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Low-energy-electron-diffraction intensity-energy spectra obtained from the (0001) face of gra-
phite have been compared to dynamical-scattering calculations for models of a reconstructed and
unreconstructed surface. Agreement is found via r-factor analysis for the model assuming the
bulk layer stacking sequence (ABAB . .. ) at the surface and a top carbon layer contraction of
0.05 A (1.5% of the bulk value) and a surface nearly devoid of monatomic steps.

I. INTRODUCTION

Graphite is a highly anisotropic crystal in terms of
its structural and electronic properties. With respect
to its structural properties, it has been widely used as
a substrate for studying phase transitions of physi-
sorbed gases!™ and also as an ideal host lattice for
studying the quasi-two-dimensional behavior in inter-
calation compounds.*® The two-dimensional (2D)
structure of the clean graphite (0001) surface, how-
ever, has not been studied in detail. Past surface
studies of graphite consist primarily of dated work
concerned with the compilation of low-energy-
electron-diffraction (LEED) I-V data for the (00) re-
flected beam’-® and some work on pyrographite.’
The lack of meaningful LEED analyses at that time
prevented complete structural determination for the
graphite (0001) surface. However, over the past de-
cade, significant advances have been made in surface
crystallography by LEED allowing for the complete
analysis of surface structures. In light of this, and of
our current interest in adsorption of alkali metals on
graphite,'® we have undertaken the LEED characteri-
zation of the atomic structure of the graphite (0001)
surface.

II. EXPERIMENTAL

The experimental apparatus consists of a UHV
chamber (pressure ~1 X 1071° Torr) in which are
mounted a standard four grid LEED optics (also used
with an external electron gun as a retarding field
electron-energy analyzer for Auger spectroscopy), a
sputter ion gun, a quadrupole mass spectrometer, and
a universal manipulator for sample heating and cool-
ing and precise sample positioning in the UHV
chamber. Natural graphite crystal platelets 2—4 mm
in diameter were initially cleaved in air with a dry ni-
trogen gas stream. A sample was then mounted on
the manipulator, placed in the vacuum chamber and
a clean and a large grain defined by Auger electron-
spectroscopy (AES) and LEED prior to baking the

vacuum chamber. If a large clean grain could not be
found, the sample was recleaved in air (as there was
no provision for cleaving in vacuum) and the pro-
cedure repeated. If no impurity Auger peaks were
discernable above the noise level after baking the
chamber (to 200 °C), the experiment was continued.
It should be noted that the standard surface cleaning
procedures of inert gas ion bombardment and high-
temperature heating in vacuum damage the surface
of the graphite to the extent of making it unusable
for LEED structural determination. Therefore, cleav-
ing is the appropriate procedure for obtaining a clean
surface which, we have observed, is generally very
stable to contamination even when cleaved in air.
After defining a large, clean grain on the graphite
sample, the grain surface was aligned normal to the
incident electron beam by the criterion that the inten-
sity profiles of symmetric beams, i.e., the (10), (01),
and (11); or the (01), (10), and (1T) (see Fig. 1),
were identical to each other to within a few percent.
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FIG. 1. The real-space structure, 2D reciprocal lattice,
and LEED pattern at 120 eV. Note the threefold symmetry
in the pattern.
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First- and second-order diffracted beam intensities
were measured with the sample at room temperature
from the fluorescent screen via spot photometer and
plotted directly on an x-y recorder. The experimental
intensity profiles were then normalized to the in-
cident beam current via computer.

III. LEED Analysis
A. Structural models

Pure graphite is characterized by a layered structure
with an hcp lattice (ABAB . . . stacking). The single
layer has a honeycomb structure, i.e., a hexagonal ar-
rangement without a center atom with the surface
unit cell being a two-dimensional parallelogram with a
lattice constant @ =2.46 A and two carbon atoms per
unit cell (see Fig. 1). The hcp structure for graphite
and the limited penetration depth of low-energy elec-
trons will result in a threefold symmetric LEED pat-
tern for the (0001) surface if only one surface ter-
mination (A4 or B) is present. All hcp (0001) sur-
faces studied to date, however, have shown sixfold
symmetric patterns as a result of both 4 and B ter-
minations being present on the surface as a result of
the presence of atomic steps and the resulting averag-
ing of the two threefold patterns.!! Figure 1 shows
the LEED pattern for the present nitrogen cleaved
(0001) graphite sample to be threefold symmetric.
This indicates that over the ~1-mm? area of the in-
cident beam the graphite grain sampled had essential-
ly a single termination, i.e., little or no atomic steps
present at the surface. This will be later commented
on in the analysis of the diffracted intensities, howev-
er, it is well to note here that the lack of monatomic
steps on the graphite surface is very dependent on
the cleaving procedure used. Cleaves using ‘‘Scotch”
tape or a razor blade have produced samples with six-
fold symmetry and therefore with enough monatomic
steps on the surface to give approximately equal
amounts of both 4 and B terminations of graphite.

"In this work, we have evaluated two kinds of
model geometries for the graphite (0001) surface.
Bulk graphite-layer stacking is in the ABAB . . . se-
quence. We have utilized this bulk stacking sequence
for the first of the structural models for the graphite
surface. It has been reported, however, that in
stage-1 intercalates the stacking of the graphite layers
goes to AAA . . . with usually alkali-metal atom
layers in between. In light of this stacking change
because of a significant perturbation of the system
(intercalant atoms), we have, in addition to the bulk
stacked ABAB . . . structure, considered a structure
with stacking sequence AABAB . . ., where the
reconstruction may occur as a result of the perturba-
tion of the surface on the system. In addition, it has
been previously reported that a number of layered
compounds exhibit surface relaxation.!>”1* As gra-

phite has a large interlayer spacing (d,=3.35 A), we
varied the first interlayer spacing in our models from
—6% to +6% of d, (—0.20 to +0.20 A) to determine
any surface relaxation present.

B. LEED calculations

Full dynamical LEED calculations similar to those
recently used by VanHove and Somorjai in studying
hydrogenless benzene molecules!’ were performed
for the above models. The multiple scattering within
each layer, where there are two atoms per unit cell,
was treated with the reverse scattering perturbation
(RSP) method.'® While for the interlayer scattering,
the renormalized forward scattering!’ (RFS) was
used. The phase shifts used for carbon were those
generated by Kesmodel er al.'® for C;H, and C,H,,
with five phase shifts being used. It should be noted
that using the carbon phase shifts previously used!
for CO gave poor agreement between theory and ex-
periment. A surface Debye temperature of 973 K
was used. The imaginary part of the inner potential
was set to —5 eV, and the real component of the
inner potential was varied to obtain the best
correspondence with the totality of the data. This
variation produced a —8.2-eV value for the inner po-
tential. Twenty-two symmetry reduced beams were
used in the energy region of calculation. It is well to
note that since the LEED pattern was threefold sym-
metric, no averaging of calculated terms was required
for comparison of experiment.

C. Resuilt and discussion
Figures 2 and 3 show a comparison between the

experimentally determined -V curves for graphite
and the calculated ones with assumed ABAB . . .
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FIG. 2. Intensity-energy spectra for the (10) beam at nor-
mal incidence. Dashed curve-experiment; solid curve—
calculations for varying top carbon-layer spacing, dj,. Note
the systemnatic shift to lower energy of the peak at ~180 eV
with increasing top-layer spacing.



25 RAPID COMMUNICATIONS 2985

(ONBEAM

8=0°
o
W Adyp=+0.054
—- 0
[
E
4
5 Adp
> N
[ 4
-] [ \\ X3
e "\ /\
= N A <
@ \ A -
£ VUM
> [0
e
[72]
s Adjp=-0.054
w
=
4
= |0
8djp=-0.13
20 40 60 80 100 120 140 0 180 200 220 240 260 280 300

ENERGY (eV)

FIG. 3. Intensity-energy spectra of the (01) beam at nor-
mal incidence. Dashed curve—experiment; solid curve —
calculations for varying top carbon-layer spacing, d;,. Note
the differences between the (01) beam spectra and the (10)
beam spectra of Fig. 2, giving the observed threefold sym-
metry of the diffraction pattern.

stacking and a single termination of the surface. At
normal incidence, the first-order beams show three-
fold symmetry (compared Figs. 2 and 3) with the
very good agreement between calculation and experi-
ment giving further credibility to the single termina-
tion description of the cleaved graphite surface. The
second-order beams at normal incidence show sixfold
symmetry due to the diperiodicity of the graphite-
layer stack. The intensity profiles of the (00) dif-
fracted beams have also been measured at 5°, 6°, 7°,
and 8° from normal incidence and have the same
peak locations and intensity distributions as that ob-
served previously.”?

As noted, the intensity calculations were carried
out for various values of the distance between the
first and second layers, dy;. The results for
ABAB . . . stacked graphite are presented as solid
curves in Figs. 2 and 3. Note that the calculated in-
tensity distributions have quite large peak shifts with
change in top-layer spacing (about 10 eV for 3%
change) and some shape change with top-layer spac-
ing change. The large and systematic peak shift with
interlayer spacing change [cf. (10) beam at ~180 eV]
indicates a high sensitivity of the calculations to sur-
face relaxation and hence points to a straightforward
and accurate method for determining surface relaxa-
tion in graphite. For the 4BAB . . . stacking, this
results in determination of a top-layer contraction of
0.05 A: a1.5% bond-length contraction with respect
to the bulk value. In graphite with its alternating
stacking sequence (ABAB . .. ), there is a strong
SP? bonding of the carbon atoms in the plane and
weak Van der Waals coupling between the planes.
The slight contraction of the first Van der Waals
spacing in graphite surface is similar to that observed
for other Van der Waals bonded layer com-
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FIG. 4. Intensity-energy spectra for the (10) beam at nor-
mal incidence and d;,=3.30 A as a function of surface
structural model. Dashed curve—experiment; ABABA . . .
solid curve—calculations assuming bulklike ABABA . . .
stacking of carbon layers; A4BAB . .. solid curve—
calculations assuming surface reconstruction to an
AABAB . . . stacking.
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r-factor analysis was applied to the 4BAB . . .
stacking calculations and experiment for the three
measured beams at normal incidence. The Zanazzi-
Jona? r factor was used and yielded a total value of
0.19 for the 0.05 A contracted surface indicating very
good agreement between theory and experiment.

Figure 4 gives the calculated results for the recon-
structed surface model with the stacking sequence,
AABAB . .. . It shows a four-peak structure in the
(10) beam in the 130—210-eV region as compared to
the two-peak structure in the (10) beam calculat-
ed for the ABAB . . . stacking and observed in exper-
iment. This, along with similar behavior in the (01)
beam, gives poorer agreement with experiment than
Figs. 2 and 3 as witnessed by the poorer 0.35 r-factor
value for this model. It is expected that AABAB . . .
stacking would force a larger top-layer spacing for the
surface than the ABAB . . . stacking sequence.?! Ex-
amination of the calculations, however, reveals that
the more the top-layer spacing d,, is expanded, the
more striking the disagreement between calculation
and experiment. It is evident, therefore, that this
reconstruction of a shear displacement of adjacent
carbon layers does not exist at the clean graphite sur-
face.

IV. CONCLUSION

The atomic structure of the clean (0001) graphite
surface has been determined by LEED. Bulk
ABAB . . . stacking is found to exist at the surface
with a 0. 05 A contraction of the top carbon-layer
spacing as determined by r-factor analysis (total r fac-
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tor=0.19). In addition, the threefold symmetric
property of the diffraction pattern and the excellent
agreement to calculations assuming only one termina-
tion for the surface indicate that the cleaved sample
was nearly devoid of monoatomic steps. Such a
property is extremely beneficial for the future inter-
pretation of phase transitions of adsorbates!® on the
(0001) graphite surface.
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FIG. 1. The real-space structure, 2D reciprocal lattice,
and LEED pattern at 120 eV. Note the threefold symmetry
in the pattern.



