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Spatial structure determination of (3x \/3)R30° and (1.5x1.5R18° CO or Cu(111)
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We report a study of the spatial structure(@Bxv3)R30° and(1.5X1.5R18° CO adsorbed on C{111),
using the angle-resolved photoemission extended fine stru&&®BEFS technique. The ARPEFS data were
taken along the surface normal-emission direction with a sample temperature of 80 K. The CO molecule
adsorbs on an atop site for both adsorption phases. Full multiple-scattering sphericaM&8M)) calcula-
tions were used to extract the C-Cu bond length and the first Cu-Cu layer spacing for each adsorption phase.
The C-Cu bond length is 1.91) A in the (V3Xv3)R30° phase and 1.92) A in the (1.5x1.5R18° phase. The
first layer Cu-Cu spacing is 2.08) A in the (v3xv3)R30° phase. The first layer Cu-Cu spacing in the
(1.5x1.5R18° phase is 2.0#) A, a contraction of 3% from the clean metal value of 2.07 A. We calculate the
bending mode force constaftt.5x1.5R18° phase to bdz,5:2.2(l)><10‘12 dyn/cm rad from the above bond
lengths combined with previously published infrared absorption frequeri86463-182806)07640-0

[. INTRODUCTION spectroscopyTDS).!! The isosteric heat of adsorption also
shows an abrupt change, fror88 kd/mole to 50 kJ/mole, at
The adsorption of carbon monoxide on transition-metatthe transition from the (1.5X1.5R18° phase to the
surfaces has been extensively studied, both experi¥3XV3)R30° phase as determined by surface potential
mentally:"*?and theoretically~°with the goal of gaininga Measurements.

basic understanding of the surface chemical bond. Experi; The bonding of CO to copper surfaces has been treated

. -19 . . .
mentally determined spatial structures of CO adsorbates prqtheorencally by several workefS. ™ These investigations

S . nfer that the bonding between the CO molecule and the
vide important tests of theoretical models for these systemg;, tace are primarily dominated by the donation of the

We have determined the carbon-copper bond length and the,, 34 and valence electrons into the antibonding* 2mo-
first copper-copper layer spacing for two different, well- |ecular orbital(MO), which resides primarily on the carbon
ordered coverage phases of CO on(Il) using angle- atom. Hence, the molecule usually adsorbs with the carbon
resolved photoemission extended fine structé®PEFS.°  end down. The transfer of electronic charge to the molecule
The adsorption of CO on Q11 has been previously leads to a positive charge on the metal which stabilizes the
investigated with Fourier-transform reflection absorption in-repulsive interaction between the occupied O and the
frared spectroscopfFT-RAIRS), electron-energy-loss spec- metal valence electrons.
troscopy (EELS), and low-energy electron diffraction
(LEED) by Ravalet al® They found that CO adsorbs on an
atop site with the carbon end down for the first two coverage
phases, which exhibit &/3xv3)R30° LEED pattern at
~0.33 ML coverage and €lL.5x1.5R18° pattern for a cov-
erage of~0.44 ML. Based on their observations, they pro-
posed an overlayer structure for ttle5x1.5R18° phase in
which there are six CO molecules which each have two ad-
jacent CO adsorbates and one CO which has no adjacently
adsorbed molecules. We reproduce this proposed structure in
Fig. 1. Additional evidence for the atop adsorption of CO/
Cu(11)) in the two lower-coverage phases was reported by
Hirschmuglet al. using far-IR reflection-absorption spectros-
copy with synchrotron radiatiohThey also reported finding
a low-frequency vibrational mode which is assigned to a
frustrated rotation or bending mode of the Cu-C-O bond in k|G, 1. Adsorption site structure of tH@.5x1.5R18° LEED
the (1.5xX1.5R18° phase. The Gibbs free activation energyphase proposed by Ravet al® The open circles are copper atoms
of desorption was found to exhibit a dramatic rise in transi-with no CO molecule adsorbed. There are two inequivalent atop
tion from the higher coveragél.5x1.5R18° phase to the adsorption site types labeled and B and are shown in gray and
lower coveraggv3Xv3)R30° phase by thermal desorption black, respectively.
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FIG. 2. Typical carbon & XPS spectrum for this work. The b
solid line is the experimental data. The dashed lines are the best fit (b)
and the deconvolved components.

5 i3 — (V3 xV3) R30°

The x-ray photoelectron spectrurtXPS) of CO on | /™ T (1.5 x 1.5) R18°

transition-metal surfaces show two strong satellites. The
spectrum for CO/C{1.11) shown in Fig. 2 contains satellites
at approximately 2.3 and 7.2 eV. These satellites have been
interpreted by Tillborg, Nilsson, and Martensson as being
due to shakeup transitions between the surface molecular or-
bitals which occur in a single-step procés&his interpreta-
tion considers the final state of the remaining electrons to be
strongly influenced by the newly created core hole, which
pulls the 27*-derived surface orbitals below the Fermi level.
This state is not an eigenstate of the unperturbed system,
leading to a final state which is a sum of the new eigenstates 0 2 4 6 8 10 12 14
of the adsor_pate-plus—core—holg system and thus has signifi- Path Length Difference (A)
cant probability of valence excitations.
The ARPEFS structure determination technique is based
on the oscillatory variation in the angle-resolved photoemis- G 3. Experimental carbonslARPEFS curvega) and their
sion intensity from the core levels of near-surface atoms withkourier transforms(b) for the two lowest coverage phases of
the electron kinetic energy. It has been successfully used iBo/cy111). The dominant peaks ifb) at ~3.8 A and~8.5 A are
the past few years to study the local structure of adsorbedssigned to single-scattering events from the nearest first- and
atoms and molecules and to determine the substrate laygecond-layer copper atoms, respectively.
relaxation’?%22-2°The surface structure can be determined
quantitatively by fitting the experimental data with multiple- carbon or oxygen contamination on the surface and the
scattering spherical-wave calculatiohf®:2526 LEED showed a sharp1 pattern. The sample was aligned
by laser autocollimation and LEED. The sample temperature
was measured by a chromel-alumel thermocouple, spot-
welded near the sample. A liquid nitrogen reference junction
The experiments were carried out in an ultrahigh-vacuunwas used with the thermocouple.
chamber with a base pressur@x10 1 Torr. The chamber The CO overlayers were prepared by first cooling the cop-
was equipped with an ion gun, a four-grid LEED system, aper substrate to~80 K then backfilling the chamber with
liquid-helium-cooled sample manipulator, and a 50-mm1x10 8 Torr of CO for ~30 sec through a variable leak
angle-resolving, hemispherical electrostatic electron energyalve. The sample was then gently warmed to 130 K at a rate
analyzer for x-ray photoemission experiments. The hemiof 0.5 K sec and subsequently cooled to 80 K, resulting in a
spherical analyzer had an acceptance half-angle of approxtharp(1.5xX1.5R18° LEED pattern. A sharv3xv3)R30°
mately 2°. pattern resulted from warming the sample to 150 K at the
The copper(11]) substrate was cleaned and prepared ussame rate. During the ARPEFS experiments, the sample was
ing the standard UHV surface science techniques of argomaintained at 80 K. We were careful not to damage the
ion sputtering and annealing leybeam heating. The surface overlayers used for the ARPEFS experiment, by checking
order and cleanliness were checked with LEED andhe LEED pattern only briefly near and the edge of the
synchrotron-radiation excited XPS. There was no detectablsample.

|[Fourier Transforml

Il. EXPERIMENT
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(a) set to a resolution of 0.3 eV, yielding an overall resolution of

0.5-0.7 eV.

A series of carbon 4 photoemission spectra were taken

1.0 for each overlayer over a kinetic-energy range of 100-400
— Experimental Data eV in electron wave-vector increments of 0.1 AFigure 2
----- Calculation shows a typical XPS spectrum for this work. The intensities
of the main and satellite peaks were determined by a least-
squares fitting each peak to a Voigt function, a steplike
Voigt-function integral to account for the inelastically scat-
tered electrons associated with the peak, and an experimental
background which arises mainly from the inelastically scat-
tered electrons from the substrate. Also shown in Fig. 2 is the
deconvoluted components of the spectrum from the best fit.
Each peak intensity is normalized to an empirical inelastic
background.

The total photoemission intensity{k), as a function of
electron wave number in &, is composed of a slowly vary-
-1.0 ing, atomiclike portiorl 5(k) and a rapidly oscillating portion

! | I ! due to the interference of the electron wave resulting from
6 7 8 91 scattering from nearby atoms. The ARPEFS cug(k) is
Electron Wave number k(A") obtained by removing the slowly varying portion

x(K)=[1(k) = To(k) ]/1o(k).

(b) Io(k) is determined by least-square fitting of a low-order
polynomial through the experimental curvék). Only the
1.0 main peak intensity was used for the structure analysis. We
: note here that the satellite peaks show the same ARPEFS
oscillations as the main peak, after adjustment to each peak’s
k value, which is shifted relative to the main peak by the
0.5 H binding energy difference. Further analysis of the satellite-
peak ARPEFS for this and other systems will be reported
separately.

0.5 —

= 0.0 A

-0.5 —

— Experimental Data
----- Calculation

= 0.0
Ill. SURFACE STRUCTURE DETERMINATION

The ARPEFS curves for both thé/3Xv3)R30° and
-0.5 - (1.5%1.5R18° overlayers are shown in Fig. 3. Their simi-
larity suggests that the adsorption site is the same for both
structures with only small differences in the interlayer spac-

1.0 ings, in agreement with previous FT-IR and EELS results
) | | | | which indicate only one kind of adsorption site for these
6 7 8 9 structure€ The Fourier transforms of the experimental data

Electron Wave number k( A—l) are also shown in Fig. 3. The dominant peak-a A arises

from back scattering of the photoelectron from the nearest-
neighboring copper atom in the first copper layer. The sec-

FIG. 4. Comparison of experimental carbost ARPEFS curves ](()nd piak, at-8 A path-ltznlgth difference, is due to scattering
and MSSW calculations fofa) the (V3Xv3)R30° and (b) the rom the nearest second-layer copper atoms.

(1.5X1.5R18° COl/overlayers on Gli11). The R factor between We have performgd full muItipIe-gcattering spher!cal
each experimental and calculated curve is 0.12. See text for strud¥ave (MSSW) calculations to quantitatively extract the in-
tural parameters. terlayer spacing between the overlayer and substrate and be-

tween the near-surface substrate layers. The calculation pro-
_ _ _gram is based on the formalism of Rehr and Alb@#).%

The experiments were performed using the sphericalyhe RA approximation has been shown to be valid in the
grating x-ray monochromator on beam line 9.3.2 at the Ad'energy ranges used in this experiment with second-order
vanced Light Source, Lawrence Berkeley National Laborasx6) matrices?” The program, developed entirely within
tory. A 55-m radius, 600-line/mm grating was used toour group, is highly optimized for obtaining a best fit to
provide photons in the energy range 385-700 eV. The x-ragxperimental data. It uses second-order matriéess) and
angle of incidence on the sample was 20° and the photoeleep to 8th-order scattering, which produce a convergent cal-
tron emission direction was normal to the surface for allculation at these energies and interatomic distances. The
experiments. The x-ray monochromator was set to a 0.1%luster used for the calculations included 97 atoms and was
bandpass. The hemispherical electron energy analyzer wasughly hemispherical in shape with a 7-A radius about the
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emitting atom. The best fit was defined by the conventionathe amplitude for 90° scattering is very low. The surface
R-factor analysig? Previous studies of these overlayers with Debye temperature was determined to be 200 K. RHac-
FT-IR and EELS determined that the CO molecules adtors are relatively insensitive to the inner potential and to the
sorbed on atop sites with the carbon end dWie assumed  spacing between the second, third, and fourth copper layers.
in the calculations that the molecules in tfle5x1.5R18°
structure adsorb on nearest atop sites in accordance with the
structure proposed by Ravat al® The layer spacing be- IV. ERROR ANALYSIS
tween carbon-oxygen, carbon-copper, and between the first
three copper layers were allowed to vary. Two nonstructural The statistical uncertainty of each structural parameter is
parameters were also allowed to vary: the surface Debyestimated from the curvature of thefactor plotted versus
temperature and the inner potential. the parameter value, as previously described methdthe

The results of the MSSW calculations with lowésfac-  uncertainty determined by this method is reported as one
tor for each structure are shown in Fig. 4. TRefactor is  standard deviation, i.e., with a 0.67 confidence 1&¥dlhe
0.12 for both structures. The carbon-copper layer spacing fauncertainty in the last digit appears in parentheses after the
both structures were found to be the same, 1.91 A. The firstumber. TheR-factor plots for the C-Cu layer spacing and
copper-copper layer spacing was found to be 2.07 and 2.0the first Cu-Cu layer spacing are shown for each of the two
A for the (V3xv3)R30° and(1.5x1.5)R18° overlayer struc- overlayer structures in Fig. 5. Statistical uncertainties in the
tures, respectively. These derived parameters proved to B Cu bond length are 0.01 A and 0.02 A for the
insensitive to the C-O bond-length and tilt. This is expected(v3Xv3)R30° and (1.5X1.5R18° overlayer structures, re-
because the oxygen atom is in a forward-scattering geometrgpectively. The first Cu-Cu layer spacings have uncertainty
for the normal-emission experiment. We also found the reestimates of 0.03 A and 0.04 A for th@3xv3)R30° and
sults to be insensitive to neighboring C-O molecules becausgl.5x1.5R18° overlayer structures, respectively. Possible
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030 coverage phase€$:3!2The C-Cu bond length is the same
for both coverages, 1.91 A with uncertainties ©0.01 A
and+0.02 A for the(v3xv3)R30° and(1.5x 1.5R18° over-
025 layer structures, respectively. The C-Cu bond length is simi-
lar to the value of 1.8) A for c(2x2) CO CU100) deter-
mined by LEED(Ref. 1) with the possible expansion being
consistent with the observation that CO is least strongly
bound on the(111) face?® The first copper-copper layer
spacing does not show any change from the clean copper
surface spacing of 2.02) A (Ref. 30 for the lower coverage
(V3Xv3)R30° phase, within experimental uncertainty. There
e — is a distinct contraction of the surface layer for the higher
020 SO B 0.20 coverage(1.5x1.5R18° phase to 2.04) A. These experi-
ments were not sensitive to the C-O tilt or bond length.
) ) ) ) The fact that the Cu-C bond length remains constant for
FIG. 6. R-factor vs. interlayer spacing betweArsite andB-site both adsorption coverages while the first Cu-Cu layer spac-
carbon atomssee Fig. 1 ing changes has interesting implications regarding the ener-
) _ ) ) _getics and dynamics of the two overlayers. The difference in
systematic errors for this technique have been previously dissibbs free energy between the adsorbed state and the same

0.20

R-factor

0.15+4

0.10

cussed in detafl? state activated for desorption has been shown to have a dra-
matic increase with decreasing coverage between the

V. FURTHER CONSIDERATIONS CONCERNING (1.5X1.5R18° and the(v3Xv3)R30° phases; while the
THE STRUCTURE OF THE (1.5x1.5R18° OVERLAYER change is less steeply sloped at lower and higher coverages.

The coverage-dependent isosteric heat of adsorption also has

The relative positions of adsorbed CO molecules in they significant inflection in the region between the
(1.5X1.5R18° overlayer may lead to inequivalent adsorp-(1.5x1.5R18° and the(v3xv3)R30° phases, with a nearly
tion sites. The question arises as to whether these inequiv@onstant values of 50 kJ/mole at lower coverages and 38
lent sites may have different layer spacings. As stated abovgJ/mole at higher coveragésThe authors of Ref. 6 noted
the normal-emission geometry of this experiment renders thghat this inflection could indicate the onset of a different
results insensitive to the position of the neighboring CO mol-adsorption site, but pointed out that this hypothesis did not
ecules. We may, however, determine the sensitivity to @xplain why the heat of adsorption then remained constant
variation in layer spacing usinB-factor analysis. We have throughout the high coverage region. Subsequent work
assumed the adsorption structure for te5x<1.5R18°  showed that only atop species exist for these phiselsas
overlayer as proposed by Rawtlal.® as reproduced in Fig. also been suggested that competition for back-donated metal
1. The A-type adsorption site is one CO molecule with nod electrons may weaken the Cu-CO bond with increasing
adjacent adsorbates. Tietype molecules each have two coverage. Our results indicate that the Cu-CO bond does not
neighboring adsorbates. Note that there areBstype mol-  weaken with greater coverage but that the changes in energy
ecules to oné\ type. TheR factor vs.A—B layer spacing is  of adsorption are related to an adsorbate-induced contraction
shown in Fig. 6, in which the B-Cu layer spacing was fixedof the first substrate layer. There is little if any contraction of
at 1.91 A. TheR-factor analysis leads to no detectable dif- the first Cu-Cu |ayer up to a coverage of 0.33 ML. The onset
ference between A-Cu and B-Cu layer spacings, with an unof the inflections in the thermodynamic properties occur at

certainty of +0.03 A. approximately this coverage. The end of the inflections at the
0.44-ML monolayer coverage would suggest that there is no
VI. RESULTS AND DISCUSSION further contraction of the first Cu-Cu layer beyond that de-

) ) ) termined for the(1.5X1.5R18° structure.

The results of this work are summarized in Table I. khe  Theoretical studies of CO on transition-metal surfaces
curve based on the atop adsorption site of the CO moleculgyplished to date have to our knowledge not specifically in-
with the carbon end down shows excellent agreem@t yestigated the relaxation of the substrate with increasing ad-
=0.12) between the MSSW calculations and the experimensorpate coverage. One notable study has touched upon rel-
tal data, confirming the previous findings for the two lowest-gyant effects for CO adsorbed on coppé&L00).t®

Bauschlicher found that two layers are required to describe

TABLE I. Summary of bond lengths and layer spacings for two {he binding energy of low coverage CO/Q00) conver-
different coverage phases of COACW1) determined in this work gently and three layers are required at higher cover%fges.
from best f_it f[o MSSW ca_lculations. The statistical errors for the Iast-l-hiS requirement is ascribed to the repulsion of metal va-
reported digit are given in parentheses. lence electrons by the CO molecules into the second and
third copper layers. Bauschlicher also reported that changing
the layer spacing of the first two copper layers does not sig-
nificantly affect the binding energy or geometry of the CO

LEED structure C-Cu bond length First Cu-Cu
layer spacing

Clean Ci(111) metal 2.072) A (Ref. 30 molecule. Our finding of constant Cu—CO bond length, de-
(V3xv3) R30° 1.911) A 2.07(3) A spite the first copper layer contraction, suggests that the
(1.5x1.5) R18° 1.912) A 2.01(4) A binding energy is indeed unchanged. Further theoretical in-

vestigation is required to gain an understanding of why a
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change in surface coverage of 0.33 ML to 0.44 ML results insurfaces do not find more than 0.02-A change in bond length,
a contraction of the first copper layer. e.g., see Refs. 33 and 34. Additionally, the CO interaction
Infrared and electron-energy-loss spectroscépfELS) — with Cu(111) is among the weakest studied and we feel that
studies of CO/C(111) have been previously employed to the above uncertainty is a rather conservative estimate. The
elicit the dynamics of the adsorbate-substratevalues of the IR absorption frequencies for three isotopes as
interactiong 3 Hirschmuglet al® used synchrotron radia- Measured by Hirschmugét al. are 28%8) cm *, 2738)
tion to study the IR absorption region of the Cu-C stretch acm *, and 28%6) cm™* for *C'°0, *3C*®0, and**C*®0, re-
347 cmi'L. Their data show no observable shift in the Cu-CSpectively. Using Eq(1) above we find the force constant to
stretch mode with increasing coverage, providing further evibe ks=2.21)x10"*? dyn cm/rad. The uncertainty was esti-
dence that the Cu-C bond energy is not coverage dependeiftated by propagation of the experimental uncertairifles.
However, Hollins and Pritchard found a softening of the C-O
bond mode with increasing coverage, using an isotopic-

substitution IR techniqu&.n light of our results, it is now We have determined the spatial structure of CQ1Qa)
clear that, beginning with a coverage of 0.33 ML the firstfo; two coverages, characterized Hy.5x1.5R18° and
layer Cu-Cu spacing contracts while the C-O bond Weake”(i\/jx\G)R30° LEED patterns, using ARPEFS. The CO mol-
with increasing coverage, thereby leaving the Cu-C bongcyle adsorbs on an atop site at both coverages with a C-Cu
largely unchanged. _ bond length of 1.91 A, with an uncertainty ¢f0.01 A and
Hirschmugl, et al. observed an IR adsorption band at +0,02 A for the two respective structures. The first Cu-Cu
~285 cm ~ which was assigned to a bendiffgustrated ro-  |ayer spacings were found to be 2(87A and 2.014) A for
tation) mode of the Cu-C-O complex in th&.5X1.59R18°  the (1.5x1.5R18° and (V3xv3)R30° structures, respec-
structure. Calculation of the force constant of the bendingyjvely. The bending mode force constants for the Cu-C-O
mode vibrationp,, of a linear molecule requires knowledge complex in the(1.5x1.5R18° structure is calculated from

of the bond lengths between the atoms. Using our resultghe pond-lengths and published IR absorption frequencies to
and the frequency measurements of Hurschmugl, we can dgg k5=2.2(1)><10‘12 dyn cm/rad.

termine the bending mode force constant ffiéf

VIl. CONCLUSION
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