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'oThe formula in Fig. 14 of H. J. Andra, in Beam I'0Q
Spectroscopy, edited. by I. A. Sellin and D. J. Pegg
(Plenum, New York, 1975), Vol. 2, p. 835 applies to
the present case of the final Jf differing from the ini-
tial state J if Jo 'in the first 6j symbol is replaced by
Jf (checked by H. J. Andra, private communication).
See also Ref. 1.

' No beats are predicted for linearly polarized D&

broadband nonsaturatirg excitation in spontaneous fluo-
rescence. In SF we observed the 400-MHz beats for
linearly polarized saturating excitation.
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We illustrate the usefulness of the extended x-ray absorption fine-structure effect for
determining the chemical state, structure, and location of adsorbed species by a study
of 0.2 monolayers of bromine adsorbed on graphite at room temperature. Bromine ad-
sorbs as molecules with one atom fixed above the basal-plane hexagonal site while the
molecular axis is free to flop around.

In this Letter, we illustrate the power of the
extended x-ray absorption fine structure (EXAFS)
technique' ' for determining the atomic structure
and location of adsorbed species by studying bro-
mine adsorbed on graphite. ' The capabilities of
EXAFS that make it particularly suited for ad-
sorption studies are the following: (a) measure-
ment of the short-range order around a particu-
lar species of atom in both periodic and nonperi-
odic arrangements: (b) discrimination between
types of surrounding atoms; (c) distinction be-
tween distances parallel and perpendicular to the
surface by use of polarized x rays; (d) measure-
ment of the variation about its average value of a
given bond distance through a Debye-%aller ef-
fect; (e) determination of the chemical state of

the atom by edge shift and near-edge structure;
and (f) relatively simple interpretation of EXAFS,
since multiple scattering effects are precisely
zero in a Fourier analysis of the first-neighbor
shell and usually negligible for the next few
shells. "'

We find EXAFS to be an extremely useful com-
plement to low-energy electron diffraction (LEED)
and other scattering techniques that probe long-
and intermediate-range positional order of mono-
layer films. On suitable systems, EXAFS can de-
termine positions and orientations of adsorbate
molecules with respect to neighboring molecules
of both the adsorbate and surface atoms. As ini-
tial test system we chose Br, on graphite, which
was studied by Lander and Morrison using LEED.'
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We find several new features of relevance to this
and other similar systems. The EXAFS pattern
shows that the adsorbed bromine is definitely
Br„although the molecular bond length is prob-
ably slightly less than that in Br, vapor. At room
temperature and low coverage, the Br, is ad-
sorbed with one Br atom localized above the cen-
ter of a basal-plane hexagonal site. The molec-
ular axis is randomly oriented with respect to
the substrate plane, suggesting a novel mode of
hindered libration. The measur ements suggest
that the carbon bonds in the neighborhood of an
adsorbed Br, are perceptibly stretched, causing
the top graphite plane to be dimpled locally.

For simple measurement of the EXAFS above
the K edge of bromine by absorption, the graph-
ite substrate used was Grafoil, which has a large
surface area of 22 m'/g. '" With this substrate,
the x-ray absorption in the vicinity of the bro-
mine K edge can be dominated by the bromine
even when it constitutes only a small fraction of
a monolayer. Grafoil is an exfoliated conglom-
erate of small graphite crystallites in a preferred
common orientation. The adsorbing surfaces are
essentially pure basal-plane graphite facets; and

many studies show Grafoil to be a very uniform
adsorbent. 50% of the surface area is due to ran-
domly oriented crystallites, while the remaining
area is on crystallites with basal planes parallel
to the macroscopic sheet surface with an rms de-
viation of 15 .

The sample consisted of 0.2 monolayer of Br,
on the surface of 10 g of Grafoil. The Grafoil
formed a 1-in. cube of parallel sheets in a Cu ab-
sorption cell fitted with Mylar windows for pas-
sage of x rays. The Grafoil was cleaned by heat-
ing in high vacuum and subsequently guarded in
purified He atmosphere a technique shown to
produce uniform and reproducible surfaces. The
bromine was introduced by placing a drop of liq-
uid Br, into the cell; and then the cell was sealed
with an In 0-ring gasket. This method of dosing
may have caused some local intercalation of Br„
although we have no evidence that this occurred
in the portion of the sample in the path of the x
rays. The coverage of 0.2 monolayers was de-
termined directly from the magnitude of the ab-
sorption step at the bromine K edge.

The x-ray measurements were made at the
Stanford Synchrotron Radiation Project (SSRP)
EXAFS facility. " Measurements were made at
room temperature with the x-ray polarization
parallel and perpendicular to the Grafoil planes
by rotating about the vertical axis. Such a pair

of measurements permits discrimination of the
atom spacings perpendicular and parallel to the
surface. The x radiation at SSRI' is almost com-
pletely polarized in a horizontal plane. For po-
larization parallel to the Grafoil surface, the
sensitivity of EXAFS to scattering from a given
atom varies as sin'0, where 0 is the angle be-
tween the surface normal and the line between
the absorbing and scattering atoms. The atoms
in a plane parallel to the surface and passing
through the absorbing atom give the largest con-
tribution, while those along a line normal to the
surface give no contributions.

For polarization normal to the surface the sen-
sitivity of EXAFS to scattering from a given
atom varies as cos'0. In this polarization, atoms
in a line normal to the surface are emphasized
while atoms in the same plane as the absorbing
atom parallel to the Grafoil planes are not detect-
ed.

Figure 1(a) shows the bromine K-edge absorp-
tion coefficient p, measured for Br, on Grafoil,
with polarization normal to the surface. The
background was subtracted off, showing only the
contributions from the bromine K edge normal-
ized to a step of magnitude one. On this scale
there is no striking difference in the measured p,

for polarization parallel to the planes.
Figure 1(b) illustrates the absorption for gas-

eous Br,." The most striking difference is the
large sharp peak just below the edge, which is
caused by transitions to the unfilled 4p states
One might be tempted to associate the peak at the
edge in Fig. 1(a) with the 4p peak in Fig. 1(b).
However, the inset in Fig. 1(a), which gives an
expanded energy scale of the bromine edge for
polarization normal to the surface, shows that
such an association is not valid. The "pip" at the
onset of the edge corresponds to the 4p transi-
tion. The interaction with the surface has made
this transition less promenent. The location of
this "pip" is shown by the arrow in Fig. 1(a) and
corresponds to the peak at the arrow in Fig. 1(b).

Measurements on various carbon-containing
compounds have shown that scattering from car-
bon atoms gives a characteristic EXAFS similar
to the first few prominent oscillations in Fig. 1(a.)—a rapidly decaying oscillation as the energy is
increased past the edge. Scattering from bro-
mine, as an analysis of Fig. 1(b) shows, gives
oscillations extending to much higher energies
and with an envelope peaking at about 150 eV.
Figure 1(c) shows an expanded version of the
EXAFS oscillation where the abscissa has been
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FIG. 3. Illustrating the location and configuration of
Br& adsorbed on graphite. The circles are carbon
atoms and the ellipses are the various positions of the
Br2 molecule as it flops around as indicated by the ar-
rows.

graphite surface.
In conclusion, we have illustrated the capabil-

ity of EXAFS to supplement the more established
techniques in characterizing substrates and films.
EXAFS can completely define the configuration of
the lattice-gas phase of Br, on graphite at room
temperature. Future usefulness of EXAFS to
surface studies can be broadened by detection
schemes that emphasize the adsorbate, such as
detection of Auger electrons. "'

The invaluable help of the staff at the Stanford
Synchrotron Radiation Project in making the
EXAFS measurements is most gratefully acknowl-
edged. Thanks are also due Dr. B. Kincaid for
sending his data on Br, reported in Ref. 12.

the bulk value of 1.42 A. The discrepancy is
barely significant, but it suggests some expansion
of the substrate C-C bond around the adsorption
site. Improved data will permit a more reliable
answer to this question.

The average Br-Br bond length in the adsorbed
molecule is 2.25+ 0.03 A with the polarization
normal to the surface and 2.22+ 0.03 A with par-
allel polarization. These are compared with the
gaseous molecule distance of 2.283 A. The Debye-
Waller factor indicates that the atoms have a
larger amplitude of motion relative to one anoth-
er when adsorbed than they do in the vapor. The
square of the amplitudes of the relative motion
increases by 0.0025 and 0.0053 A' for polariza-
tions normal and parallel to the graphite basal
plane, respectively, with an uncertainty of 0.0015
A2

By comparison, I EED measurements detect
four different phases as the vapor pressure and
temperature are varied. ' In the low-coverage
lattice-gas phase, the Bragg spots of the graph-
ite substrate are surrounded by a peculiar type
of halo. The intensity of the halo is constant with-
in its boundaries, and its extend in reciprocal
space corresponds to a spatial length of 17 A. It
was concluded that the bromine is localized on
sites because the halos are associated with each
spot, but all other conclusions were speculative
since there was no quantitative explanation of the
intensity distribution. In fact, the EXAFS result
shows that the speculation that the bromine ad-
sorbs as atoms is wrong. The origin of the halos,
which I ander and Morrison speculated as due to
strong distortions of the electronic environment,
now seems to be caused by local dimpling of the
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