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Coverage dependence of surface structure and vibration of Cl/Cu„100… compared to Cl/Ni„100…
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The coverage dependence of surface structure and vibration was investigated for 0.12- and 0.50-ML Cl
adsorbed on Cu~100! by means of temperature-dependent ClK-edge surface-extended x-ray-absorption fine
structure. The first-nearest-neighbor Cl-Cu distance was found to be 2.4260.02 Å for 0.12 ML and 2.39
60.02 Å for 0.50 ML. Moreover, the Cl-Cu chemical bond was revealed to be softer and more anharmonic in
the 0.12-ML case than in the 0.50-ML one. The present findings are completely opposite to the previous results
on Cl/Ni~100! in which the Cl-Ni bond was found to be elongated, softer, and more anharmonic with the Cl
coverage. For the understanding of the different nature of Cl/Cu from Cl/Ni, density-functional calculations
were performed for finite surface clusters. The theoretically estimated coverage dependence for the equilibrium
distance was very consistent with the experimental results for both Ni and Cu. The different coverage depen-
dences of the bond length and strength between Cl/Ni and Cl/Cu can consequently be ascribed to the different
Cl ionicity at the saturation coverage, which originates from the different roles of metal 3d bands.
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I. INTRODUCTION

Static and dynamical properties of atoms adsorbed
single crystal surfaces often show interesting coverage
pendence. Andersson, Karlsson, and Persson1 studied the
coverage dependence of O and S/Ni~100! with the high-
resolution electron-energy-loss-spectroscopy method. T
found that in the O/Ni~100! system the O-Ni vibrational fre
quency is significantly reduced with increased O covera
while in the S/Ni~100! case the S-Ni frequency shift is muc
smaller than the upper case. Bauschlicher and co-worke2,3

treated the same systems theoretically using a cluster mo
They succeeded in explaining vibrational softening of
O-Ni bond with the O coverage, and also found slight st
ening of the S-Ni bond with S coverage. They ascribed s
a different nature between O and S to the different cover
dependence of charge transfer from Ni to adsorbate atom
the structural studies based on LEED~low-energy electron
diffraction! and SEXAFS~surface-extended x-ray-absorptio
fine structure! of p(232) andc(232) states; however, nei
ther O nor S adsorbates give any meaningful difference
the adsorbate-substrate bond distance.4–6

Very recently, we examined the coverage dependenc
the surface structures and vibrational properties of
Ni~100! by means of temperature-dependent ClK-edge
SEXAFS, and found that the Cl-Ni vibration is softer an
more anharmonic in the 0.50-ML case than in the 0.25-M
one, associated with the elongation of the Cl-Ni bond d
tance at higher coverage.7 These findings were explained b
the enhancement of the adsorbate-adsorbate repulsive
action with Cl coverage, as in the case of O/Ni~100!. In order
to obtain deeper insight into adsorbate-metal substrate b
560163-1829/97/56~3!/1561~7!/$10.00
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ing, it should be of particular interest to investigate the co
erage dependence of Cl/Cu~100! and to compare with the
results from Cl/Ni~100!, since the surface structures are qu
similar to each other.

Thus, in the present study, we have measured and
lyzed temperature-dependent ClK-edge SEXAFS spectra o
Cl/Cu~100! with 0.12- and 0.50-ML Cl coverages. The su
face structure of 0.50-ML Cl/Cu~100! with a c(232) LEED
pattern has already been investigated,8–10 while that of a
lower coverage has not been reported yet. The Cl-Cu b
distance, the vibrational amplitude and anharmonicity w
obtained for these two samples, and the two-body in
atomic potentials were consequently estimated. The pre
results of Cl/Cu~100! are compared to those of Cl/Ni~100!.
Density-functional quantum-mechanical calculations w
also carried out by employing a metal cluster with differe
number of adsorbate Cl. Origins of the observed covera
dependent nature of the Cl-metal bonds in Cl/Ni~100! and
Cl/Cu~100! are discussed using the calculated electro
properties.

II. SEXAFS

A. Experiment

A mechanically and electrochemically polished Cu~100!
crystal was cleaned in an UHV~ultrahigh vacuum! chamber
~the base pressure was less than 131028 Pa! by repeated
cycles of Ar1 sputtering and annealing at 900 K.11,12A clear
(131) LEED pattern was observed and both S and Cl c
taminations were found to be less than 0.01 ML. The cle
Cu~100! crystal was dosed with Cl2 given by the electrolysis
of AgCl in a manner similar to that described previously.7,13
1561 © 1997 The American Physical Society
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Two samples were prepared by Cl2 dosage at room tempera
ture, and subsequent annealing to 573 K. One correspon
a saturation coverage~0.50 ML!, which gave a clearc(2
32) LEED pattern. The other gave a lower covera
~0.12-ML Cl!, and exhibited only rather a diffuse (131)
pattern. Here the Cl coverage was estimated from the
malized ClK fluorescence yield~edge jump!, by assuming a
Cl coverage of the former sample of 0.50 ML.

Cl K-edge SEXAFS measurements were carried out at
soft-x-ray double-crystal monochromator station BL-11B
the Photon Factory in the National Laboratory for High E
ergy Physics.14–16The factor of linear polarization was est
mated to be larger than 0.97 for the monochromatized p
tons, and the energy resolution of the Ge~111!
monochromator was about 1.5 eV around the ClK-edge re-
gion. The fluorescence yield detection method was emplo
to obtain Cl K-edge SEXAFS data by using an UHV
compatible gas-flow proportional counter with P10 gas~10%
CH4 in Ar! as a detector.

17 The SEXAFS spectra of 0.12- an
0.50-ML Cl/Cu~100! were taken at normal (u590°) and
grazing (u515°) x-ray incident angles. For the normaliz
tion of the fluorescence yield, spectra with the intensity
the incident x rays, we measured a drain current from a
mesh in the upstream of the sample crystal. The meas
ments were done at 100 and 300 K. For the measureme
100 K, the sample crystal was cooled down using a liqu
N2 cryostat. The sample temperature was monitored wit
chromel-alumel thermocouple which was spot welded o
Ta sheet attached to the sample surface. The temper
fluctuations were less than63 K during the SEXAFS mea
surements.

B. Static surface structures

Extraction of the EXAFS functionx(k) ~k is the photo-
electron wave number! was carried out according to the wel
established procedures: pre- and post-edge background
tractions and subsequent normalization with the ato
absorption coefficients.18,19 The edge energyE0 was tenta-
tively chosen as an inflection point of the ClK edge of the
15° spectrum for each sample. Figures 1 and 2 show
kx(k) functions and corresponding Fourier transforms,
spectively. The assignments of the Fourier peaks can be
formed according to the literature.6–9 The most noticeable
difference between 0.12 and 0.50 ML is found at;3.3 Å in
the Fourier transforms for 90° incidence@compare Fig. 2~c!
with Fig. 2~d!#. This peak in Fig. 2~c! is attributed to the
Cl-Cl shell. In the 0.50-ML coverage thec(232) overlayer
is completed, this leading to an intense Cl-Cl contributio
On the other hand, in the 0.12-ML case@Fig. 2~d!# this peak
is not observed, implying that no noticeable formation of t
c(232) islands occurs. Another difference between 0
and 0.50 ML is observed in the first-nearest-neighbor~NN!
Cl-Cu shells appearing at;2.1 Å. When we compare th
low-temperature data at 15° incidence, which give the m
intense first-NN contribution@see solid lines of Figs. 2~a!
and 2~b!#, we find that the 0.50-ML coverage provides a litt
shorter Cl-Cu distance than the 0.12-ML one, this be
quantitatively clarified by the following curve-fitting analy
sis.
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The curve-fitting analysis of the first-NN Cl-Cu shells fo
the 100-K data in thek space was subsequently perform
after the Fourier filtering and inverse Fourier transformatio
using theoretical standards given byFEFF6.20 The fitting pa-
rameters employed wereN*S0

2 ~the effective coordination
numberN* multiplied by the intrinsic loss factorS0

2!, R ~the
interatomic distance!, DE0 ~the edge energy shift!, andC2
~the mean-square relative displacement!. C2 for the 90° inci-
dence data was consequently fixed to be the same as tha
the 15° incidence one to give meaningful values ofN*S0

2.
The results are summarized in Table I, together with

fitting ranges. The first-NN Cl-Cu distance was determin

FIG. 1. ClK-edge EXAFS oscillation functionskx(k): ~a! 0.50
ML, 15°; ~b! 0.12 ML, 15°; ~c! 0.50 ML, 90°; ~d! 0.12 ML, 90°.
The measurement temperatures are 100 K~solid line! and 300 K
~dotted line!.

FIG. 2. Fourier transforms ofkx(k) of Cl/Cu~100!: ~a! 0.50
ML, 15°; ~b! 0.12 ML, 15°; ~c! 0.50 ML, 90°; ~d! 0.12 ML, 90°.
The measurement temperatures are 100 K~solid line! and 300 K
~dotted line!.
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TABLE I. The results of the SEXAFS analysis for the first-NN Cl-Cu shells in the 0.12- and 0.50
Cl/Cu~100! states at 100 K. All the fittingk rangesDkfit are 3.2–8.9 Å21. N*S0

2, R, DE0 , andC2 are the
parameters given by the EXAFS experiments and the FEFF6 standards, whileN* was evaluated from the
consequently determined structures.

Coverage
~ML !

u
~°!

DkFT
(Å21)

DR
~Å! NS0

2
R

~Å!
DE0

~eV!
C2

(1022 Å2) N*

0.12 15 2.85–9.20 1.50–2.80 3.8~5! 2.413~20! 4.3 0.86~9! 5.10
90 2.85–9.20 1.70–2.80 2.3~4! 2.429~20! 4.3 0.86~9! 2.71

0.50 15 2.80–9.20 1.55–2.70 3.7~5! 2.392~20! 4.3 0.76~8! 5.00
90 2.80–9.20 1.40–2.70 2.4~4! 2.395~20! 4.3 0.76~8! 3.31
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to be 2.4260.02 Å for 0.12 ML and 2.3960.02 Å for 0.50
ML, respectively. The Cl-Cu distance of 2.39 Å in th
0.50-ML state is in good agreement with the result of 2
60.02 Å ~at 80 K! given by the previous SEXAFS,6,8,9 and
2.3860.05 Å ~at 110 K! given by the photoelectron diffrac
tion ~PhD! measurements,21 but is slightly smaller than the
value of 2.4160.02 Å from LEED.22 Although the distance
difference between the 0.12- and 0.50-ML states is wit
the errors, a higher-coverage state provides a slightly sho
bond distance, as found in the Fourier transforms in Fig
For a better understanding of the distance difference,
show the filteredkx(k) functions for the first-NN Cl-Cu
shells at 15° x-ray incidence in Fig. 3, which includes te
perature dependence discussed below. When thekx(k) func-
tion at 100 K for the 0.50-ML coverage@the solid curve in
Fig. 3~a!# is compared to that for the 0.12-ML one@the solid
curve in Fig. 3~b!#, the phase for the former is gradual
delayed more than that for the latter, implying a shor
Cl-Cu distance in the 0.50-ML coverage.

On the other hand, from the ratios of the effective co
dination numbersN* (90°)/N* (15°) of 0.6260.10 for 0.12
ML and 0.6660.07 for 0.50 ML, adsorption of Cl on the
fourfold hollow site can be confirmed in both the states sin

FIG. 3. Filteredkx(k) of the first-NN Cl-Cu shells in the 15°
incidence data of~a! 0.50 ML and~b! 0.12 ML Cl/Cu~100! taken at
the temperatures of 100 K~solid line! and 300 K ~dotted line!.
Some vertical lines are given for easier understanding of the p
delays.
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the expected values ofN* (90°)/N* (15°) for the hollow site
are 0.66 and 0.68, respectively.

C. Vibrational properties of the surface Cl-Cu bonds

The temperature dependence of the EXAFS spectra
the first-NN Cl-Cu shells was subsequently analyzed. T
DkFT andDR ranges were the same as the above struct
analysis given in Table I. Figure 3 also shows the tempe
ture dependence of the filteredkx(k) functions for the
first-NN Cl-Cu shells. It is clearly found in both the 0.12
and 0.50-ML states that as the temperature increases
EXAFS amplitude is reduced and the phase is gradually
layed at higher-k regions. The amplitude reduction at high
temperature is the consequence of increase in the m
square relative displacementC2 ~EXAFS Debye-Waller fac-
tor!. The phase delay is not caused by the shortening of
Cl-Cu distance at higher temperature but by increase in
mean-cubic relative displacementC3 .

23 One can clearly find
that the phase delay at the higher-k region is more enhance
in the 0.12-ML state than in 0.50-ML one, and correspon
ingly the amplitude reduction is found to be slightly mo
significant in the 0.12-ML state. This indicates that tempe
ture differences of the cumulantsDC2(T1 ,T2) and
DC3(T1 ,T2) ~T15100 K andT25300 K! are greater in the
0.12-ML state.

The numerical values ofDC2 andDC3 were obtained by
the amplitude ratio and phase-difference methods and
the curve-fitting method,19 whereDkfit employed were 3.2–
8.9 Å. The results are tabulated in Table II, together with
previous results on Cl/Ni~100! for comparison,7 which pro-
vides more quantitative and detailed information.DC2~100
K, 300 K! for the 0.50-ML state was obtained as 6.2(
31023 Å2, which agrees withDC2~80 K, 280 K! of
5.5(5)31023 Å2 by the previous SEXAFS experiments6,9

within the errors, and slightly deviates fromDC2~110 K, 300
K! of 4.5(4)31023 Å2 by PhD.21

In order to describe the interatomic potentials of t
Cl-Cu atom pair, one can simply assume a third-order po
nomial within the two-body Einstein approximation as

V~r !5 1
2a~r2r 0!

22b~r2r 0!
3,

wherea and b are the second- and third-order force co
stants, respectively, andr 0 the equilibrium distance~poten-
tial minimum!. The relationship between the EXAFS cum
lants and the force constants in the case of the two-b
system have been clarified using the first-order quantu
se
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TABLE II. Results ofDC2(T1 ,T2) andDC3(T1 ,T2) ~T15100 K, T25300 K! for the first-NN Cl-Cu
shells in 0.12- and 0.50-ML Cl/Cu~100!, together with the previous results for the first-NN Cl-Ni bond
Cl/Ni~100! ~Ref. 7!. The two-body effective potential parametersa, b, andr 0 are also given.

System
Coverage

~ML !
DC2

(1023 Å2)
DC3

(1024 Å3)
a

~mdyn/Å!
b

(mdyn/Å2)
r 0
~Å!

ClCu~100! 0.12 6.8~6! 13.6~27! 0.35~4! 0.65~13! 2.41~2!

0.50 6.2~6! 7.4~15! 0.38~4! 0.46~10! 2.39~2!

ClNi~100! 0.25 3.7~3! 1.0~2! 0.58~4! 0.21~5! 2.31~2!

0.50 4.4~3! 2.6~3! 0.51~3! 0.38~6! 2.34~2!
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statistical perturbation theory of thermal averages.24–27 The
evaluated results ofa andb usingDC2 andDC3 are also
given in Table II. The second-order force constanta is found
to be slightly larger in the 0.50-ML state, while the thir
order force constantb is larger in 0.12 ML, implying stiffer
vibration and smaller anharmonicity at higher Cl covera
Although the difference is again not so significant for ea
value, all the results ofR, a, andb consistently indicate tha
the Cl-Cu bond strength is greater at higher Cl coverage

Figure 4 showsDC2 andDC3 variations as a function o
the Cl-metal~Cu and Ni! distance. It is apparently found tha
with an elongation of the Cl-metal distanceDC2 andDC3
increase monotonically, thus implying that the longer bond
the softer and more anharmonic. The most important find
is the difference of the coverage dependence. As note
Sec. I, in the previous Cl/Ni~100! system the Cl-Ni bond is
noticeably weakened as the Cl coverage increases, whi
the present Cl/Cu~100! case the Cl-Cu bond is found t
tighten with the Cl coverage. Although each difference in
bond distance,DC2 , andDC3 is within the error bars in the

FIG. 4. DC2(T1 ,T2) and DC3(T1 ,T2) ~T15100 K and T2
5300 K! of Cl/M (100) ~M5Ni,Cu! as a function of the Cl-M
distance.
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case of Cl/Cu~100!, all the results suggest a tightening of th
Cl-Cu bond with the coverage, which sounds physically s
nificant.

III. DENSITY-FUNCTIONAL CALCULATIONS

A. Methods

In order to understand the different coverage depende
between the Cl/Ni~100! and Cl/Cu~100! systems, we per-
formed first-principle quantum-mechanical calculations
the cluster models of those surfaces. The method used
an ab initio calculation based on the density-function
theory~DFT!. The calculations were done by use of the DF
quantum-mechanical code DMol ver. 950 of Biosym/MS
by using the double numerical basis functions with polari
tion function28–30as the atomic basis set, and the local-sp
density functional derived by Vosko, Wilk, and Nusair.31 All
inner core levels were frozen in the present calculations.

The cluster model used for theM (100) ~M5Ni,Cu! sur-
face was composed of 25 metal atoms, among which 16M
atoms were in the top atomic layer and nine atoms were
the second layer.2,3,32 The coordination of atoms and all th
M -M distances were taken to be the same as in the b
metal crystal, implying the assumption of unrelaxed and
reconstructed surfaces. In the calculations for the low cov
age state~0.12 ML!, one Cl atom was placed on the fourfo
hollow site at the center of the top atomic layer of the abo
metal cluster~see Fig. 5!. Hereafter we denote this model a
the Cl1M25 cluster. Fixing the position of the metal atoms
the ClM25 cluster, we calculated the total binding energy a
function of the height of the Cl atom,Z, measured from the
top metal atom plane.

For the high-coveragec(232) state, five Cl atoms were
put on the five fourfold hollow sites of the top metal ato

FIG. 5. Schematic view of the Cl5M25 ~M5Ni,Cu! cluster.
Only the central Cl atom was used for the description of low
coverage, while all the five Cl atoms were included to model
c(232) coverage.
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plane as shown in Fig. 5. This cluster model is denoted as
Cl5M25 cluster. In this case, the height of the Cl atoms exc
that of the one at the center were at first taken to be equa
the value found for the most stable state from the calcu
tions on the Cl1M25 cluster. Fixing the positions of meta
atoms and four Cl atoms at the surrounding sites, we ca
lated the total binding energy of the cluster as a function
the height of the central Cl atom. After obtaining the eq
librium distance, the surrounding four Cl atoms were
placed at the optimized positions, and the total-energy ca
lations were performed once again to verify the equilibriu
distance. The distance was found to be completely ident
and one does not have to care the slight change of the he
of the surrounding Cl atoms.

B. Results

Let us first discuss the theoretical equilibrium Cl-me
distances. To determine the Cl-metal distances, the tota
ergy curve was calculated as a function of the Cl heightZ in
the vicinity of the potential minimum, the results being plo
ted in Fig. 6. Using parabolic fits, the equilibrium distanc
were finally obtained, and the results are summarized
Table III. The interatomic distance between the central
and the first-NN Ni was found to be 2.288 Å for Cl1Ni25 and
2.301 Å for Cl5Ni25, respectively, while that was 2.371 Å fo
Cl1Cu25 and 2.358 Å for Cl5Cu25. These values are close t
the experimentally obtained distances of 2.31–2.41 Å,

FIG. 6. Potential-energy curves of the ClxM25 clusters ~x
51,5; M5Ni,Cu! in the vicinity of the equilibrium distance. The
minimum of each potential curve was assumed to be the origin
the energy.

TABLE III. The equilibrium Cl-M ~M5Cu,Ni! distance
RCl-M and the Mulliken chargeqCl of Cl, obtained by the density
functional calculations of the Cl1M25 and Cl5M25 clusters.

System RCl-M ~Å! qCl

Cl1Cu25 2.371 20.25
Cl5Cu25 2.358 20.13
Cl1Ni25 2.288 20.23
Cl5Ni25 2.301 20.33
he
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implying a high reliability of the present density-function
calculations. The sequence of the Cl-metal bond length
well reproduced. The Cl-Ni distance is noticeably shorter~by
;0.07 Å! than the Cl-Cu one, this being consistent with t
experimental tendency (;0.07 Å). For the coverage depen
dence as well, the calculated results indicate that in the c
of Cu the Cl-Cu distance is getting shorter with the Cl co
erage, while on Ni the Cl-Ni distance is the longer. Th
consequence is fully consistent with the experimental fi
ings.

Figure 7 shows the calculated density of states~DOS! of
these clusters, where each discrete level has been artific
broadened with the width of 0.2 eV. The energy is the o
measured from the vacuum level. In the total DOS, chlori
derived peaks appear around;9.7 eV for Cl5Ni25 and
;10.7 eV for Cl5Cu25, which can be ascribed to the Cl 3p
components interacting with metal 3d bands. Although ul-
traviolet photoemission spectra~UPS! of Cl/Ni~100! has not
been reported to our knowledge, the UPS of Cl/Cu~100! has
been studied in detail,33–36 and shows a Cl 3p peak at
;5 eV below the Fermi levelEF . Since the present calcu
lations gave a work function of 5.2 eV for Cl5Cu25, the the-
oretical energy level of Cl 3p ~5.5 eV in regard toEF! is
found to provide good agreement with the experiment. T
overall features of the calculated spectrum of Cl5Cu25 are
also consistent with the experiment, this indicating that o
cluster model has picked up the surface state properly.

Figure 7 also shows the partial DOS of Cl 3p ~only for
central Cl! and metal 3d bands. A clear difference in the
coverage dependence between ClxNi25 and ClxCu25 can be
detected. On the Cu substrate, the components of both
3p and Cu 3d as well as the total DOS are found to shift
a higher-binding-energy side as the Cl coverage increa
On the other hand, on the Ni substrate, no significant cov
age dependence can be found in the partial DOS of Ni 3d or
the total DOS. In the Cl 3p levels, a single dominant contri
bution is seen at;10 eV for Cl1Ni25, while for Cl5Ni25 this
contribution is spread into several peaks. It should be no

of

FIG. 7. The total DOS and the partial DOS of metal 3d and Cl
3p for the ClxM25 clusters~x51, 5;M5Ni,Cu!. The partial DOS
of Cl 3p includes only the one for the central Cl atom, and those
metal 3d are derived only from the four first-NN metal atom
which directly interact with the central Cl. The energy is referred
the vacuum level.
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1566 56M. KIGUCHI et al.
that one of the Cl 3p levels for Cl5Ni25 is located at a low-
binding-energy side of;9.1 eV, yielding the lower-energy
shift of the whole Cl 3p levels. This indicates that the in
crease in the Cl coverage induces the weakening of the C
bonds.

Table III gives the Mulliken charges of the central C
atom. One can find that by comparing the results
Cl1Ni25 and Cl1Cu25, the ionicity of Cl does not change at
low Cl coverage between Ni and Cu. This is reasona
since the electronegativities of Ni and Cu are almost equa
each other. The coverage dependence is, however, sig
cantly different. The Cl ionicity is enhanced on Ni with th
coverage, while on Cu the ionicity is reduced. As mention
in Sec. I, similar findings have been reported by Bausc
cher and co-workers2,3 on the O/Ni and S/Ni systems. Ac
cording to their molecular-orbital calculations of model clu
ters, charges on O and S on Ni~100! are almost the same a
low coverage. On increasing the coverage, however, O
comes more negatively charged, while S becomes less i
though the effect on S is small. The trend resembles
present findings.

IV. DISCUSSION

As a consequence of the previous experimental and th
retical sections, the observed coverage dependence o
interatomic distanceRCl-M , the second-order force consta
a, and the third-order constant~anharmonicity! b in the Cl/
Ni~100! and Cl/Cu~100! systems could be ascribed to th
variation of the Cl chargeqCl obtained theoretically. Let us
consider two different chemical interactions of ionic and c
valent bonds. The decrease in ionicity implies the enhan
ment of the covalent nature, as long as the chemical bon
preserved. In general, since the ionic and covalent attrac
interactions are long- and short-range forces, respectiv
the curvature of the ionic potential should be looser than
of the covalent one. This leads to smallera andb in more
ionic interaction, being consistent with the present exp
mental findings. For the Cl-metal distances as well, it can
remarked that the more covalent the interaction, the sho
the bond length, because the covalent interaction requ
more significant overlap between the atomic orbitals than
ionic one ~in other words, covalent radii are smaller tha
ionic radii!. This is also consistent with the experimental a
theoretical results.

A remaining question might be why the Cl charge exh
its such a drastic difference in the coverage dependence
tween Ni and Cu. This should originate from the differe
chemical interactions between the Cl-Ni and Cl-Cu bon
Since Ni is a transition-metal element, N; 3d orbitals domi-
nantly participate in the Cl-Ni bond formation. On the oth
hand, Cu 3d orbitals located at higher binding energies a
fully occupied and are less important for the Cl-Cu bon
Instead, the Cu 4s level interacts with Cl 3p. Since the 3d
orbital is much more localized than the 4s orbital, the chemi-
cal bond for the Cl-Ni pair is stronger than that for the Cl-C
pair. This was clearly demonstrated by the present SEXA
results~see Table II!.

For discussing the coverage dependence, it might be c
plicated to consider the interaction between the neutra
and the metal surface, since Cl plays significant roles of b
Ni
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electron donor and acceptor. Thus let us here consider
interaction between Cl2 anion and the cationic metal surfac
As the Cl coverage increases, the electron of Cl2 is donated
to the Cu 4s band in the Cl/Cu system, while that is donat
mainly to the Ni 3d band in Cl/Ni. Since the Cu 4s band is
broadened and is of less density in the vicinity of the Fer
level, the increase in electrons should shift the Fermi le
~work function! of the Cu metal significantly. On the othe
hand, because of a high density of the Ni 3d band, the Fermi
level does not change so much for the Ni metal. These
marks are actually found in Fig. 7.

There should be two competing repulsive forces in
case of high-coverage Cl adsorption. One is the Cl-Cl rep
sive Coulomb force, and the other is the electron-elect
repulsion in the metal bands. In the case of Cu, the electr
from Cl2 are transferred into the Cu 4s band, and the
electron-electron repulsion is less important because of
free-electron-like nature of the 4s band, implying that the
Cl-Cl Coulomb interaction should be a dominant repuls
force. Consequently, so as to reduce the Cl-Cl repulsion,
charge transfer from Cl2 to the Cu 4s band is more enhance
with the increase in the Cl coverage. On the other hand
the case of Ni, the electrons from Cl2 should be localized in
the Ni 3d band, and the electron-electron repulsion mig
play a more significant role upon the charge transfer fr
Cl2 to Ni metal. Accordingly, in spite of the increase in th
Cl2 coverage, the Ni 3d band could not accept the electron
from Cl2 to any great degree. The charge of the Cl anio
resultantly remains more with the coverage increase,
given in Table III. The difference of the coverage depe
dence of Cl between Ni and Cu metal surfaces has thus b
recognized.

V. CONCLUSIONS

We have measured and analyzed temperature depend
of Cl K-edge SEXAFS spectra of the 0.12- and 0.50-M
Cl/Cu~100! states. Local surface structures have been fo
to be almost identical with each other, except for the pr
ence of the Cl-Cl coordination in the 0.50-MLc(232) state.
The first-NN Cl-Cu bond distance is, however, slightly d
ferent: 2.4260.02 Å for 0.12 ML and 2.3960.02 Å for 0.50
ML. The harmonic force constant is smaller and the anh
monicity is greater in the 0.12-ML state than in the 0.50-M
state. These experimental results clearly demonstrate tha
Cl-Cu bond is tightened with the Cl coverage, such a cov
age dependence being opposite to that in the Cl/Ni~100! sys-
tem. Density-functional calculations have been carried
using finite cluster models of ClxNi25 and ClxCu25 ~x51 and
5!. The tendency of the coverage dependence was re
duced well from the view point of the Cl-metal equilibrium
distance. Different coverage dependence was also cle
found in the DOS.

The observed coverage dependence of the distance, v
tional amplitude, and anharmonicity for the Cl-metal bon
in Cl/Ni~100! and Cl/Cu~100! was consequently ascribed t
the variation of the ionicity of the Cl atom. As the Cl cove
age increases, the Cl ionicity is enhanced in the case of
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while it is reduced in the Cu case. The latter implies an
hancement of the covalency for the Cl-Cu bond, leading t
shorter bond distance and a larger force constant with th
coverage. The drastic difference between Ni and Cu was
explained by the different nature of the chemical interactio
between Cl-Ni and Cl-Cu pairs; upon the formation of t
Cl-metal bonds, the Cl 3p–Ni 3d interaction plays a domi-
nant role for the Cl-Ni bond, while for the Cl-Cu one th
Cl 3p–Cu 4s is important. This yields a different ionicity o
Cl between Ni and Cu at saturation coverage. The pre
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Cl/Ni and Cl/Cu systems have provided excellent examp
for the coverage dependence of the adsorbate-substrate b
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