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The atomic geometry of Cu(001)c(2x2)-Cl has been determined by surface extended
x-ray-absorption fine structure to consist of a simple Cl overlayer in fourfold Cu hol-
lows with a (2.37+ 0.02)-$ bond length. With use of this geometry, self-consistent elec-
tronic structure calculations were performed and compared with angle-resolved photo-
emission data, giving excellent agreement for the position and dispersion of several CI-
induced surface states and resonances. These results have resolved previously report-
ed discrepancies for the Ag(001) c(2 x2) —Cl system.

PACS numbers: 68.20.+t, 73.20.Hb, 78.70.Dm, 79.60.Gs

The relationship between geometric and elec-
tronic structure at surfaces has been an impor-
tant theme of modern surface physics. In a re-
cent study, the electronic structure of a half-
monolayer of Cl adsorbed on the Ag(001) surface
with centered (2 && 2) periodicity was computed for
two geometric models, a simple overlayer model

(SOM) with Cl occupying fourfold hollow sites and

a mixed-layer model (MLM) resembling an epi-
taxial AgC1{001) plane. ' ~ ' Comparison with ultra-
violet photoemission spectra' indicated that the
MLM gave the best agreement. In contrast, a
study of low-energy electron-diffraction (LEED)
intensity spectra showed better agreement with
theoretical intensities based on an SOM rather
than an MLM. 4 The present study was motivated
by this apparent contradiction between two widely
used techniques of surface science.

The Cu(001)c(2 && 2)-Cl system was chosen as
the closest analog to Ag/001) c(2 x 2)-Cl which we
could presently study with the desired methods.
Its geometrical structure was first determined by
surface extended x-ray-absorption fine structure

(SEXAFS), ' a technique capable of discriminating
between SOM and MLM geometries and of meas-
uring highly accurate bond lengths. The exact
geometry was then used as input to a self-consis-
tent electronic structure calculation, which was
carried out with sufficient resolution to permit
comparison with angle-resolved photoemission
spectra. (This degree of detail had not been at-
tempted in the Cl-on-Ag study. ) Finally, angle-
resolved spectra were measured for a surface
prepared exactly as in the SEXAFS measurement.
Excellent agreement was obtained between peaks
in the calculated and measured spectra, thereby
establishing the soundness and consistency of our
procedures. The bonding in the Cu1001) c(2 && 2)-
Cl system ultimately indicated modifications of
the SOM geometry used in the initial electronic
structure calculations of the Ag1001)c(2 && 2)-Cl
system and these modifications have resolved the
essential contradiction„' '

In the SEXAFS experiment, performed at the
Stanford Synchrotron Radiation Laboratory, a
clean Cu(001} surface was exposed to 15 *5 lang-
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FIG. 1. SEXAFS data Fourier transformed into real
space for the two polarizations studied. The lines A
and 8 denote the position and width of the window func-
tions used in back transforming the data to extract the
two dominant distances.

muirs (1 langmuir =10 ' Torr sec) of Cl, at room
temperature and annealed at -100'C for 2 min,
yielding a sharp c(2 x 2) LEED pattern with low
background. SEXAFS signals from the Cl K edge
were observed in the range' 2800 to 3250 eV with
use of the Cl KLL('D) Auger line to monitor the
absorption rate. ' The SEXAFS data were taken
at polarizations parallel (6 =90') and nearly per-
pendicular (8= 5') to the surface. ' Analysis pro-
cedures have been fully discussed elsewhere. ""
Briefly, the data are normalized to the edge
jump, a smooth background is subtracted, and
the result is Fourier transformed into real space
and shown in Fig. 1. A filter function is placed
at position A. or B corresponding to the dominant
distances in the transform, and the product is
back transformed to photoelectron momentum
space. This is then compared with identically
analyzed EXAFS data from the bulk reference
system CuCl. The established principle of phase-
shift transferability" then allows the determina-
tion of the surface Cu-Cl distances. We find dis-
tances of 2.37 +0.02 A and 4.31 ~0.04 A for 6=
90', and 2.37+0.02 A and 4. 26+0.05 A for 6=5'.

The polarization dependence of the SEXAFS
amplitude A(k) for a given shell of neighbors is

TABLE I. Calculated vs experimental Ns values for
Cl on Cu(001).

Onefold Twofold Fourfold Mixed
a,top bridge hollow layer' Kxpt.

5' 3.0
90' 0

5 /90

4.2
0.9
4.7

5.0
3.5
1.4

6.0
9.0
0.7

4.3 + 0.8
3.1~ 0.6
1.4+ 0.2

Calculated with the assumption of all Cu-Cl bond
lengths equal to ap/~2.

Determined without reference to model compound,
thus explaining smaller experimental uncertainty.
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particularly simple for K edges, ' i.e.,

A(k) ~A', = 3+,. ~
e ~ r,. ~

~'

where A ~ is the effective surface coordination
number, r,. is the position of the ith neighbor in
the coordination sphere, and & is the polarization.
Calculated values of N~ are given in Table I for
simple overlayer models with atop, bridge, and
hollow sites, and for a coplanar mixed-layer
model. " These numbers for both polarizations
and their ratios are compared with the experi-
mental values normalized to the reference com-
pound. The mixed-layer model, as well as the
atop and bridge geometries, is clearly ruled out,
whereas the simple overlayer fourfold hollow site
gives typical agreement for the absolute ampli-
tudes and excellent agreement for their ratios.
In addition to amplitude considerations, a mixed-
layer geometry would be expected to have slightly
different distances from the Cl to its two sets of
inequivalent Cu neighbors. This would produce an
apparent polarization dependence of the measured
distance (a weighted average), which is ruled out
with high precision by the present results. Final-
ly the fourfold site with the measured nearest-
neighbor distance of 2.37 A leads to a calculated
distance of 4.32 A between Cl and the eight fourth-
nearest-neighbor surface Cu atoms, in excellent
agreement with the measured values. '

With this geometry, the electronic structure
was calculated for a five-layer slab (three Cu and
two Cl layers). This was done self-consistently
within the local density approximation for ex-
change and correlation by the surface linear aug-
mented plane-wave method" (SLAPW) with a com-
pletely general potential„"" With this relatively
thin slab the Cl density of states is sufficiently
accurate for comparison with angle-integrated
spectra; a thicker slab, however, is needed to
identify surface states and resonances with suf-
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ficient accuracy for comparison with angle-re-
solved spectra. "

Self-consistent results for a thick slab can be
simulated with high accuracy by "stretching",
i.e., sandwiching the self-consistent bulk poten-
tial between surface-region potentials derived
from thin-slab calculations. " In an alternative
version of this approach employed here, a non-
orthogonal tight binding (NTB) scheme was fitted
to bulk Cu linear augmented plane-wave (LAPW)
results. Using nine (s,p, d) functions per atom
and first- and second-neighbor two-center Hamil-
tonian and overlap fitting parameters, a 4-mRy
fit was achieved at 21 k points. The Cl-Cu inter-
action parameters were determined from an anal-
ogous fit to bulk CuCl LAPW results. With these
as a starting point, the fit to the five-layer-slab
SLAPW results was systematically improved by
successively relaxing surface orbital energies,
surface region interactions, and adding allowed
crystal-field terms. The mean error of 28 mRy
at the start was reduced to 6 mRy in the relaxed
fit. Surface NTB parameters from this slab fit
were then combined with bulk parameters to gen-
erate a "stretched" NTB model for an 11-layer
slab.

Cl-induced surface states and resonances are
identified by their weight on the Cl adlayer. Those
states with weight ~0.15 are plotted in Fig. 2 as
solid lines and as hatched areas (indicating reso-
nance width) along the Z and Z' symmetry lines in
the surface Brillouin zone. These lines lie in re-
flection planes, and states of even and odd sym-
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FIG. 2. Cl-induced surface states and resonances
from theory (solid lines and crosshatching) and present
experiments (open circles) along symmetry lines in
surface Brillouin zone, indicating dominant Cl s and p
orbital character.

metry are plotted separately. The symmetry of
the Cl s and p orbitals contributing to these states
is indicated. Those in the range —7 to —4 eV
form bonding combinations with surface Cu s and
d orbitals of appropriate symmetry. Some of the
corresponding antibonding combinations form
identifiable resonances around —2 eV and + 3 to
+4 eV.

With use of resonance lamp radiation at 16.8
and 21.2 eV, angle-resolved photoemission data
were taken on a surface prepared identically as
in the SEXAFS experiment. The photoelectrons
were energy analyzed in a spherical-grid analyz-
er, and angle-resolved data were collected with
a Vidicon system from a fluorescent screen. '
Data were collected over a solid angle of 1.1 sr
(70' x 70') with an angula, r resolution of +1.5' at
0.5-eV intervals. Spectra of the Cl-covered sur-
face and differences between these and the clean
Cu surface were obtained at a series of angles
along the E and Z lines to identify Cl-induced
features. The energies of these features are
plotted as open circles with the theoretical re-
sults in Fig. 2. Since unpolarized light was used,
even and odd symmetry cannot be distinguished,
and the data are divided between the even and odd
plots as suggested by the theory.

The experimental band starting at —2 eV at I,
also reported by Westphal and Goldmann, "is
clearly identified with the antibonding p„,p,
states and is -0.4 eV lower than the theoretical
results. This discrepancy may be traced to the
misplacement of the d bands relative to EF in the
LAPW (and other") bulk Cu results. The small
dispersion of these bands is given correctly. On
the basis of its downward dispersion along Z,
the band starting at —4.8 eV is identified as the
even p„band and not the odd p band. The cor-
responding band along 2 could be either the even

p„+p, or odd p„-p, states and is shown on both
plots. The s, p, resonance starting at —6.5 eV at
7 is noticeably broader than the other features
in the experimental data. The dispersion of these
bands is in good agreement with theory, and their
absolute position is a few tenths of an electron-
volt high. The corresponding bands in Ref. 15 lie
a few tenths below the theoretical results, con.-
sistent with the d-band shift discussed above.
The discrepancy in the two experimental place-
ments is most likely a result of the differing en-
ergy resolution combined with the subtraction of
a large sloping background in this energy range.
The odd bonding P, band along E is not resolved
in the present experiment, but the energy dis-

1714



VOLUME 49, NUMBER 2$ PHYSICAL REVIEW LETTERS 6 DECEMBER 1982

tribution curves of %'estpha1 and Goldmann show
a weak feature consistent with it."

The present detailed agreement between theory
and experiment for Cl-Cu makes implausible an
explanation of the Cl-Ag contradiction based on a
breakdown of the theoretical electronic structure
methods. Recent He-atom-beam-diffraction re-
sults for Cl on Ag imply a strongly corrugated
surface, consistent with the calculated charge
densities for either the Cl-Ag or Cl-Cu simple
overlayers but not with the Cl-Ag mixed layer. "
We now show that this observation, when com-
bined with the present results, indicates that the
solution to the initial Cl-Ag problem is a m, odi-
fied simple overlayer geometry

The calculation' of the overlayer geometry
which had produced results in disagreement with
the photoemission data was performed with the
bulk AgCl bond length, 2.77 A, somewhat larger
than the best-fit LEED result4 of 2.67+~gyo A If,
however, we use the present and more precise
SEXAFS Cu-Cl surface bond length minus the Cu
metallic radius (a,/H) to define a "surface radi-
us" for Cl, we conclude that the Cl-Ag surface
bond should be 0.24 A shorter than that used in
Ref. 1, moving the Cl plane 0.38 A closer to the
Ag surface. This significant change implies
much more covalent bonding for fourfold coor-
dinated Cl on the Agj001) surface than for six-
fold coordinated Cl in bulk AgCl. The modified
geometry has an interplanar spacing of 1.50 A,
just slightly smaller than the lower limit of the
quoted LEED uncertainty range, 1.57 A.4 To test
the viability of this proposed geometry a calcula-
tion of the electronic structure was carried out"
using that geometry and the methods of Hamann,
Mattheiss, and Greenside. ' Good agreement be-
tween the calculated Cl local density of states and
the angle-integrated photoemission data' was ob-
tained, thus supporting a shorter Cl-Ag bond
length and resolving the essential discrepancy
which motivated this study. A more precise de-
termination of the Cl-Ag geometry should be pos-
sible by SEXAFS with total-yield signal detection"
and is highly desirable to refine further the elec-
tronic structure.

In summary, the most current experimental
and theoretical techniques for obtaining detailed
geometric and electronic structural information
have been used to characterize the Cl-on-Cu(001)
system and to resolve a problem of Cl on Ag(001).
The present study demonstrates, in general, the
success of such a unified approach in studying
chemisorption systems.

The work done at Stanford Synchroton Radiation
Laboratory was supported by the National Science
Foundation through the division of Materials Re-
search.
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