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Coverage dependence of surface structure and vibration of CI/G@00) compared to CI/Ni(100)
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The coverage dependence of surface structure and vibration was investigated for 0.12- and 0.50-ML ClI
adsorbed on Q00 by means of temperature-dependentkGeédge surface-extended x-ray-absorption fine
structure. The first-nearest-neighbor CI-Cu distance was found to be-2.82 A for 0.12 ML and 2.39
+0.02 A for 0.50 ML. Moreover, the CI-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 CI/Ni(100 in which the CI-Ni bond was found to be elongated, softer, and more anharmonic with the ClI
coverage. For the understanding of the different nature of CI/Cu from CI/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 CI/Ni and Cl/Cu can consequently be ascribed to the different
Cl ionicity at the saturation coverage, which originates from the different roles of metabahds.
[S0163-18207)05127-9

[. INTRODUCTION ing, it should be of particular interest to investigate the cov-
erage dependence of ClI/Q00 and to compare with the
Static and dynamical properties of atoms adsorbed omesults from CI/N{100), since the surface structures are quite
single crystal surfaces often show interesting coverage desimilar to each other.
pendence. Andersson, Karlsson, and Pefsstudied the Thus, in the present study, we have measured and ana-
coverage dependence of O and $IMD) with the high- lyzed tempe(ature—dependent ICledge SEXAFS spectra of
resolution electron-energy-loss-spectroscopy method. The/Cu(100 with 0.12- and 0.50-ML CI coverages. The sur-
found that in the O/NiL00) system the O-Ni vibrational fre- face structure of 0.50-ML Cl/Ga00 with ac(2x2) LEED
quency is significantly reduced with increased O coveragePattern has already been investigatetf, while that of a
while in the S/N{100) case the S-Ni frequency shift is much lower coverage has not been reported yet. The CI-Cu bond
smaller than the upper case. Bauschlicher and co-wdrkers dlstqnce, the vibrational amplitude and anharmonicity were
treated the same systems theoretically using a cluster modébtained for these two samples, and the two-body inter-
They succeeded in explaining vibrational softening of thedtomic potentials were consequently estimated. The present
O-Ni bond with the O coverage, and also found slight stiff-results of CI/C@100) are compared to those of CIA400).
ening of the S-Ni bond with S coverage. They ascribed sucfensity-functional quantum-mechanical calculations were
a different nature between O and S to the different coverag@!so carried out by employing a metal cluster with different
dependence of charge transfer from Ni to adsorbate atoms. fi#mber of adsorbate Cl. Origins of the observed coverage-
the structural studies based on LEEDw-energy electron dependent nature of the Cl-metal bonds in CliND) and
diffraction) and SEXAFSsurface-extended x-ray-absorption CI/Cu(l_OO) are discussed using the calculated electronic
fine structurg of p(2x 2) andc(2x 2) states; however, nei- Properties.
ther O nor S adsorbates give any meaningful difference in
the adsorbate-substrate bond distahée. Il. SEXAFS
Very recently, we examined the coverage dependence of
the surface structures and vibrational properties of Cl/
Ni(100 by means of temperature-dependent ICledge A mechanically and electrochemically polished (020
SEXAFS, and found that the CI-Ni vibration is softer and crystal was cleaned in an UHWiltrahigh vacuumchamber
more anharmonic in the 0.50-ML case than in the 0.25-ML(the base pressure was less thax1D 8 Pg by repeated
one, associated with the elongation of the CI-Ni bond dis<cycles of Af" sputtering and annealing at 900'K*?A clear
tance at higher coveradeThese findings were explained by (1x 1) LEED pattern was observed and both S and CI con-
the enhancement of the adsorbate-adsorbate repulsive intéaminations were found to be less than 0.01 ML. The clean
action with Cl coverage, as in the case of GINI0. In order  Cu(100) crystal was dosed with €hiven by the electrolysis
to obtain deeper insight into adsorbate-metal substrate bondf AgCl in a manner similar to that described previousty.

A. Experiment
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Two samples were prepared by,@osage at room tempera-
ture, and subsequent annealing to 573 K. One corresponds to
a saturation coveragé.50 ML), which gave a cleac(2
X2) LEED pattern. The other gave a lower coverage
(0.12-ML CI), and exhibited only rather a diffuse K1)
pattern. Here the CI coverage was estimated from the nor-
malized CIK fluorescence yieldedge jump, by assuming a
Cl coverage of the former sample of 0.50 ML.

Cl K-edge SEXAFS measurements were carried out at the
soft-x-ray double-crystal monochromator station BL-11B of
the Photon Factory in the National Laboratory for High En-

ergy Physic$#~1®The factor of linear polarization was esti- 02l q
mated to be larger than 0.97 for the monochromatized pho- o ] ( )
tons, and the energy resolution of the (GED) 0.0 L7~ - & E
monochromator was about 1.5 eV around thek@dge re- :

gion. The fluorescence yield detection method was employed Q24—t—

3 4 5 6 7 8 9

to obtain Cl K-edge SEXAFS data by using an UHV- 1
Wave number k (A™)

compatible gas-flow proportional counter with P10 ¢E3%
CH, in Ar) as a detectot! The SEXAFS spectra of 0.12- and
0.50-ML Cl/Cu100) were taken at normal §=90°) and FIG. 1. CIK-edge EXAFS oscillation functionisy(k): (a) 0.50
grazing (#=15°) x-ray incident angles. For the normaliza- ML, 15°; (b) 0.12 ML, 15° (c) 0.50 ML, 90°; (d) 0.12 ML, 90°.
tion of the fluorescence yield, spectra with the intensity ofThe measurement temperatures are 106#lid line) and 300 K
the incident x rays, we measured a drain current from a Cidotted ling.

mesh in the upstream of the sample crystal. The measure-

ments were done at 100 and 300 K. For the measurement at '€ curve-fitting analysis of the first-NN CI-Cu shells for

100 K, the sample crystal was cooled down using a quuid-the 100-K data in th& space was subsequently performed
N, cryostat. The sample temperature was monitored with gfter the Fourier filtering and inverse Fourier transformation,
chromel-alumel thermocouple which was spot welded on &Sing theoretical standards given bgrre™” The fitting pa-
Ta sheet attached to the sample surface. The temperatui@meters employed werd*S; (the effective coordination

fluctuations were less than3 K during the SEXAFS mea- humberN* multiplied by the intrinsic loss factd), R (the
surements. interatomic distange AE, (the edge energy shjftandC,

(the mean-square relative displaceme@t, for the 90° inci-
dence data was consequently fixed to be the same as that for
B. Static surface structures the 15° incidence one to give meaningful vaIueS\be%.

Extraction of the EXAFS functiony(k) (k is the photo- _The results are s_ummarlzed in T_able I, together Wlth_ the
electron wave numbgwas carried OL?t(Sac)cording to t'?]e well- fitting ranges. The first-NN CI-Cu distance was determined
established procedures: pre- and post-edge background sub-
tractions and subsequent normalization with the atomic
absorption coefficient®!°® The edge energf, was tenta-
tively chosen as an inflection point of the Kledge of the
15° spectrum for each sample. Figures 1 and 2 show the
kx(k) functions and corresponding Fourier transforms, re-
spectively. The assignments of the Fourier peaks can be per-
formed according to the literatufe® The most noticeable
difference between 0.12 and 0.50 ML is found-a8.3 A in
the Fourier transforms for 90° incidenfeompare Fig. &)
with Fig. 2(d)]. This peak in Fig. &) is attributed to the
CI-ClI shell. In the 0.50-ML coverage tref2 X 2) overlayer
is completed, this leading to an intense CI-CI contribution.
On the other hand, in the 0.12-ML cajdeig. 2(d)] this peak
is not observed, implying that no noticeable formation of the
c(2x2) islands occurs. Another difference between 0.12
and 0.50 ML is observed in the first-nearest-neighiiix)

CI-Cu shells appearing at2.1 A. When we compare the
low-temperature data at 15° incidence, which give the most
intense first-NN contributiodsee solid lines of Figs. (2)

and 2b)], we find that the 0.50-ML coverage provides a little  FIG. 2. Fourier transforms oky(k) of CI/Cu(100: (a) 0.50
shorter CI-Cu distance than the 0.12-ML one, this beinguL, 15°; (b) 0.12 ML, 15° (c) 0.50 ML, 90° (d) 0.12 ML, 90°.
guantitatively clarified by the following curve-fitting analy- The measurement temperatures are 100sd#lid line) and 300 K
sis. (dotted ling.

Fourier Transform (arb. units)

Distance R (&)
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TABLE |. The results of the SEXAFS analysis for the first-NN CI-Cu shells in the 0.12- and 0.50-ML
CI/Cu(100 states at 100 K. All the fittings rangesAkg, are 3.2—8.9 AL N*S2, R, AE,, andC, are the
parameters given by the EXAFS experiments and the EEEmhdards, whildN* was evaluated from the
consequently determined structures.

Coverage 0 Akpr AR R AEq C,

(ML) ©) (A7 ) NS A) (ev) (102A%)  N*

0.12 15 2.85-9.20 1.50-2.80 B3 2.41320) 4.3 0.869) 5.10
90 2.85-9.20 1.70-2.80 8 2.42920) 4.3 0.869) 2.71

0.50 15 2.80-9.20 1.55-2.70 &y 2.39220) 4.3 0.768) 5.00
90 2.80-9.20 1.40-2.70 4 2.39520) 4.3 0.768) 3.31

to be 2.42-0.02 A for 0.12 ML and 2.3%0.02 A for 0.50 the expected values of* (90°)/N* (15°) for the hollow site
ML, respectively. The CI-Cu distance of 2.39 A in the are 0.66 and 0.68, respectively.

0.50-ML state is in good agreement with the result of 2.37

+0.02 A (at 80 K) given by the previous SEXAFE}® and C. Vibrational properties of the surface CI-Cu bonds

2.38+0.05 A (at 110 K) given by the photoelectron diffrac-
tion (PhD) measurement& but is slightly smaller than the _ 'h€ témperature dependence of the EXAFS spectra for

value of 2.410.02 A from LEEDZ Although the distance the first-NN CI-Cu shells was subsequently analyzed. The

difference between the 0.12- and 0.50-ML states is withir: Ker and AR ranges were the same as the above structural
the errors, a higher-coverage state provides a slightly short&@nalysis given in Table I. Figure 3 also shows the tempera-
bond distance, as found in the Fourier transforms in Fig. 2luré dependence of the filterekiy(k) functions for the

For a better understanding of the distance difference, wdrStNN CI-Cu shells. It is clearly found in both the 0.12-
show the filteredk (k) functions for the firstNN CI-Cu and 0.50-ML states that as the temperature increases the

shells at 15° x-ray incidence in Fig. 3, which includes tem_EXAFS amplitude is reduced and the phase is gradually de-

perature dependence discussed below. WheR i) func- layed at highek regions. The amplitude reduction at higher

tion at 100 K for the 0.50-ML coveragghe solid curve in €mperature is the consequence of increase in the mean-
Fig. 3@)] is compared to that for the 0.12-ML offine solid square relative displaceme@t (EXAFS Debye-Waller fac-

curve in Fig. 3b)], the phase for the former is gradually tor). The phase delay is not caused by the shortening of the

delayed more than that for the latter, implying a shorterCl-Cu distance at higher temperature but by increase in the
mean-cubic relative displacemeds.2 One can clearly find

CI-Cu distance in the 0.50-ML coverage. . L
On the other hand, from the ratios of the effective coor-that the phase delay at the higheregion is more enhanced

dination numberm*(goo)/N*(]_So) of 0.62+0.10 for 0.12 in the 0.12-ML state than in 0.50-ML one, and Correspond-
ML and 0.66=0.07 for 0.50 ML, adsorption of Cl on the ingly the amplitude reduction is found to be slightly more

fourfold hollow site can be confirmed in both the states since'gnificant in the 0.12-ML state. This indicates that tempera-
ture differences of the cumulant?AC,(T,,T,) and

AC4(T,,T,) (T;=100 K andT,=300 K) are greater in the
0.2 0.12-ML state.
The numerical values ckC, andAC3 were obtained by

o the amplitude ratio and phase-difference methods and also
= the curve-fitting method® where Akg, employed were 3.2—
=00 8.9 A. The results are tabulated in Table II, together with the

previous results on CI/NLOO) for comparisor, which pro-
vides more quantitative and detailed informatidC,(100
K, 300 K) for the 0.50-ML state was obtained as 6.2(6)
x10 3 A?, which agrees withAC,(80 K, 280 K) of
5.5(5)x 10 % A2 by the previous SEXAFS experimehés
within the errors, and slightly deviates frofC,(110 K, 300
K) of 4.5(4)x 10 % A2 by PhDZ

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

o o
o

Filtered EXAFS function k
o

|
©
-

o
)

3 4 5 6 7 8 9
Wave number k (A" V(r)=3a(r—rg)?=pB(r—ro)?,
FIG. 3. Filteredkx(K) of the first-NN CI-Cu shells in the 15° Where a and 3 are the second- and third-order force con-

incidence data ofa) 0.50 ML and(b) 0.12 ML Cl/CY100) taken at ~ Stants, respectively, ang the equilibrium distancépoten-

the temperatures of 100 Ksolid line) and 300 K (dotted ling. tial minimum). The relationship between the EXAFS cumu-
Some vertical lines are given for easier understanding of the phadants and the force constants in the case of the two-body
delays. system have been clarified using the first-order quantum-
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TABLE Il. Results of AC,(T,,T,) and AC5(T;,T,) (T;=100K, T,=300 K) for the first-NN CI-Cu
shells in 0.12- and 0.50-ML CI/G@m00), together with the previous results for the first-NN CI-Ni bond in
CI/Ni(100 (Ref. 7). The two-body effective potential parametersB, andr, are also given.

Coverage AC, AC, a B o

System (ML) (1073 A?) (1074 A3) (mdyn/A) (mdyn/A?) R
CICu(100 0.12 6.86) 13.6127) 0.354) 0.6513) 2.41(2)
0.50 6.26) 7.4(15) 0.384) 0.4610) 2.392)
CINi(100 0.25 3.13) 1.02) 0.584) 0.21(5) 2.312)
0.50 4.43) 2.63) 0.51(3) 0.386) 2.342)

statistical perturbation theory of thermal averaffed’ The  case of CI/C(100), all the results suggest a tightening of the
evaluated results of and 8 usingAC, and AC; are also  CI-Cu bond with the coverage, which sounds physically sig-
given in Table Il. The second-order force constarns$ found  nificant.
to be slightly larger in the 0.50-ML state, while the third-
order force constang is larger in 0.12 ML, implying stiffer IIl. DENSITY-FUNCTIONAL CALCULATIONS
vibration and smaller anharmonicity at higher Cl coverage.
Although the difference is again not so significant for each A. Methods
value, all the results dR, «, andg consistently indicate that In order to understand the different coverage dependence
the CI-Cu bond strength is greater at higher Cl coverage. between the CI/NiLOO and CI/C{100 systems, we per-
Figure 4 shows\C, and AC; variations as a function of formed first-principle quantum-mechanical calculations on
the Cl-metal(Cu and N) distance. It is apparently found that the cluster models of those surfaces. The method used was
with an elongation of the Cl-metal distandeC, andAC;  an ab initio calculation based on the density-functional
increase monotonically, thus implying that the longer bond isheory(DFT). The calculations were done by use of the DFT
the softer and more anharmonic. The most important findingjuantum-mechanical code DMol ver. 950 of Biosym/MSI,
is the difference of the coverage dependence. As noted iby using the double numerical basis functions with polariza-
Sec. 1, in the previous CI/NLOO) system the CI-Ni bond is tion functiorf®=*°as the atomic basis set, and the local-spin-
noticeably weakened as the Cl coverage increases, while iensity functional derived by Vosko, Wilk, and Nus&irAll
the present CI/C00 case the CI-Cu bond is found to inner core levels were frozen in the present calculations.
tighten with the Cl coverage. Although each difference in the The cluster model used for thé (100) (M = Ni, Cu) sur-
bond distanceAC,, andAC; is within the error bars in the face was composed of 25 metal atoms, among whiciM16
atoms were in the top atomic layer and nine atoms were in
the second layer®*? The coordination of atoms and all the
M-M distances were taken to be the same as in the bulk
metal crystal, implying the assumption of unrelaxed and un-
reconstructed surfaces. In the calculations for the low cover-
age staté0.12 ML), one Cl atom was placed on the fourfold
hollow site at the center of the top atomic layer of the above
metal cluster(see Fig. 3. Hereafter we denote this model as
the CL M, cluster. Fixing the position of the metal atoms in
the CM ,5 cluster, we calculated the total binding energy as a
function of the height of the CI atonz,, measured from the
. , top metal atom plane.
8 For the high-coverage(2x2) state, five Cl atoms were
put on the five fourfold hollow sites of the top metal atom

CINi

2.30 235 2.40 2.45
CI-M Distance (A)
FIG. 5. Schematic view of the €¢M,5; (M=Ni,Cu) cluster.
FIG. 4. ACx(T,,T,) and AC4(T4,T,) (T;=100K and T, Only the central Cl atom was used for the description of lower
=300 K) of CI/M(100) (M=Ni,Cu) as a function of the CI-M coverage, while all the five Cl atoms were included to model the
distance. c(2X2) coverage.
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b (]
o 5 SN
%’) . = ClyNig A CliCuzs 1/
E 4+ § ClgNiys / CleCuzs |/ . Total
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FIG. 7. The total DOS and the partial DOS of metal &nd ClI

. 3p for the C|M 45 clusters(x=1, 5; M =Ni,Cu). The partial DOS
FIG. 6. Potential-energy curves of the Bl clusters (X of ¢ 3p includes only the one for the central Cl atom, and those of
=1,5; M=Ni,Cu) in the vicinity of the equilibrium distance. The 1ata) 3y are derived only from the four first-NN metal atoms
minimum of each potential curve was assumed to be the origin ofhich directly interact with the central Cl. The energy is referred to
the energy. the vacuum level.

plane as shown in Fig. 5. This cluster model is denoted as the ) o ) .

ClsM s cluster. In this case, the height of the Cl atoms exceptmplying a high reliability of the present density-functional
that of the one at the center were at first taken to be equal tgalculations. The sequence of the Cl-metal bond length was
the value found for the most stable state from the calculawell reproduced. The CI-Ni distance is noticeably shofiigr
tions on the C1|M 25 cluster. Fixing the positions of metal ~0.07 A) than the CI-Cu one, this being consistent with the
atoms and four Cl atoms at the surrounding sites, we calciexperimental tendency~(0.07 A). For the coverage depen-
lated the total binding energy of the cluster as a function ofience as well, the calculated results indicate that in the case
the height of the central Cl atom. After obtaining the equi-of Cu the CI-Cu distance is getting shorter with the CI cov-
librium distance, the surrounding four Cl atoms were re-erage, while on Ni the CI-Ni distance is the longer. This
placed at the optimized positions, and the total-energy calcuconsequence is fully consistent with the experimental find-
lations were performed once again to verify the equilibriumings.

distance. The distance was found to be completely identical Figure 7 shows the calculated density of std@©S) of

and one does not have to care the slight change of the heighfiese clusters, where each discrete level has been artificially
of the surrounding Cl atoms. broadened with the width of 0.2 eV. The energy is the one

measured from the vacuum level. In the total DOS, chlorine-
derived peaks appear around9.7 eV for CENiys and
~10.7 eV for CiCu, which can be ascribed to the Cp3

Let us first discuss the theoretical equilibrium Cl-metal components interacting with metati@ands. Although ul-
distances. To determine the Cl-metal distances, the total efrayiolet photoemission spect(@lPS of CI/Ni(100 has not
ergy curve was calculated as a function of the Cl helyim been reported to our knowledge, the UPS of C{AD®) has
the vicinity of the potential minimum, the results being plot- heen studied in detai? 3¢ and shows a ClI B peak at
ted in Fig. 6. Using parabolic fits, the equilibrium distances—_ 5 g\ pelow the Fermi leveEg . Since the present calcu-
were finally obtained, and the results are summarized ifgtions gave a work function of 5.2 eV for {u,s, the the-
Table Ill. The interatomic distance between the central Clygtical energy level of Cl B (5.5 eV in regard tcEg) is
and the first-NN Ni was found to be 2.288 A for,8li;sand  found to provide good agreement with the experiment. The
2.301 A for CINi,s, respectively, while that was 2.371 Afor qyerall features of the calculated spectrum ofGlbs are
Cl1Cups and 2.358 A for GiCups. These values are close t0 aso consistent with the experiment, this indicating that our
the experimentally obtained distances of 2.31-2.41 A, thig|uster model has picked up the surface state properly.

o o Figure 7 also shows the partial DOS of Gb 3only for

TABLE Ill. The equilibrium CIM (M=Cu,Ni distance  central C) and metal @ bands. A clear difference in the
Rc.m and the Mulliken charge, of Cl, obtained by the density- coverage dependence betweenNTjs and CLCuys can be
functional calculations of the V125 and CiM s clusters. detected. On the Cu substrate, the components of both ClI
3p and Cu 3 as well as the total DOS are found to shift to

B. Results

System Retw ) bei a higher-binding-energy side as the Cl coverage increases.
Cl,Cuys 2.371 -0.25 On the other hand, on the Ni substrate, no significant cover-
ClsCuys 2.358 -0.13 age dependence can be found in the partial DOS ofd\NoB
Cl;Nis 2.288 -0.23 the total DOS. In the CI @8 levels, a single dominant contri-
ClgNis 2.301 -0.33 bution is seen at-10 eV for CkNi,s, while for ClgNi,s this

contribution is spread into several peaks. It should be noted
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that one of the CI B levels for CLNi,s is located at a low- €lectron donor and acceptor. Thus let us here consider the
binding-energy side of-9.1 eV, yielding the lower-energy interaction between Clanion and the cationic metal surface.

shift of the whole CI 3 levels. This indicates that the in- As the Cl coverage increases, the electron of Gldonated
crease in the Cl coverage induces the weakening of the CI-Np the Cu 4 band in the Cl/Cu system, while that is donated
bonds. mainly to the Ni 31 band in CI/Ni. Since the Cugiband is
Table Il gives the Mulliken charges of the central Cl broadened and is of less density in the vicinity of the Fermi
atom. One can find that by comparing the results oflevel, the increase in electrons should shift the Fermi level
Cl;Ni,5 and ClCuys, the ionicity of Cl does not change at a (work function of the Cu metal significantly. On the other
low Cl coverage between Ni and Cu. This is reasonablehand, because of a high density of the NiBand, the Fermi
since the electronegativities of Ni and Cu are almost equal tevel does not change so much for the Ni metal. These re-
each other. The coverage dependence is, however, signifiharks are actually found in Fig. 7.
coverage, while on Cu the ionicity is reduced. As mentionettase of high-coverage Cl adsorption. One is the CI-Cl repul-
in Sec. |, similar findings have been reported by Bauschligje coulomb force, and the other is the electron-electron

chedr_ and cgv_vorkel?é oln theb_OllNi ?noll SN sy?stengjs.l A}C' repulsion in the metal bands. In the case of Cu, the electrons
cording to their molecular-orbital calculations of model Clus-¢.o, = are transferred into the Cusdband, and the

ters, charges on O_and S _on(NDO) are almost the same at electron-electron repulsion is less important because of the
low coverage. On increasing the coverage, however, O be-

comes more negatively charged, while S becomes less ion (Iei:-le Igctrlon-ll;kg tnaturte_z of tﬁesr(ljb?)nd, |31ply|ng ;[hat tr|1e.
though the effect on S is small. The trend resembles the'” oulomb interaction should be a dominant repuisive

present findings. orce. Consequently, so as to reduce the CI-Cl repulsion, the
charge transfer from Clto the Cu 4 band is more enhanced

with the increase in the Cl coverage. On the other hand, in

the case of Ni, the electrons from Téhould be localized in

As a consequence of the previous experimental and thedhe Ni 3d band, and the electron-electron repulsion might
retical sections, the observed coverage dependence of ti#ay a more significant role upon the charge transfer from
interatomic distanc®c..y , the second-order force constant ClI™ to Ni metal. Accordingly, in spite of the increase in the
a, and the third-order constatdnharmonicity g8 in the CI/  ClI~ coverage, the Ni 8 band could not accept the electrons
Ni(100 and CI/C{§100 systems could be ascribed to the from CI~ to any great degree. The charge of the Cl anions
variation of the Cl charge|, obtained theoretically. Let us resultantly remains more with the coverage increase, as
consider two different chemical interactions of ionic and co-given in Table Ill. The difference of the coverage depen-
valent bonds. The decrease in ionicity implies the enhancejence of Cl between Ni and Cu metal surfaces has thus been
ment of the covalent nature, as long as the chemical bond igcognized.
preserved. In general, since the ionic and covalent attractive
interactions are long- and short-range forces, respectively,
the curvature of the ionic potential should be looser than that
of the covalent one. This leads to smalteland 8 in more
ionic interaction, being consistent with the present experi- We have measured and analyzed temperature dependence
mental findings. For the Cl-metal distances as well, it can bef CI K-edge SEXAFS spectra of the 0.12- and 0.50-ML
remarked that the more covalent the interaction, the shortet|/Cu(100) states. Local surface structures have been found
the bond length, because the covalent interaction requireg be almost identical with each other, except for the pres-
more significant overlap between the atomic orbitals than th@nce of the CI-Cl coordination in the 0.50-Mi(2x 2) state.
ionic one (in other words, covalent radii are smaller than The first-NN CI-Cu bond distance is, however, slightly dif-
ionic radii). This is also consistent with the experimental andearant: 2.42-0.02 A for 0.12 ML and 2.39 0.02 A for 0.50

the:retical_ r_esults. " iaht be why the CI ch hib ML. The harmonic force constant is smaller and the anhar-
remaining question might be why the 1 charge exni “monicity is greater in the 0.12-ML state than in the 0.50-ML

its such a drastic difference in the coverage dependence bgt'ate These experimental results clearly demonstrate that the
tween Ni and Cu. This should originate from the different ’ P y

chemical interactions between the CI-Ni and CI-Cu bonds.CI'C'J bond is tightened with the Cl coverage, such a cover-

Since Ni is a transition-metal element, Ng ®rbitals domi- age dependence being opposite to that in the CLOD) sys-

nantly participate in the CI-Ni bond formation. On the other tem. Density-functional calculations have been carried out

hand, Cu @ orbitals located at higher binding energies areUSing finite cluster models of (Nii,s and C|Cups (x=1 and
fully occupied and are less important for the CI-Cu bond.2)- The tendency of the coverage dependence was repro-

Instead, the Cu & level interacts with Cl ®. Since the & duced well from the view point of the Cl-metal equilibrium
orbital is much more localized than the drbital, the chemi- ~ distance. Different coverage dependence was also clearly
cal bond for the CI-Ni pair is stronger than that for the CI-Cufound in the DOS.
pair. This was clearly demonstrated by the present SEXAFS The observed coverage dependence of the distance, vibra-
results(see Table Il tional amplitude, and anharmonicity for the Cl-metal bonds
For discussing the coverage dependence, it might be conir CI/Ni(100) and CI/C{100 was consequently ascribed to
plicated to consider the interaction between the neutral Clhe variation of the ionicity of the Cl atom. As the Cl cover-
and the metal surface, since Cl plays significant roles of botlage increases, the Cl ionicity is enhanced in the case of Ni,

IV. DISCUSSION

V. CONCLUSIONS
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while it is reduced in the Cu case. The latter implies anenCI/Ni and CI/Cu systems have provided excellent examples
hancement of the covalency for the CI-Cu bond, leading to dor the coverage dependence of the adsorbate-substrate bond.
shorter bond distance and a larger force constant with the ClI
coverage. The drastic difference between Ni and Cu was also
explained by the different nature of the chemical interactions
between CI-Ni and CI-Cu pairs; upon the formation of the The authors are grateful for the financial support of a
Cl-metal bonds, the CIB-Ni 3d interaction plays a domi- Grant-in-Aid for Scientific Research from the Ministry of
nant role for the CI-Ni bond, while for the CI-Cu one the Education in JapatNo. 07454060 A part of this work was

Cl 3p—Cu 4 is important. This yields a different ionicity of performed under the approval of Photon Factory Program
Cl between Ni and Cu at saturation coverage. The presemtdvisory Committee(PF-PAC No. 95-G370
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