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The geometric and electronic structure of the surface region of a crystal is often different 

from the bulk structure and therefore the optical properties differ in principle also. Theories for 

the optical properties of (sub)monolayer films are compared, with special attention to 

anisotropic layers. The review of experimental studies in ultra high vacuum systems mostly con- 

cerns ellipsometric measurements of chemisorption of oxygen on metal surfaces (Ag, Cu, Ni). 

With the combination ellipsometry-AES-LEED linear relationships have been observed 

between the change in A and the coverage of oxygen chemisorbed on Ag(llO), Cu(lOO), 

Cu(ll1) and Cn(ll0). At room temperature the 6A values per oxygen atom on the different Cu 

planes are equal, and are larger than the 6A value per atom taken up in a later stage of oxida- 

tion. For the anisotropic Cu(l10) plane the SA and Sli, values per adsorbed oxygen atom 

depend on the crystal temperature and the azimuthal orientation of the plane of incidence of 

the light beam. In order to explain the observed changes in A and I$, models are discussed in 

which changes in the substrate, caused by chemisorption, are taken into account. 

1. Introduction 

The availability of ultra high vacuum (UHV) and sensitive surface analytical 
techniques makes it possible to tackle again fundamental problems, such as those 
studied by the founders of ellipsometry, Drude [l] and Rayleigh [2]. Their original 
question: do chemically clean surfaces show ellipticity at the Brewsterian angle due 
to “very powerful forces of whose action we know but little” [2,3] still remains 
unanswered. Also the applicability of ellipsometry to fields like passivity and corro- 
sion of metals, adsorption, heterogeneous catalysis and surface migration (men- 
tioned by Tronstad [4]) has been improved by automation of the measurements. 

Since the study of oxygen adsorption on a clean silicon surface in UHV by 
Archer and Gobeli [S] , a number of ellipsometric studies of adsorption in (sub)- 
monolayer quantities have been performed, notably on semiconductors (for reviews 
see refs. [6,7]). For physisorption, where the interaction between adsorbate 
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and substrate is weak, e.g. krypton on silicon and germanium [7,8] and xenon on 
graphite (9,101, the ellipsometric results could be interpreted with a simple extra- 
polated macroscopic theory as well as with microscopic approaches, originally 
presented by Strachan [ 1 l] and Sivukhin [ 12,131. For chemisorption on semi- 
conductors changes in the optical properties of the substrate induced by the 
adsorbed layer had to be taken into account [G-8]. 

In the next section the previous review of theories for the optical properties of 

(sub)monolayer films [6] will be extended, with special attention to anisotropic 
layers. The review of experimental studies in UHV systems will mostly concern 
ellipsometric measurements of the chemisorption of oxygen on metal surfaces (Ag, 
Cu, Ni). In order to explain the experimental results models will be discussed in 

which changes in the substrate have been considered. 

2. Theories for the (sub)monolay~r range 

Theories for the (sub)monolayer range may be classified in two groups. The 
most basic approach is to calculate the scattering amplitude of an adsorbed mole- 
cule, as modified by the substrate, from quantum mechanical principles. This 
necessitates a complete quantum treatment of the radiation field. The final, out- 
going, photon state is then obtained by summing the individual contributions with 
the proper phase factors [ 14,151. 

A second approach utilizes the macroscopic Maxwell equations for a system of 
stratified layers. Within this framework all properties of the adlayer are accounted 
for in terms of E, its dielectric constant. This constant may be obtained from 
quantum mechanical considerations as well, by calculating the modification of the 
substrate band structure due to the adsorbate [ 161. A refinement of this procedure 
will involve the calculation of the spatial dispersion of E [ 171. 

In practice, the dete~ination of the dielectric constant is usually done back- 
wards, i.e. from observed changes in the light intensity and state of polarization 

upon reflection, one tries to calculate e for a layer with an assumed thickness or the 
integral of E over an unspecified transition layer [18,19]. In this section we will try 
to outline theories for the dielectric constant of a (sub)monolayer and its relation 
to basic molecular properties. 

2.1. Stratified-layer model with biaxial anisotropy 

We start with the classical strati~ed-layer model with plane-parallel boundaries 
for the system amb~ent/adsorbed layer/substrate (fig. 1). The dielectric constant E 
and index of refraction E of substrate and layer may both be complex: 

e = f’ _ if” and n”=n-i/c=n(l-iK),withe=Z2. (1) 

The substrate is considered to be isotropic, whereas the layer may be biaxially 
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Fig. 1. Reflection of polarized light at a substrate covered with one 

Z axis 

X axis 

anisotropic with principal indices of refraction Z,,, n”,, and E,,. 
If two of the principal axes (x and y) of the biaxial film are parallel to the phase 

boundaries I and II, while the third (z) is perpendicular to them (plane of incidence 
xz, fig. l), we get for the amplitude reflection coefficients [20,21]: 

R - QP+rIIP exp(WPp) 
R,= hs +rIh ew-W 

p 1 t rIPrIIP exp(-i2Pp) ’ 1 + lIsrI~s exp(WP,) ’ 

The Fresnel coefficients for the two interfaces are 

n”,,Zr, cos & - n&i:z - izl sin2$o)“2 
IIp = _ 

nl,El, cos QO t no(fTfz - n$ sin2q$J1/2 ’ 

(2) 

(3) 

no cos Go - ($, - 4 sin2&J’/2 
Yls = ~ 

no ~0s GO t (@, - ~2: sin2&)” ’ 
(4) 

r 
_ E2(& - Ei sin2$2)1/2 - 5,,Si,, c0S 52 

‘Ip - Z2(Eiz ~ Es sin2$2)1/2 + Z1,Zl, c0S W ’ 

My - fii sin2$2)‘/2 - Z2 cos $2 
r11s = 

(ET:, - E: sin2$2) 1/2tE2cos~2 . 

Furthermore, the phase differences P in eq. (2) are given by 

(5) 

(6) 

(7) 

& = 27r $! (E;, - ng sin2$o)1/2 . (8) 

The angle of incidence, &,, and angle of refraction in the substrate, $2, are related 
by Sell’s law 

no sin q50 = E2 sin F2 (9) 
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As usual in ellipsometry the effect upon reflection is summarized in the equation 

3 _ Et’/E$’ _ 

R, E$‘)/E,(‘) 
tan + exp(iA) . 

For reflection at the clean substrate, characterized by A and $ one gets 

tan $ exp(iA) = 
Ez cos I$0 - no cos $2 no cos $0 + n”2 cm 5, 
@z cos $0 + n, cos $2 no cos &J -iiz cos $2 * 

(10) 

(11) 

In the previous review [6] for thin isotropic and non-absorbing thin films the first- 
order Drude approximations were quoted for tan $ exp(iA) and 

6A=A-A and 5$=$-J,. (12) 

For relatively simple cases with anisotropic films, e.g. uniaxial nonabsorbing layers 
[22], such approximations may be of value for reasons of clarity and comparison. 
However, because computer calculations with the exact equations (2)-(10) are 
easily performed, first-order approximations for more general cases of anisotropy 

will not be presented here. 

2.2. Integral approach 

A more realistic description of the optical properties of an interface region than 
the stratified-layer model may be given by introducing, in analogy with the thermo- 
dynamic treatment of surface regions (the Gibbs or Guggenheim models, see ref. 
[23]), surface excess functions, in this case for the continuously varying dielectric 
constants. To get the reflection coefficients the usual boundary conditions have to 
be replaced by integral boundary conditions. This integral approach, recognized by 
Drude [l] , was recently emphasized again by Plieth et al. [18,19], notably for the 
description of the optical behaviour of electrode surfaces in electrolyte solutions. 
For an interface with uniaxial anisotropy four quantities were chosen to character- 
ize the optical response of the system, namely the real and imaginary parts of the 
integrals 

s (et - fief) dz 4 [&-j~. (13) 

Here et and E, are the tangential and normal component of the dielectric tensor and 
the integration is carried out from the homogeneous ambient to the homogeneous 
substrate phase; eref represents the film-free surface (reference state). However, it is 
common practice to define a mean dielectric function for the interface region of 
overall thickness dr , as [24] 

k&:; f1 El(Z) dz . 
0 

(14) 



486 F.H.P.M. Habraken et al. /L~Xipsometry of clean surfaces 

The expressions for the reflection coefficients etc. are then identical to those given 
in the previous section, the optical constants being replaced by the averaged func- 
tions. 

A central problem with submonolayer films is the relation between the macro- 
scopic quantities (E, @, d) and the microscopic parameters, i.e. the polarizability ((Y), 
diameter (d,), cross-sectional area (c) or degree of coverage (0 = c/c,, with c, 
cross-section at 0 = 1) of the adsorbed atoms or molecules. Several, not essentially 

different, proposals to fill this gap between macroscopic theory and atomic descrip- 
tion will be discussed in the next sections. 

2.3. Extrapolated macroscopic theory (Drude model) 

In the macroscopic description for an anisotropic dielectric medium the dielec- 
tric constants are obtained by combining the following set of equations [25-271: 
(i) relation between effective local field ICtoc at a molecule and the averaged macro- 
scopic field E and polarization P: 

E@ =Ei +LiPi , I (15) 

where j =x, y, z and Li is a depolarization factor depending on the anisotropy 

(shape factor); 
(ii) definition of the dielectric constant (in cgs units): 

pi = (Ei - ‘)E, . 
4Ir ” 

(16) 

(iii) relation between P and EIOC, definition of polarizability: 

p. = No.E!“C 
I II ’ (17) 

where N is the number of molecules per unit volume and CY~ the jj component of the 
molecular polarizability tensor whose principal axes are assumed to be parallel to 

x, y and z. 
The combination of eqs. (15), (16) and (17) gives 

Ei - 1 = 4nN0j/( 1 - NCyiLi) (18) 

The anisotropy in e can thus be due to anisotropy in the molecular polarizability or 
to asymmetry in the shape factor. A well-known method (Lorentz method) for the 
calculation of the depolarization factors is based on the cavity model in a con- 
tinuous dielectric [25,26]. For isotropic molecules (a, = oY = CY, = a) in isotropic 
media, with L, = L, = L, = 8,. one gets with eq. (18) the Lorentz-Lorenz equation 

(nZ - l)/(n2 + 2) = $rfvck , (19) 

Extrapolation to a submonolayer yields [6] 

(H; - l)/(n; + 2) = $rr c&&d, (20) 
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The optical effect of such a layer follows from the equations in section 2.1 for the 
isotropic case, with n 1 = ne and dr = d,. 

In principle, for arbitrary asymmetric shapes of adsorbed molecules, the shape 
factors of the corresponding cavities can be calculated and thus also the optical 
constants. For cylindrical cavities, representing the long-chain molecules in ordered 
layers of lipids, the results have been presented by Den Engelsen [27]. If the elec- 
tric field is taken either parallel or normal to the cylinder axis, coinciding with the 
optic axis of the uniaxially anisotropic medium, one gets for the shape factors 

L// = 47r[ 1 - Z/(02 + Z2)‘/2 ] ) L1= 2nl/(D2 t Z’z)‘/2 . (21) 

Here 1 is the length and D the diameter of the cylinder. Nontetragonal types of 
anisotropic media could be treated analogously, e.g. by using the depolarization 
factors derived for general forms of ellipsoids [28,29]. Insertion of the shape 
factors and polarizabilities in eq. (18) yields the optical constants, and use of eqs. 
(2)-(12) gives finally the ellipsometric effects upon adsorption. 

2.4. Quasi-microscopic theory (Strachan ‘s model) 

In Strachan’s description the interfacial layer is represented by a two-dimen- 

sional distribution of Hertzian oscillators, characterized by the scattering indices 
uX, u,, and u, [ 11,6]. By correcting for the field produced by the oscillators on 
both sides of the surface he derived first-order expressions for R, and R,. From 
these expressions the changes in A and J/ due to the layer may be calculated. For 

uniaxially anisotropic layers (ax = uY f uZ) the results have been presented in ref. 
[6] [30]. For the general case u, # uY # u,, with xz as plane of incidence, we 
get for n, = 1 and non-absorbing layers: 

SA = 8~4 {u,B + u&?(a2 - a” - a/sin2&) + af2C2/sin2&] 

+ uy[B(a cot2& - a2 + af2) + af2C(2a - cot2&)]}/(B2 + af2C2) , 

S+ = --47~4 sin 2$ a’ {u,C - u,[BC/sin2& + C(a/sin’@e - a2 + at2>l 

- tr,[B(2a - cot2@e) + C(a2 - ar2 - a cot”&)]}/@” + a”C’) , 

with 

(22) 

(23) 

A = ‘+ cos Go sin2Qo , B = cos2&, - a + sin2&,(a2 - a”) , C= 1 -2asin2$, , 

a = (1 - K;)/n;(l + K;)2 , Q’ = 2K,/n;(l + K;)2 . 

As suggested before [6], for low oscillator strengths per unit surface area one can 
take 

uj = CYi/C = ffie/c, ) j =x, y, z . (24) 



For absorbing layers, i.e. if the scattering indices are complex (oi = uj - iui’), eqs. 
(22) and (23) have to be extended in order to include terms with c$, o;and 0:‘. In 
&A the coefficients of C$ are equal to (-2/sin 2$) times the coefficients of ui in 
eq. (23) and in S$ equal to l sin 2$ times those of uj in eq. (22). The coefficients 

of uj are the same as those of uj in eqs. (22,23). 

2.5. Microscopic theories 

In the microscopic description given by Sivukhin 112,131 a monomolecular 
transition layer at the surface is characterized by the parameters y,., defined as 

Yj = $Pj > i = x, Y, z , (2.5) 

where r is the dipole moment induced in the layer per unit surface area, and P the 
polarization vector of the homogeneous su~s~~uie. For a review of the first-order 
expressions for R,, R,, 6A and S$ in terms of the rj’s for an uniaxially anisotropic 
layer (yX = rY # rZ) on an isotropic substrate see ref. [G]. Quentel and Kern [lo] 
have extended the Sivukhin treatment to more general cases with several 
anisotropic layers on an anisotropic absorbing substrate. 

The “surface susceptibility approach” presented by Dignam et al. [31,32] for 
the calculation of the optical properties of thin planar arrays of molecules is similar 
but not identicai to the treatment given by Sivukhin. Dignam et al. also character- 
ized the layer at the surface by a parameter y, defined differently, as a surface sus- 
ceptibility tensor 

where E” is the external field and P the mean polarization per unit volume in the 
Zayer with thickness d. The essential difference between the treatments of Sivukhin 
and Dignam et al. is that the latter consider the layer as a distinct phase with a 
finite thickness. 

In these microscopic theories a central point is the calculation of the effective 
local field Eloc at a molecule in the transition layer. The effective field may be 
written as the sum of three terms 

E’O==E’ i-ES tE’. (27) 

The first term, E”, is the homogeneous field (Sivukhin) or the external field (Dig- 
nam et al.) and is related to the macroscopic electric or Maxwell field5 E, through 
the boundary conditions 

@x,y =Ex,y 3 @=EE,+4nPZ. (28) 

The polarization contribution P, refers to the substrate in the description of Sivuk- 
hin and to the layer in the approach of Dignam. The second term in eq. (27), ES, 

represents the field of the dipoles in the transition layer 

E& = (A/2a3) Pw,y , E”, = -@/a3)a f (29) 
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where .4 is the two-dimensional lattice sum (e.g. A = 9.0336 for a simple cubic 

lattice), a the distance between the dipoles and p the dipole moment of molecules 
in the layer (pi = TIC). The third term in eq. (27), E’, is the “inhomogeneous field” 
of incident wave and substrate lattice (Sivukhin) or “interlayer local field contri- 
bution” (Dignam et al.). It has been estimated in different ways. According to 
Sivukhin, E’ is equal to half the difference between the field due to polarization 
alone in a thin slab of isotropic substrate material and the field of a two-dimen- 
sional dipole lattice of substrate atoms [ 121. Quentel and Kern [lo] calculated 
E’ as the field due to the substrate dipole layers. In the treatment of Dignam et al. 
the contribution of the substrate to the local field was approximated by considering 
dipole imaging in the substrate [32]. For nonmetals the contribution of E’ is 
mostly very small and negligible [6,10]. Dignam and Fedyk [32] have estimated 
that for metals the contribution of the images to the local field will usually also be 
small (< 10%). 

With a reasoning analogous to that in section 2.3, Quentel and Kern [lo] derived 
expressions for the dielectric constants of the adsorbed layers. For one uniaxially 
anisotropic layer on an isotropic substrate one gets 

2 
fx,y =nx,y = 1 + 4riY%&,(l + AX,y)/(l - &.,/2a3) ) (30) 

e, = n: = 1 + 4rfNoJ,(ez - A,)/(1 + ACY,/CJ3) . (3 1) 

Here the Ai’s represent the correction terms due to the inhomogeneous field, con- 
taining the contributions from the substrate dipole layers. Neglecting Ai, these 
expressions reduce to those of Dignam (eq. (36)), if e2 in eq. (31) is replaced by E,. 
This difference arises from the inconsistent extrapolation of Sivukhin’s approach 
to layers with a finite thickness. 

The model of Dignam et al. basically expresses the dielectric tensor of a thin 
layer as 

e&I’ = (1 + oX,yGJ + 4~A%,y)l(l + %,y&,E’) , (32) 

E, = (1 + @,~:,)/(l + (Y,c, - 47rNo,) ) (33) 

where N is again the number of molecules per unit volume and C,,, and C, are the 
dipole sums for dipoles parallel and perpendicular to the surface, which may 
include the effect of image dipoles. It is now useful to define a layer thickness d, 
which eliminates the parameter N in favour of N,(= Nd), the number of molecules 
per unit area, by demanding that E, = E, for ol, = or,. From eqs. (32) and (33) then 
follows 

47rN, 

d = (Z:, - X:,) . 

Neglecting the influence of image dipoles, the equations reduce to 

d = 8rrNs/3t, , (35) 

(34) 



fj=l+ 
4mjNs/d 

1 - 4n/3cyVs/d ’ 
(36) 

which is just the familiar Lorentz-Lorenz equation for a macroscopic phase (cf. eq. 
(18)). In eq. (35) t, is the lattice sum for real dipoles oriented perpendicular to the 

surface, equal to A/a” in eq. (29). 
including the effect of image dipoles leads to an effective thickness, given by 

(37) 

where tz is the direct dipole sum, u, the image dipole sum and X the imaging param- 
eter defined in terms of the substrate dielectric constant (eZ) as 

X=(Ez -- l)/(f* + 1). (38) 

In this latter case no simple Lorentz-Lorenz type of equation is obtained. 
The advantage of the approach of Dignam et al. is that it provides explicit 

expressions for the somewhat nebulous concept of the thickness of a monolayer. 
Moreover, as has been shown by Mahan and Lucas [33], the dipole sums for a 
randomly partially filled monolayer may be expressed as 

c(e) = e IX:(e = 1) ) (39) 

which enables one to treat incomplete monolayers within this formalism. However, 
the inclusion of image dipoles may lead to complex values of the layer thickness 
(via the complex value of x). This follows from the assumption, that also in this 
case E, should equal eX if cr, = cu,, which is not physically obvious. Then this 
approach is difficult to reconcile with the use of the master equation, eq. (10). 

As an example of the application of the different approaches we have calculated 
the ellipsometric effects of physical adsorption of oxygen molecules on the (100) 

Table 1 
Change in A calculated for adsorption of 02 molecules; angle of incidence &J = 70’) wavelength 
x = 6328 A, o = ;f O2 molecule per surface metal atom; calculation for extrapolated macros- 
copic model (BUM), Dignam’s model (D) and Strachan’s model (S) 

Substrate a (A) Model 6 A (deg) 

02 liz 02 II x 02 1f.Y 
- __II__ 
CU 5.11 0.13 -i3.55 [34] EMM 0.15 0.10 0.09 

D 0.17 0.11 0.10 
S 0.20 0.12 0.11 

& 5.78 0.054 - i4.54 13.51 EMM 0.14 0.09 0.09 
D 0.17 0.10 0.09 
S 0.19 0.10 0.10 

Ni 4.98 2.23 - i4.17 [36] EMM 0.19 0.12 0.12 
D 0.23 0.14 0.13 
S 0.28 0.15 0.14 

- 
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surfaces of Cu, Ag and Ni. The polarizability of O2 was taken as alI = 2.35 A3 and 
ol, = 1.21 A3 and the dimensions as I= 2.54 A and D = 1.32 A. The coverage is i 
O2 per surface metal atom in a (2 X 2) arrangement with A = 9.0336 and c = u2, 
where II is 42 times the lattice constant of the metals. The calculations were carried 
out with the extrapolated macroscopic model (EMM, eqs. (18) and (21)), Stra- 
than’s model (S, eqs. (22)-(24)) and Dignam’s model (D, eqs. (35) and (36)). The 
calculated 6 $ values were always negative and larger than -0.03. The 6 A values are 
given in table 1. As calculated before for isotropic layers [6]> Strachan’s model 
yields the highest values. 

All models show a significantly higher 6A for molecules adsorbed with their long 
axis perpendicular to the surface. Molecules with E parallel to the surface show a 
slightly higher 6A (5-10%) if the length axis lies in the plane of incidence. 

3. Clean surfaces 

As a result of the tendency of minimalization of the Gibbs energy, the geometric 
and electronic structure of the surface region of a crystal is often different from the 
bulk structure. This has not only been established for substances with strong 
covalent bonds (superstructures and surface states of semiconductors such as silicon 
and germanium [37]) but also for metal surfaces. Studies with surface-sensitive 
techniques such as LEED and MEIS (medium energy ion scattering) have shown 
that most clean metal surfaces are in lateral registry with the truncated bulk but 
exhibit a tendency towards small bond length contraction between the first and 
next atomic layers, especially on the less close-packed faces [38]. E.g., for Ag(ll0) 
the contraction of the first layer spacing compared to the bulk value has been 

found to be 8% [39], for Cu(ll0) 10% [40] and for Ni(ll0) 5% [41,42], whereas 

for the closer-packed (111) and (100) planes of the same metals within experi- 
mental accuracy (?3%) no contraction has been established. In general adsorption 
causes relaxation of the top substrate layer back to the bulk arrangement or even 
further outwards [38]. 

In principle the optical properties (n”, E) of a restructured surface region will also 
differ from those of the homogeneous bulk. The ellipsometric results obtained on 
chemisorption of various gases on clean semiconductor surfaces could be described 
with a model in which a thin transition layer at the clean surface, with optical 
properties associated with surface states, is effectively removed [6-g]. 

For clean metal surfaces with different extent of contraction or expansion 
between the outer atomic layers one would expect to find different values of the 
ellipsometric parameters 2 and $. The results of a simplified calculation of these 
differences for the examples mentioned above are shown in table 2. Here we have 
assumed that the (110) surface is identical to (111) with on top a layer with thick- 
ness equal to the contracted distance, dsS =p. d~,,~), between successive (110) 
planes and index of refraction @, related to & by the Maxwell Garnett equation 
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Table 2 

Calculated differences in ellipsometric parameters between (110) and (111) surfaces; @IO, h and 

gi, as in table 1 

P dy ??sS 2 qllo) +I,) b(ll0) -F(lll) 

(N (cl%) (ded 

43 0.92 1.33 0.19 - i6.77 0.34 -0.01 
CU 0.90 1.15 0.30 - i4.61 0.15 -0.01 
Ni 0.95 1.18 3.26 - i3.90 -0.01 -0.06 

[431 
2 

(32s - l)/(q2 + 2) =p-‘(z: - I)/@; + 2) (40) 

By probing with electrons or ions the surface structure can be established in 
single experiments with clean surfaces. However. the larger penetration depth of 
light and special experimental problems (e.g. window errors and manipulator stabil- 
ity) enable only accurate relative optical measurements, i.e. a combination of two 
successive measurements (electromodulation, adsorption). It will take very special 
experimental efforts to establish differences in absolute values of 6 and $ of the 
order of magnitude as given in table 2 between two samples with confidence. 
Corrections for window birefringence may be determined from measurements with 
clean and contaminated surfaces in vacuum and at 1 atm air and with contaminated 
surfaces at 1 atm with and without cell windows [35,44]. However, irreproducibil- 
ities in birefringence and oxidation of the surface, and mechanical instabilities of 
the vacuum setup and manipulator may invalidate this procedure. For the metals of 
table 1 a change in the angle of incidence Go (x70”) with +OS” will cause a change 
in a of +I 5” and in 5 of rO.01” for Cu and Ag and iD.4” for Ni. 

In view of these potential experimental errors it is not astonishing that values of 
E for clean surfaces vary considerably in the literature. Other sources of variation 
are differences in the physical state of the samples (film, single crystal) and the 
topography of the surface [4.5], and in cleanliness of surface and bulk. The low 
sensitivity of ellipsometry for adsorbed layers - 1O-‘-1O-2 ML (monolayers), as 
compared to 10-2-10-4 ML for electron spectroscopy, 10-3-10-6 ML for ion 
scattering and secondary ion mass spectroscopy - combined with low elemental 
specificity make this method in general less suitable for monitoring surface con- 
tamination. Optical studies have to be combined with other surface analytical tech- 
niques to establish surface cleanliness. 

As an example experimental values determined for Ag and Cu at h = 6328 a are 
shown in fig. 2. Unannealed films, polycrystalline samples and ion-bombarded 
single crystal surfaces show a tendency to larger n and smaller k values. Albers et al. 
[35] found that argon ion bombardment of Ag(ll1) caused a decrease in A and $J, 
which could be interpreted as an increase in n and decrease in k of the damaged sur- 
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--- e k 

Fig. 2. Optical constants of Cu (open rectangles) and Ag (shaded rectangles) at h = 6328 A: (1) 

single crystal in UHV [ 351, (2) film in UHV (461, (3) single crystal in electrolyte [47], (4) 

polycrystalline in electrolyte (481, (5) polycrystalline in electrolyte [49], (6) single crystal in 

UHV [ 341, (7) film in UHV [46], (8) polycrystalline in UHV [SO], (9) polycrystalline in elec- 
trolyte [47]. The drawn line is for ion-bombarded Ag [ 351. 

face region. The optical constants calculated for the damaged layer at the surface 
correspond to those of unannealed thin films. 

4. Submonolayer and monolayer films 

4.1. Chemisorption on metal surfaces 

Ellipsometric studies of (sub)monolayer chemisorption on metal surfaces are 
scarce. Chou et al. [5 l] investigated the initial growth of a surface layer on a clean 
lead film exposed to oxygen. Their data could be explained with a constant refrac- 
tive index of the film, even down to effective thicknesses of 0.4 a. The refractive 
index agreed remarkably well with the bulk refractive index of PbO. Results ob- 
tained by Carroll and Melmed for oxygen adsorption on W(O11) [52] and on 
Fe(Ol 1) [53] pointed to more complicated explanations involving geometric and 
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electronic changes in the substrate. Such a conclusion has also been reached from 
an elhpsometric study of the adsorption of CO on nickel [54] and copper [55] 
films. From an ellipsometric study at different wavelengths of the adsorption of 
oxygen on evaporated silver films O’Handley and Burge (561 inferred the existence 
of adsorbate-induced surface states. 

Rubloff et al. have performed optical reflectance spectroscopic investigations of 

the chemisorption of 02, CO and Hz on Mo(100) [5?] and HZ on W(100) [58]. 
The structure that appeared in the reflectance change as a function of coverage was 
attributed to different binding configurations of the ad-atoms, as also observed with 
LEED, and the structure in the wavelength dependence (1.9-4.8 eV) of the 
reflectance change was suggested to originate from adsorbate-induced surface states. 
Watanabe and Hirakuta [59] have calculated the effect of chemisorption on the 
optical reflection and electrical resistance of thin Ag films by estimating the scatter- 
ing probabilities of the conduction electrons by chemisorbed atoms with quantum 
mechanical scattering theory. A model to take surface roughness into account has 
been developed by Dignam et al. [60,61] and used to analyze the transmission and 
reflectance spectra of gases adsorbed on silver films. With this model and by 
allowance for the direction of polarization of absorption bands in polarization 
modulation spectra, Moskovits and McBreen were able to deduce the surface 
geometry of hydrogen and ethylene adsorbed on copper films [62]. 

Recently Wyrobisch has studied the initial oxidation of aluminum single crystal 
surfaces with ellipsometry and other surface techniques [63]. The changes in A 
were found to correlate with changes in the oxygen Auger signal and to yield 

sensitive information about the amount of adsorbed and/or incorporated oxygen. 
The large positive values of S$ (0.1-0.2”) could not be explained by applying the 

extrapolated macroscopic theory or the approaches by Strachan and Sivukhin as 
formulated in ref. [6]. 

With the combination ellipsometry-AES-LEED linear relationships have been 
observed between the change in A at X = 6328 A and the oxygen coverage f3 in the 
chemisorption stage (0 < 0.5 oxygen atoms/metal surface atom) on Ag(ll0) [64], 
Cu(l11) [65], Cu(ll0) [66] and Cu(100) [67]. This has been applied to determine 
the kinetics of the adsorption of O2 and N20 and of the removal of adsorbed oxygen 
by CO. For Ni(lOO) the ellipsometric changes in the first, chemisorption stage were 
too small to derive a reliable coverage dependence [68]. After the first stage a 
further, generally much slower uptake (incorporation) of oxygen takes place on CU 
[67,69] and Ni [68], accompanied by reconstruction of the surface. The ellip- 
sometric effects per incorporated atom are smaller for Cu and larger for Ni. For 
copper at coverages 0.5 < 0 < 2 the change in rj is zero within experimental error 
(GO.02”). 

A summary of observed changes in A and $ is given in table 3. At room tempera- 
ture the 6A values per oxygen atom adsorbed on the different Cu planes are equal 
within the experimental accuracy (10%). For the anisotropic Cu(l10) plane the 
6A and S\L values per adsorbed oxygen atom depend on the crystal temperature 
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Table 3 
Ellipsometric effects measured upon adsorption of oxygen at room temperature, h = 6328 _?I 

Substrate &, (ndeg) e = 0.5 a 0 = 1.0 0 = 1.5 I3 = 2.0 

(deg) 
6A src, &A 6A 6A 

(de&) (ded (de&) (ded (ded t&9 

A&110) 71 -45 0.45 0.12 

Cu(ll1) 69 0.68 0.22 0.98 

Cu(100) 69 0.65 0.30 0.80 

Cu(llO) 69 0 0.49 0.30 0.70 0.92 1.13 0.30 

69 90 0.49 0.12 0.70 

Ni(100) 68 0.04 0.00 1.65 0.09 

a Except for Cu(lll), where 0 = 0.45. 

and the azimuth a, defined as the angle between the plane of incidence of the light 
beam and the rows on the surface ([I lo] direction). This anisotropy will be dis- 
cussed in section 4.3. In order to explain the observed changes in A and II,, notably 
in the first stage, in the next section optical models will be examined in which 
changes in the substrate, caused by the chemisorption of oxygen, are taken into 
account. 

4.2. Models for chemisorption of oxygen on metal surfaces 

The optical models which will be considered are schematically shown in fig. 3. 
ModeE a. In the model used to interpret the ellipsometric results obtained for 

chemisorption of gases on semiconductor surfaces [6-81 it was assumed that the 
measured effects consist of a contribution from the adsorbed layer itself and a con- 
tribution from changes in the substrate surface region (fig. 3a): 

(41a) 

(4ib) 

The contribution from the adsorbed layer was calculated in the same way as for 
physisorbed, non-absorbing layers, i.e. with eq. (20). The effective optical con- 
stants of the surface-states layer, n;’ and k?, were derived from &A,, and 6 +ss, by 
choosing a value for the thickness d,, of this layer. For semiconductors this model 
yielded reasonable results, comparable to those obtained by other methods [7]. 

Table 4 presents results of calculations for chemisorption of oxygen atoms and 
ions on some metal surfaces. Using the computer program of McCrackin [70] for 
Cu and Ag no physically reasonable values for the optical constants ny and ky 
could be obtained (d,, = 2-5 a). Solutions obtained for Ni are e.g. @’ = 2.1 - i3.9 
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Fig. 3. Optical models for chemisorption 

for atoms and 1.6 - il.9 for ions, both with d,, = 4 A (-2 atomic layers). Com- 
parison of the values for &A,, and 6$,, from table 4 with those calculated for sur- 
face relaxation (cf. table 2) shows that such a version of model a cannot explain the 
data: the sign as well as the order of magnitude of S$ are wrong. Moreover one 
would expect that this effect is plane-specific, whereas the data obtained for Cu 
only show plane-specificity in 6 li/. 

Model b. The simplest interpretation of the experimental data is in principle the 
one-layer model (fig. 3b): formation of a surface oxide with effective index of 
refraction n”r and thickness dl. The values calculated for nr and kr depend of 
course on the assumed thickness of the layer. At the end of the chemisorption stage 
(0 = i), d, will be of the order of the distance between two atomic layers in the 
metal or oxide (-2 A). For the experimentally observed A, $ values (table 3) two 
solutions are obtained with McCrackin’s program [70], of which fig. 4 gives an 

Table 4 
Calculations with model a (fig. 3a) for adsorption of oxygen atoms ((Y = 0.79 A3, dm = 1.32 A) 

and ions (a = 3.88 A3, d, = 2.92 A) with data of table 3 

Substrate 

Ml 10) 

Cu(ll1) 

cu(100) 
Ni(lO0) 

c, 
(AZ) 

11.83 

5.64 

6.52 
6.20 

0 

0.5 

0.45 

0.5 
0.5 

6 Ass (deg) 6% (deg) 6 9 (deg) ss 
0 02- o,o*- 

0.37 0.13 0.12 

0.57 0.25 0.22 

0.55 0.23 0.30 
-0.09 -0.45 -0.02 
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Fig. 4. Thickness dependence of nt and kl for oxygen on Cu(l11) (table 3, B = 0.45). Two dif- 
ferent solutions are denoted by solid and dashed lines. 

Fig. 5.&A and S$ for CU(- -) and Ag(- - -) as a function of the relative decrease in free 
electron density in a surface layel ?f 4.2 A; h = 6328 A, 90 = 70”. 
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Table 5 

Values of nl and kl calculated with model b (fig3b) for the experimental data of table 3; 

thicknesses were arbitrarily chosen as 4 FJmonolayer 

8 dl (A) AgUlO) cu(lll) Cu(lOO) Cu(llO), R = 0” Ni(100) 

0.5 2 2.7 - i2.0 4.3 - il.8 4.5 i2.4 4.0 i2.8 2.1 ~ i4.0 

1.0 4 3.1 - il.2 2.8 - il.9 2.5 - i2.0 

1.5 6 1.8 -il.6 
2.0 8 1.5 ~ i0.8 2.6 -- i0.5 

example. Table 5 presents the most acceptable set of n,, kl combinations for 
various coverages. 

For thicker films (d, > 100 A) of CuZO on copper values have been reported of 
xr = (2.3-3.0) - i(O.l-0.3) at X = 5461 8, [71,72], at h = 6328 A probably k 2 0 
[73]; for bulk NiO ff= 2.33 ~ iO.00 at h = 6328 A [74]. The values calculated for 
0 = $ are distinctly different; k especially is much higher. If we assume that after 
the chemisorption stage an oxide layer is formed on top of the copper substrate 
with effective EZ, calculated from A and r+Q at 0 = i, we get for Rr : 2.2 - iO.03. 

In order to rationalize the data at 19 = f we have performed Maxwell Garnett cal- 
culations for the metal-oxygen system, using 

(42) 

where er is the dielectric constant of the metal oxide, NM and Ne the number 
density of metal atoms and oxygen atoms and &M and (me their polarizabilities. As 

regards the oxides, three different assumptions have been tried viz. (i) the oxygen 
atoms simply replace metal atoms at constant total number density, (ii) oxygen 
atoms are inserted interstitially in the metal lattice at constant total density, and 
(iii) the density of the mixed system is allowed to vary linearly between that of the 
pure metal and that of the pure metal oxide. For none of the metals studied agree- 
ment could be obtained between “observed” and calculated optical constants, 
allowing for a variable amount of oxygen and “observed” layer thicknesses of 

l-8 A, with the three assumptions outlined above. A similar conclusion has been 
drawn by Wyrobisch for the Al/O system [63]. It thus seems that, contrary to the 
case of Pb/O [S 11, for these metals no simple interpretation of the optical proper- 
ties can be given, at least for the chemisorption stage. 

With Strachan’s model (section 2.4) the observed S$ values can only be 
explained with complex scattering indices. Using eqs. (22)-(24) for absorbing, 
isotropic layers (ox = uY = u,) one gets from the data of table 3 at 0 = f, e.g. for 
Cu(lll):a:=3.6~i2.5,Cu(110):(11=3.7-i3.5,andAg(l10):cu=3.8-i2.1. 

Model c. The two-layer model (fig. 3c) with adsorbed oxygen ions on top of an 
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effectively positively charged metal surface layer can be considered as a detailed 

version of model b. The effective refractive index n1 is estimated as in model a 
with eq. (20); the polarizability of the adsorbed species will depend on the ionic 
charge 6. 

The optical constants n; and ki of the topmost metal layer may differ from the 
bulk values due to a decrease in the free electron density Nr, and/or to a decrease in 
the collision time T, if we assume that the contribution of the bound electrons 
remains constant upon che~sorption. Apart from the changes in T this description 
is the same as in the McIntyre-Aspnes model, proposed for electroreflectance at 
metal surfaces [75], Changes in T have also been considered by Dignam and Mos- 
kovits [60], to account for surface roughness. 

Using the formulae and optical data in the Appendix we have calculated the 
optical constants nS, and k; of a thin layer as a function of Nr and T, and subse- 

quently the changes in A and $. Fig. 5 shows how 6A and S$ depend on the frac- 
tion of removed free electrons (SNrfNf), for an arbitrarily chosen thickness of 
4.2 A (“2 atomic layers). For copper &A increases up to ~N~/N~ = 0.55, while S$ 
remains very small (~0.01”) up to 6Nr/Nf = 0.4. The structure in the curves around 
6Nr/Nf E= 0.6 corresponds to E’ = 0. For silver qualitatively the same curves are 
found, except that E’ = 0 in the region where 90-100% of the free electrons are 
removed. 

Fig. 6 shows how the ellipsometric changes depend on the collision time r at 
constant electron densities (6Nf/Nf = 0 and 0.4). Down to r 2: 4 X lo-” s, A and $ 

12 CU 
&& bW ; 

Ideg) I 

0.8 : 
6W 

1’ 11 ,\ 6A 

)\ _-- 
__-- __----- 

01 

I ’ \ 

I 
‘. 

--_ 

0’ 

-Of ~ 
aa 

0 1 2 3 
L 4 

1 2 3 

Fig. 6. SA and SJ/ for Cu (left) and Ag (right) as a function of the collision time T; ( -1 
~~~l~i = 0, (- - -) 6Nf/Nf = 0.4. 
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remain constant and for smaller 7, 6 JI increases and &A decreases. For r > IO-’ 5 s, 
the changes in A due to changes in Nf and r appear to be additive. 

The total changes calculated with this model may in good approximation be 
taken as 

&A,,, = 6A,+6ANf+6A,, (43a) 

~Gc31c = siclo + fi$,, •t sil/, . (43 b) 

The three terms denote the changes due to the layer of oxygen ions, and the 
decrease in density and collision time of the free electrons. The contribution &A, 
depends on the ionic charge and will be positive; &ii/e is negative, but negligibly 
small (cf. table 4). A fit with the experimental data (table 3, 0 = OS) may be ob- 
tained by ascribing S$ totally to the reduction in T (or mean free path) and GA to 
the charge transfer (&A = &A, + 6A,,); e.g. for Ag(ll0) and Cu(l11) one gets the 
observed values with 7 = 0.7--l .4 X 10-r’ s. SN#r = 0.1 (or 6 = 0.4) and o = 
5 A3, for a layer thickness of 4.2 8, These values are not unreasonable and do 
indeed reproduce the experimental data, although not too much significance may 

be attached to their precise magnitudes. 
In fig. 7 the experimental SJ/ is plotted against 6A (proportional to the oxygen 

coverage) for Cu( 11 l), Cu(100) and for Cu(l IO) at different azimuth; 6 $ increases 

with &A, but on Cu(lO0) and on Cu(ll0) at s2 = 0” becomes constant at S $ = 0.3”. 
Within the framework of model c this saturation effect can be ascribed to construc- 
tive interference of the scattered electrons at a distance between the scattering 
centres equal to or smaller than the wavelength of the conduction electrons 176, 

6W 
(deg) 

0.3 h -6328 

0.2 

0.1 

0 01 02 03 Of. 05 06 

- 6A ldegi 

Fig. 7. Experimental Sic, versus 6A for chemisorption of oxygen on various copper planes. The 

endpoints of the curves represent the completion of the chemisorption stage. 
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591. In principle fig. 7 then contains information about the spatial distribution of 

the ad-atoms at different coverages, comparable with that resulting from resistance 
measurements. 

4.3. Anise tropy 

In principle one expects even a clean surface to exhibit anisotropy if the site 
symmetry contains no fourfold or higher order symmetry axis. This should 
manifest itself in different n and/or J/ values if the crystal is rotated along an axis 
normal to the surface. This effect may be difficult to measure due to experimental 
difficulties (section 3). However, electroreflectance measurements on Ag(ll0) [77] 
and Cu(ll0) [78] in electrolyte solution have revealed optical anisotropy, which 
was explained in terms of direction-dependent surface conductivities [78]. 

A different type of anisotropy is the observation that 6A and/or S$ values 
depend on the direction of the incident plane of the light beam. This effect has 
been observed with thick oxide films (100-1200 a) on copper single crystals with 
(110) and (3 11) orientations [79,7 l] and may be associated with anisotropic strain 
in the plane of the oxide film [80]. With differential reflectance spectroscopy Kolb 
et al. [81] observed for deposition of a (sub)monolayer of Cu on Pt(ll0) a 
pronounced anisotropy when the electric field vector of a linearly polarized light 
beam was rotated. A similar, ellipsometric effect has been observed in our work 
with submonolayer coverages of oxygen on Cu(ll0) (table 3, fig. 7). In fig. 8, 6A 
and S$, both at 0 = 0.5, are shown for different values of the azimuth Q of the 
plane of incidence and different crystal temperatures. Fig. 9 shows 6A as a function 

1 
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Fig. 8. Experimental 6A and SJ, of half a monolayer coverage of oxygen on Cu(ll0) as a func- 
tion of the azimuth n at different temperatures. 



502 F.H.P.M. Habraken et al. / Ellipsometry of clean surfaces 

I r , 

OL ,2L’C ,l3dC 183'C ,ZLO'C 313.c 

ho - 

hCU 
81'C 

03- 

t 

02- 

01- :-; .; 

// 

Y/ cu 1110) o2 -2 0,d 

L!!! 
0 

J 

Fig. 9. Ratio of the 0 510 eV to the Cu 920 eV Auger peak versus SA upon adsorption of 
oxygen on Cu(ll0) at different temperatures (a = 90”). From ref. [66]. 

of the oxygen Auger signal for several temperatures. Assuming the Auger signal to 
be proportional to the surface coverage, it follows that the 6A per adsorbed atom is 
a function of L?, T and coverage. SJ, is only a function of coverage and R in the 
temperature range 24-313°C; at higher temperatures (450°C) and !Z = 90”, 6A 
decreases to 0.9” and S$ increases to 0.25”. It thus appears that FA and S$ 
originate from different causes as discussed in section 4.2, model c. Within the 
framework of this model, the increase of 60 with T is assigned to an increased 
charge transfer to the oxygen atom. This is in accord with the increase in the 
change of workfunction with temperature, observed in the Cu(1 10)/O system [69]. 
The constancy of S+ with temperature between 24-313°C then indicates a temper- 
ature-independent collision time 7. This 7 appears different for the different direc- 
tions, due to the anisotropy of the (110) plane itself and/or to the anisotropic dis- 
tribution of the chemisorbed oxygen atoms [66]. 

The decreased value of 6A observed at 45O”C, combined with the observed 
increase in S$ might be related to the effect shown in fig. 5, which indicates that 
increased charge transfer leads to a decrease in 6A with a simultaneous increase in 

6 $ around SNr/Nr N 0.55. 
Some qualitative insight into the factors that determine the degree of anisotropy 

can be gained from calculations with model a with an anisotropic layer. For a 
copper substrate, covered with a 5 .& layer of material with constant E, and variable 
eX and cy the following trends emerge: 
(i) for constant eg= e;‘, 6A increases with increasing E’ in the plane of incidence, 
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but decreases with E’ perpendicular to the plane of incidence. These changes are 
such that upon rotating the surface 90” along its normal the largest value of 6A is 

obtained with the largest E’ in the plane of incidence; 
(ii) for constant EL = E;, 6A is virtually independent of E” perpendicular to, or in 
the plane of incidence and thus independent of crystal orientation; 

(iii) for constant ec = e$ SJ/ is rather constant and small for small values of k, as 

can be expected; 
(iv) for constant E: = E;, S$ increases with e” in the plane of incidence and 
decreases with e” perpendicular to the plane of incidence. The largest S$ is ob- 

tained with the largest E” in the plane of incidence. 
The same trends are obtained in a simpler way with Strachan’s approach (section 

2.4). For an absorbing dipole layer on copper ($0 = 69”, X = 6328 8, n”z = 0.13 
- i3.55), eqs. (22) and (23) yield 

60 = 2.1Orr; + 0.20~; - O.O38cr;, + 0.0650; - 0.010~; -I- 0.0035~ , 

S$ = --0.032~; f 0.0050; - O.OOla;, + 1.050:’ + 0.100; - 0.0190; , 

From the values of the coefficients it follows that differences in S$ are primarily 
associated with difference in uj’ and differences in 6A mainly with differences in 
u;. The observed positive values of S$ may be explained with complex scattering 
indices, e.g. a positive values of u:. To explain the difference in 611, for Cu(ll0) at 
s1= 0” and 90” one has to assume that along the rows ([I 101 direction) a” (of’) is 
much larger than it is perpendicular to the rows ([OOl]). The difference in 6A at 
higher temperatures (fig. 8) may be ascribed to a much larger value of u’ (a’) 
perpendicular to the rows. 

The equality in trends, derived with both approaches, should be expected, 
because usually in good approximation E N 1 + 47rN&!, and thus, with eq. (24), E; = 
1 t const . X uj and I$’ = const. X ui’. 

An interpretation in terms of chemical bonding and charge distribution is im- 
practicable at the moment. Final conclusions will be drawn after measurements of 

the oxygen chemisorption at different wavelengths and comparison with results to 
be obtained with other techniques, e.g. UPS. 
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Table 6 

Optical data for Cu and Ag, x = 6328 A 

c’ c” e; m*jm 
ref. ref. 

1831 [831 

Nf (cm -3) Go* (s-l) 
ref. 1841 

T (S) c; 

CU -12.6 0.92 7.5 1.42 8.3 x 10z2 3.6 x 1017 2.4 X lo-l4 0.63 

Ag -20.6 0.49 2.5 0.95 6.1 x 10z2 4.2 x 1Ol7 2.6 x lo-l4 0.13 

Appendix 

In the classical treatment of the dielectric constant of a metal, e = E’ - ie”, two 
contributions are distinguished, that of free and of bound electrons [82] : 

E’ = f;. + EL = 1 - vf/(v” t v:> t EL ) (A.1) 

E ” = e; t E;: = (2+/v) Lq(2 t &) t EC: . (A.2) 

Here v is the frequency of the light, vr the plasma frequency and v2 the electron 
collision frequency. The plasma frequency is related to the density Nr, the optical 
mass m* and the charge e of the free electrons: 

u: = e2Nflnm* . (A.3) 

Further, 

u2 = t/2777 = v:lza; , (A.4) 

where r is the collision time and ul the conductivity at visible frequencies. Neglect- 

ing V; with respect to Y’, we obtain 

e’ .z u2 _ k2 = 1 - e2iVf/rrm*v2 + el , CA.51 

E” = 2nk = e2Nf/2r2m*7v3 + c-;-;-;-;-;-;-;-;-;-;-;-;-;-;-;-;-;-;-;- . (‘4.6) 

A summary of the optical data for bulk Cu and Ag is given in table 6. At h = 
6328 A, the values of E’ and E” were taken from ref. [34] for Cu and from ref. 
[35] for Ag (see table 1). Using literature values for EL, m* and ai, we calculated 

N, with eq. (A.5) r with eqs. (A.3) and (A.4), and finally elwith eq. (A.6). 
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Discussion 

0. Hunderi (University of Trondheim): The interpretation of data in this wavelength range 

is complicated by the possibility of electron transitions between bonding or antibonding states 

and conduction band states in the metal. It would therefore be best to go to the near IR so that 

you are below the onset of such transitions, then the models presented would be more relevant. 

GA. Bootsma: I agree. In fact we intend to perform these measurements in the near future. 

D.E. Aspnes (Bell Laboratories): The microscopic models that you mention are basically 

efforts to calculate the local fields at the sites of point polarizable particles on a surface or a 

regular array of atoms. But unless there is virtually no interaction between substrate and 

adsorbate (weak physisorption) these models are also phenomenological and cannot be used in 

a first-principles calculation of the effects of adsorbed layers on optical response, as your data 

show. These models should therefore be considered to be equivalent to the purely phenomeno- 

logical macroscopic description in terms of a thin film with a model thickness and dielectric 

function. 

G.A. Bootsma: We do not feel that the models reviewed by us are completely equivalent to 
a thin film plus dielectric constant approximation. Rather, the approaches try to calculate the 

film dielectric function from “known” properties of the constituents. The big problem is of 

course to what extent the polarizability of, e.g., an oxygen atom is independent of its environ- 

ment (free, or chemisorbed on a metal) and how much the dielectric constant of the bare metal 

selvedge changes upon chemisorption. Instead of lumping all these unknown quantities into one 

“effective dielectric constant” we have tried to model the expected changes in the dielectric 

constant by admittedly rough and possibly inadequate assumptions (see in particular model c). 

J.B. Theeten (Lab. d’Electronique et de Physique Applique&): Your results on the 

anisotropy of 64 versus azimuth for the 0s adsorption on Cu(ll0) are very interesting and a 

correlation of these with angular resolved ultra violet photoemission would be very informative. 

G.A. Bootsma: Yes, I completely agree that especially a comparison with angular resolved 

UPS data taken at different temperatures would be fruitful to explain the increase of sA at 

equal oxygen coverages with increasing temperature and to check the applicability of model c. 

T.H. Allen (Optical Coating Lab.): (1) Did you observe in the measured 6A and S$ values 

during the ageing of the metal surfaces any evidence for a transition from physically to 

chemically adsorbed oxygen. If so, did you detect any chemical shifts in either the metal or 

oxygen Auger peaks? (2) Did you measure the mass distribution of residual gases in the vacuum 

chamber? 

G.A. Bootsma: We have never found any evidence for a transition from physically to 

chemically adsorbed oxygen in our measured 6 A and S J, values. From an analysis of the kinetic 

data of the chemisorption of oxygen on copper (see ref. [67]) we got indications that such a 

transition may indeed play a role (precursor state model). However, at the pressures and tem- 

peratures of our study the coverage of physically adsorbed oxygen is expected to be s104 

monolayer. According to table 1 the change in A will be too small (-10S4 deg) to be detected. 
Qualitatively the same holds for the most important residual gases (CO, COs) in our vacuum 

system @ < low9 Torr). Thus it is not surprising that we have never detected an Auger shift 
associated with the transition from physically to chemically adsorbed oxygen. It may be 
remarked that a shift in the O(KLL) Auger peak has been reported by Benndorf et al. (.I. Phys. 

Chem. Solids 40 (1979) 877) for a transition from one into another chemisorption state of 

oxygen on Cu(100). 


