of a molecular fragment of
di(2-ethylhexyl)phthalate was induced by
the application of a large voltage pulse to the
tip while it was immersed in this liquid (8).
Both molecules appear as bright spots in the
STM topographs, indicating that there is an
increased tunneling current when the tip is
positioned over the molecule. Far from the
adsorbed molecule, the graphite regains its
typical hexagonal pattern (9). An additional
feature, the superlattice, is seen frequently in
the intermediate region. It appears that in
this region the graphite has undergone a
V3 % V3 reconstruction. The geometry of
this reconstruction depends on the polar
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Fig. 1. (a) STM image of
graphite after it has been
exposed to ozone and ultra-
violet radiation. The surface
shows a low density of such
defects, many of which con-
tain a superlattice. We ob-
uained the image by scan-
ning the tp laterally over
the surface while the feed-
back maintained an approxi-
mately constant tip-surface
spacing with a bandwidth
just less than the scanning
frequency. The brighter ar-
eas correspond to regions of
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increased tunneling current. The shadowing effect is an clectronic artifact related to the way in which
the data are acquired. The six apparent dgraphitc atoms surrounding a central atom are indicated by the

hexagon in the top left of the figure, an:

six superlattice atoms surrounding

a central atom are indicated

by the hexagon near the center of the figure. (b) STM image of a di(2-ethylhexyl)phthalate molecule
pinned to the surface of graphite by a 3.7-V pulse to the tunneling tip. '

angle about the defect. We believe that the
superlattice is neither the result of a physical
movement of the atoms, nor an artifact of
the tip, but is instead due to a change in the
electron density at the Fermi energy. The
superlattice is associated with various other
defects, including grain boundaries and
holes in the surface, and has been observed
in other laboratories (10-12).

The physical reason for the appearance of
the superlattice can be illustrated by a linear
chain of atoms, with one valence electron
per atom. We use a tight-binding basis to
express the wave function. When the atoms
are coupled, a half-filled band will form. An
STM tip scanning over this chain monitors
the Fermi-level charge density at the posi-
~ tion of the tip (13). There are only two wave
functions at the Fermi energy. Each has a
wave vector of k = + /2d, or a wavelength
of 4d, where d is the interatomic distance.
Two independent linear combinations of
these wave functions can be taken, one
symmetric and one antisymmetric, about an
arbitrary origin. Because the wave functions
have a wavelength of 4d, they will have
nodes on every other atom. To be more
specific, we can choose the origin at the
position of an even atom. The contribution
to the symmetric wave function occurs from
only the even atoms, and the contribution to
the antisymmetric wave function occurs
from only the odd atoms. The charge densi-
ty at the Fermi level, given by the sum of the
squares of these two wave functions, will be
equal over each atom (as the charge density
must, because it must have the periodicity of
the lattice).

Now let us suppose that this linear chain
is perturbed locally, by, for example, a sub-
stitutional impurity or a bond made be-
tween an adsorbed atom and a chain atom.
This localized perturbation can only cause a
phase shift in the one-dimensional wave
functions (14). For a delta-function pertur-
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bation at the origin (which in tight-binding
theory is realized by perturbing just a single
matrix element), the antisymmetric solution
is not perturbed, because the magnitude of
the wave function is zero at the origin, and
there is no coupling to the perturbation. On
the other hand, the symmetric wave func-
tion is perturbed. For a general perturba-
tion, the phase shifts to the symmetric and
antisymmetric wave functions will be differ-
ent. If only the symmetric wave function
experiences a phase shift, the wave function
will be distributed now over both the even
and odd atoms, whereas the antisymmetric
wave function will still be concentrated on
only the odd atoms. The perturbed charge
density then will differ between odd and
cven atoms. This will appear as a superlattice
superimposed on the atoms. For this one-
dimensional case, the superlattice is twice
the wavelength of the lattice, because the
band is half-filled, and thus the Fermi wave
vector is half the width of the Brillouin
zone.

We now extend our one-dimensional ar-
gument to the two-dimensional graphite
monolayer. This monolayer is arranged in a
honeycomb lattice, and its corresponding
Brillouin zone is a regular hexagon. For the
monolayer, the Fermi surface collapses to
points at the corners of the Brillouin zone
(15). The layers in the full crystal are stag-
gered, so that the monolayer has two in-
equivalent atoms—an A atom that is above
an atom in the layer below and a B atom that
is above a hollow in the layer below. The
effect of the lower layers is to shift wave
functions concentrated on the A atoms away
from the Fermi energy, and therefore these
atoms are not seen with the STM (9, 16).
The two wave functions remaining at the
Fermi energy are concentrated on the B
atoms and can be expressed as a symmetric
and antisymmetric linear combination of the
wave vectors oriented toward the corners of

Fig. 2. Computer simulation of an STM image
due to a single point defect gencrated as described
in the text. The gray level intensity corresponds to
the tunneling current for a tip scanning at a
constant height. The scales in this figure and in
Fig. 3 differ from that in Fig. 1 to emphasize the
extent of the superlattice.

the hexagonal Brillouin zone.

We choose the origin of the graphite
lattice to be a B atom. Both the symmetric
and antisymmetric solutions at the Fermi
energy are concentrated on the B atoms.
Therefore, if a single bond is made to the A
atom, we do not expect to see any long-
range perturbations in the STM image.

The magnitude of the graphite Fermi wave
vector is kg = 4mw/3V/3d, where d is the near-
est neighbor separation. This gives rise to
Bloch waves, oriented toward the corners of a
hexagon, with a wavelength 3V34d/2, and
thus a wave function that repeats every sixth
atom. Because of translational symmetry, the
sum of the squares of the symmetric and
antisymmetric wave functions must give rise
to a charge density that is equal on every B
atom.

The effect of a localized perturbation in
one dimension is to shift the phase of the
symmetric solution. In two dimensions the
effect is to add a standing scattered wave to
the symmetric solution. The antisymmetric
solution remains unperturbed, because it has
a zero amplitude at the origin. The sum of
the squares of these two wave functions no
longer has the amplitude distribution over
the atoms so as to make all the B atoms
equivalent. One therefore sees a lattice with
only every third B atom similar, as in the
images of Fig. 1. Because the perturbation
in the symmetric wave function decays with
distance from the scattering center, so
should the superlattice. In addition, because
a scattered wave decays as a power rather
than exponentially, the long-range nature of
the superlattice is explained. We have veri-
fied a power law decay by determining the
strength of the superlattice as a function of
the distance from the scattering center.
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Multiple atomic tips appear frequently
when graphite and other materials are being
imaged; these multiple tips have been used
to successfully explain the loss of threefold
symmetry (17) and the moiré patterns ob-
served on the graphite surface (11). The
supetlattice is not an artifact due to multiple
tips but is a property of the surface electron-
ic structure. Multiple tips can alter the phase
and add Fourier components of the same
magnitude but can never introduce the
smaller magnitude Fourier components of
the superlattice.

We have quantitatively solved for the
wave functions at the Fermi energy for a
bond to a single B atom, using a tight-
binding model for the carbon atom orbitals
and nearest neighbor interactions (18). We
solve exactly for the non—self-consistent per-
turbed coefficients, using the Green func-
tion for the honeycomb lattice (19) and the
method described by Economou (20). We
simulate a constant-height STM image by
summing the carbon p, orbitals, using Har-
rison’s carbon term value to calculate the
decay exponent (21) (Fig. 2). The geometry
of the superlattice varies as a function of
polar angle around the defect and reflects
the threefold symmetry of the graphite
monolayer about the defect. In some direc-
tions the defect’s effect is to increase the
apparent height of every third atom, where-
as in other directions it causes a superperio-
dic distortion of the atoms. This modulation
is due to the modified electronic structure
caused by the defect and is not due to any
reconstruction of the atomic positions.

The experimental images do not show the
threefold symmetry, evident in the simula-
tion, that is required for a single defect. We
have not yet determined the conditions that
cause a single atom to adsorb to a graphite
surface and thus have not observed the
isotropic decay. However, we can explain
the anisotropic decay by theoretically con-
sidering multiple defects. Multiple defects,
which in tight-binding theory may be mod-
eled by coupling multiple adsorbed atoms to
surface atoms, can break the threefold sym-
metry of the lattice. The method of solution
of tight-binding wave functions at the Fermi
energy for multiple defects in a graphite
monolayer is similar to that for the single
defect. One can postulate any arrangement
of adsorbates and then calculate a theoretical
STM image. Four adsorbate arrangements
are shown in Fig. 3. The sites to which
coupling is made are indicated by the large
dots atop the graphite honeycomb lattice.
The strength of the coupling is equal for all
bonds shown in the figure. Changing the
strength of these couplings would, in gener-
al, change the nature of the image.

The nature of the superlattice varies as a
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function of the polar angle in a different way
in each of the four images. In Fig. 3, a
through c, the defects break the threefold
rotational symmetry of the graphite lattice,
leaving only the symmetry of reflection
through a single axis. The superlattice also
loses the threefold symmetry of Fig. 2 and
now shows only this reflection symmetry
about a single axis. In Fig. 3d, the coupling
to the surface is made so that the threefold
symmetry is maintained. These images give
us the first hint on the identification of the
adsorbates—the superlattice should reflect
the symmetry of the adsorbate.

Figure 3d corresponds to the three cou-
plings that three of the carbon atoms of the
benzene molecule may make to the graphite
surface. There is no superlattice associated
with the image, because the scattered wave
emanating from each site will differ in phase
by 2m/3 over any atom and far from the
impurity will sum to zero. Because the phe-
nyl group is a major constituent of organ-
ic molecules, this provides a second hint
on identifying adsorbates—no superlattice
should be apparent around phenyl groups.
A single atom adsorbed in the center of a
hexagon will cause a similar cancellation in

‘PR E o B F_F F-

Fig. 3. Computer simu-
lation of STM images (a
through d) due to multi-
ple point defects for four
adsorbate arrangements.
The bonding configura-
tion is shown below each
image. The symmetry of c
the superlattice reflects

the symmetry of the

bonding.

scattering and also will not give rise to a
superlattice. Our experimental images give
rise to more complicated interference pat-
terns than what arises from theory, presum-
ably because we are observing the results of
many bonds to the surface. For smaller
adsorbates, we expect the experimental im-

" ages to more closely resemble Figs. 2 and 3.

One last point we wish to discuss is the
relation between the superlattice and Friedel
oscillations. Friedel oscillations are oscilla-
tions in the electron charge density that
decay away from point defects in metals.
They arise from the sharp cutoff in the
Fermi surface at kr. They must be invoked
to explain such diverse phenomena as nucle-
ar magnetic resonance signal intensities (22),
the attraction of adatoms on a surface (23),
and the pinning of one-dimensional charge
density waves (24). The superlattice effect
occurs because of the requirement that elec-
trons must tunnel from filled states to empty
states. The current thus monitors only wave
functions in a narrow energy window, that
is, wave functions that have not only an
upper cutoff but also a lower cutoff. These
sharp cutoffs give rise to oscillations in an
analogous manner.
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Detection of Cs in the Circumstellar Shell of

IRC+10216

PEeTER F. BERNATH, KENNETH H. HINKLE, JOHN J. KEADY

The Cs molecule has been identified in the infrared spectrum of the prototypical
obscured carbon star, IRC+10216. In addition to their astrophysical importance,
pure carbon chain molecules such as C; are of interest in the chemistry of flames and

propellants.

URE CARBON MOLECULES ARE CUR-
P rently under intense experimental and

theoretical scrutiny. A large number
of geometrical structures are possible for C,
molecules, including chains, rings, and
sheets, as well as spheroidal fullerenes (1, 2)
such as Cgo. These molecules are believed to
play an important role in the formation of
soot in flames (1, 2). In astrophysics, they
may be both the building blocks and photo-
fragments of carbonaceous materials.

Recently we detected the C; molecule in
the high-resolution circumstellar absorption
spectrum of a carbon star, IRC+10216 (3).
The C; absorption features were very sharp
(<0.014 cm™!' wide, full width at half-
maximum) and remarkably strong (almost
50% absorbing). Inspired by these results,
we searched for the “next” member of the
carbon chain series, Cs.

We skipped searching for C4 in favor of
Cs for a variety of reasons: (i) Cs is predict-
ed to be linear and symmetric with a closed-
shell X'3, electronic ground state similar to
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the C; molecule (4-8); (ii) the C4 molecule
is known to be less abundant than Cs (9, 10)
in high-temperature carbon vapors (al-
though this is not necessarily the case in a
circumstellar shell); and (iii) the previous
infrared spectrum of C4 (11) recorded near
2164 cm ™! in inert gas matrices was recently
reassigned to Cs (12).

The Cs molecule has no dipole moment
and thus cannot be monitored by pure
rotational microwave spectroscopy. The op-
tical spectrum of Cs is not known with any
degree of confidence, although some pub-
lished experimental (13) and theoretical (7)
suggestions are available.

The infrared vibration-rotation transi-
tions are ideal for the detection of Cs. Of the
seven vibrational modes of Cs, v3 (o, sym-
metry) near 2164 cm ™! (12) is predicted to
have the largest transition dipole moment
(0.48 D) (8). The v mode of Cs is an
“antisymmetric stretching mode” similar to
v3 (03) of C3 near 2040 cm™! (3). The v;
mode of C; is also predicted to have a
remarkably strong transition dipole moment
of 0.44 D (14).

_ Our search for the high-resolution vibra-
tion-rotation spectrum of Cs was successful.
Guided by our preliminary results, Cs has
been detected in the laboratory by two
reseach groups. Our astronomical measure-

ments are in excellent agreement (15, 16)
with the subsequent laboratory measure-
ments.

On 17 January 1989, spectra of the proto-
typical obscured carbon star IRC+10216
and the moon were observed with an unapo-
dized resolution of 0.010 cm™! (1.4 km s ™!,
full width at half-maximum) by means of the
Kitt Peak National Observatory 4-meter
telescope and the Fourier transform spec-
trometer located at the coudé focus (17).
The 218-min integration on IRC+10216
resulted in a peak signal-to-noise (1 SD)
ratio of 360. The spectrum was limited to
2115 t0 2195 cm ™! by a cold blocking filter.
The moon, which is an intrinsically feature-
less source in the 2100 to 2200 cm™' re-
gion, was observed at the same air mass as
IRC+10216. We used the ratio of the lunar
spectrum, which had a peak signal-to-noise
ratio of 460, to the IRC+10216 spectrum
to remove the telluric spectrum.

The observed 2170-cm ™" line positions of
Cs needed to be corrected for the Doppler
shift caused by the motion of the circumstel-
lar shell relative to the Fourier transform
spectrometer. To do this we assumed, in
analogy to other molecules observed in the
infrared with similar line shape and excita-
tion temperature (see below), that the lines
exist in the circumstellar shell at the terminal
expansion velocity, —14 km s, relative to
the center of mass (18). We used this veloci-
ty and corrected for a local standard-of-rest
velocity of —26 km s™!' for IRC+10216
(19) and for the earth’s velocity at the time
of observation to measure the frequencies.
Telluric ozone lines (20) were used to obtain
the frequency zero point.

In the spectrum (Fig. 1), a series of six

Table 1. Line positions of Cs observed in the 4.6-

wm spectrum of IRC+10216.
Frequen Central
Line 4d -1 Y depth*

m ™ (%)
P28)t 2164.347 19
P(26) 2164.733 2.1
P(20) 2165.870 2.3
P(18) 2166.241 23
P(16) 2166.612 2.4
P(14) 2166.977 2.9
P(12) 2167.339 3.9
P(10) 2167.699 2.4
P(8) 2168.052 3.1
R(6) 2170.613 8
R(14) 2171.901 3.5
R(16) 2172.214 3.6
R(18)t 2172.525 3.6
R(22)t 2173.135 3.7
R(24) 2173.433 3.2
R(26) 2173.731 2.8

*The Cs lines are underresolved, so the linewidths (full
width at half-maximum) of 0.010 cm ™! are determined
by the instrumental resolution. tSlightly blended
lines with higher uncertainties.
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