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Surface reflectance spectroscopy {SRS) has been used to study chemisorption-induced changes in the
electronic structure of a clean %(100) surface. The relative changes in optical reflectance, hR/R,
caused by chemisorption of H~ CO, and O~ have been measured as a function of exposure and photon
energy I u in the range 0.6 & I co & 4.8 eV for adatom coverages up to ~1 monolayer. Structure in the
exposure and coverage dependence of hR/R displays the various adatom binding states and also
indicates the presence of adatom-adatom interactions within a given binding state. The model of
McIntyre and Aspnes (MA) is adopted to relate the observed hR/R(l co) to changes in an effective
complex surface dielectric function he'(8' w); by assuming a simple form for b e'( ~ u), we &it ~/&( ~~)
spectra calculated using the MA model to the experimental data and thereby obtain difference spectra
6 e (&u) which show the chemisorption-induced changes in the optical response of the surface region.
The positions of prominent peaks and dips in he2(=1m' e') give the energies of important optical
transitions associated with the surface electronic structure which are produced or quenched by
chemisorption. These energies show a strong correlation with the position of surface levels (relative to
the Fermi energy EF) seen in ultraviolet photoemission and field-emission spectroscopies. As a result,
the excitations obtained from SRS are attributed to optical transitions from intrinsic surface states and
adsorbate-induced surface orbitals to final states concentrated primarily at EF, which are most likely
the tails of extended (Bloch) states of the metal as modified at the surface.

I. INTRODUCTION

The electronic structure of solid surfaces has
recently become a subject of rapidly growing in-
terest and effort, particularly with the application
of electron spectroscopies to the study of chemi-
sorption on atomically clean surfaces in ultrahigh
vacuum (UHV). These techniques are inherently
surface sensitive because the scattering length or
escape depth of hot electrons in solids is short
(5-20 A), and as a result the hot electrons emerg-
ing from the sample originate mostly from the re-
gion near the surface. By far the greatest portion
of spectroscopic information about the electronic
structure of surfaces has come from those electron
spectroscopies which measure essentially the den-
sity of filled electron states near the surface: ul-
traviolet photoemission (UPS), ' ~ field-emission
(FES), '~ and ion-neutralization (INS)6 spectro-
scople 8.

The spectrum of one-eLectron excitations of the
surface electronic structure represents a valuable
complement to the density of filled states near the
surface since these excitations can provide impor-
tant new information not accessible to UPS, FES,
or INS: the empty final states to which electrons
in the filled surface orbitals are excited, the en-
ergies of empty surface states, and the dielectric
response of the surface electronic structure. The

energies of transitions associated with surface ex-
citations have been determined in a few cases by
electron-energy-loss measurements, ' but the
results can be complicated by dynamic interference
effects. '

Optical spectroscopy has been the primary meth-
od for measuring characteristic excitations in sol-
ids and has played an invaluable role in elucidating
bulk electronic structure. Optical experiments
have been considerably less important for surface
studies because the relatively large penetration
depth of light in solids (100-500 A) makes these
measurements rather insensitive to the properties
of the surface. Nevertheless, very precise tech-
niques of reflectance and modulation spectroscopy
have been developed to extract fine details of the
optical spectra for information on bulk properties,
and the high sensitivity of these techniques makes
it possible to study surface effects optically.

Differential reflectance measurements on metal
surfaces in electrolyte solutions'" have demon-
strated that optical experiments can provide useful
information on the surface properties of optically
absorbing solids. The complications of ionic dou-
ble-layer and electroreflectance effects due to the
applied electric field used in these studies under-
score the desirability of carrying out optical mea-
surements on atomically clean surfaces in UHV for
studies of electronic surface orbitals associated
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with chemisorption and intrinsic surface states
present only on the clean surface. Optical absorp-
tion processes involving surface states on Ge and
Si surfaces in UHV have been observed by a multi-
ple total internal reflection technique, "but this
method is restricted to photon energies @co below
the fundamental absorption edge of semiconductors
and insulators. Classical ellipsometry, normally
carried out at a single wavelength, is well known
to be sensitive to thin adsorbed films on surfaces
and has been carried out for UHV chemisorption;
the recent extension of ellipsometry to multiple
wavelengths'3'" promises to yield spectroscopic
information on surface electronic properties.

We have previously demonstrated that high-pre-
cision optical techniques can detect relative changes
nR/R in the near-normal incidence reflectance of
an opaque substrate caused by chemisorption of
small fractions (&go) of a monolayer of adatoms on
an atomically clean surface in UHV. "'6 By inter-
preting the differential reflectance spectra within
the framework of a simple dielectric model, we
obtain a surface reflectance spectroscopy (SRS)
for UHV chemisorption which yields valuable spec-
troscopic information about optical excitations in-
volving electronic surface orbitals. ' In particu-
lar, comparison of transition energies derived from
SRS with the position of filled surface orbitals mea-
sured by UPS and FES permits an interpretation of
the electron states involved in the transitions, as
shown in a condensed account of our results for H2
chemisorption on W(100)."

In the present paper we give a complete descrip-
tion of our SRS results for H3, CO, and 02 chemi-
sorption on W(100) at room temperature. The de-
pendence of nR/R on adatom coverage shows struc-
ture arising from the various sequential adatom
binding states and indicates the presence of adatom-
adatom interactions within a given binding state.
Analysis of the spectral dependence of dA/R at
fixed coverage yields optical transition energies
which show a marked correlation with UPS and FES
data. As a result, the transitions are identified as
excitations from both intrinsic surface states of
the elean surface and adsorbate-induced surface
orbitals to empty final states at the Fermi energy
EF . In the case of simple gas chemisorption on
W(100), therefore, the primary optical coupling of
filled surface orbitals is to final states at Ez,
which are probably the tails of extended (Bloch)
states of the metal as modified at the surface, and
no evidence yet exists for prominent empty sur-
face orbitals.

II. EXPERIMENTAL TECHNIQUES

The single-crystal tungsten sample used in this
investigation mas in the form of a thin ribbon of
dimensions 12x3x0. 1 mm with the surface oriented

to within &
' of the (100) crystal plane. The sample

was mechanically polished and then electropolished
to achieve a smooth speeular surface. This sam-
ple was one of several used in earlier low-energy-
electron-diffraction (LEED) investigations, ' so a
number of its properties mith respect to adsorption
of simple gases are well known. The surface mas
cleaned using procedures found adequate in the
LEED experiments: it mas resistively heated to
-2100 C in UHV for a brief period to remove ad-
sorbates and mas also periodically heated in Oz to
eliminate possible carbon contamination. The
sample mas held in stainless-steel clamps at each
end under light spring tension to prevent buckling
during heating. The sample temperature was mon-
itored with a W-Re thermocouple spot-welded to
the back surface of the ribbon near its midpoint.
The reflectance changes were measured with a
small focus of light at the middle of the sample.

The UHV chamber in which the sample was main-
tained had a base pressure of -5x10 "Torr, com-
posed of roughly equal parts of H2, CO, and argon.
Adsorbate gases were admitted through leak values
at partial pressures of -(1-2)&&10 8 Torr and were
monitored with a partial pressure analyzer. Thus
the residual gases accounted for only a few percent
of the total pressure during adsorption. During O~
adsorption, however, the CO partial pressure rose
to - (1-2)X10 Torr or -10%%ug of the total.

The chemisorption-induced relative changes 4R/
R in near-normal (-5') incidence reflectance were
measured as a function of photon energy g~ in the
range 0.6 & 5~ & 4. 8 eV and as a function of expo-
sure e(=pressure x time) corresponding to cover-
ages 8 up to the order of one monolayer. Light
from a tungsten/halogen lamp (hu& ~ 3 eV) or a high-
pressure xenon arc lamp (h&u & 1.5 eV) was dis-
persed by a fused quartz prism monochromator
and focused to a spot of -1 mm on the sample
through a sapphire windom on the UHV chamber.
The sample surface was tilted by -5' from the
windom surface to spatially separate the reflections
from the sample and the window. The photon en-
ergy resolution mas typically 50 meV. Photomul-
tipler detectors (S-13 and ERMA III) were used for
5~ &1.4 eV, while a PbS photoconductive detector
mas employed for @~&1.4 eV. The average values
of nR/R near 1.4 eV obtained with the PbS cell
matched the photomultipler values at this energy to
well within the experimental errors; this matching
was further substantiated by test measurements
with an S-1 photomultiplier down to 1.2 eV and the
PbS cell extended up to -1.6 eV.

Since the relative reflectance changes &R/R in-
duced by chemisorption of -1 monolayer of adatoms
are small (- I%%uc)"'6 and must be studied in detail
to obtain spectral and coverage-dependent struc-
ture, a very sensitive optical technique is required.
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=10 ' [compared to total changes at monolayer
coverage of &R/R = (0.5-1.0) x 10 j, while the
scatter in cQt/R(}j&u) at fixed e is typically a, few
x10-4.

Weaker signals from the PbS detector used for
leo & 1.4 eV required longer integration times
(-30 sec), which prevented continuous measure-
ments of nR(e). However, the total change nR(e)
=R(e) —R(0) was determined by measuring R(0)
and then R(e) after a fixed exposure. These re-
flectance measurements were accomplished by ac-
cumulating the signal waveform for -30 sec in a
multichannel analyzer, averaging AI, and So over
the appropriate channels and taking the ratio RID /

In this mode the typical scatter for a set of
identical measurements was -10

FIG. 1. Exposure dependence of reflectance changes
for H2 adsorption on %(100) at various photon energies.

III. RESULTS: EXPOSURE AND COVERAGE DEPENDENCE

We used a rotating-light-pipe scanning reflectom-
eter' which is capable of detecting changes in near-
normal incidence reflectance at least as small as
IAR/RI =10 . ln this instrument a iluartz light

pipe„rotating at -40 Hz, captures alternately the
full reflected (RI,) and incident (Io) light beams and
transmits them to the detector by total internal re-
flection. An electronic gating circuit, which uses
field-effect transistors as switches for sample-
and-hold measurements, extracts from the time-
dependent signal the amplitudes of the AI, a.nd Io
beams averaged over their rather large duty cycles
(-20% of the period each). For photomultiplier de-
tection, the reflectance R =RIO/I, is directly ob-
tained by keeping Io constant, using an operational
amplifier power supply to vary the high voltage ap-
plied to the photomultiplier and thus to program
its gain. In the usual application of the reflectom-
eter, reflectance spectra R(gru) are then obtained

by simply sca,nning 5&.
Since the change in surface properties caused by

chemisorption does not alter the optical alignment,
the full sensitivity of the ref lectometer is available
for surface studies. In the present surface studies,
the sample was cleaned by heating, allowed to cool
for 30-60 sec to within a. few degrees of room tem-
perature, and then at time t =0 it was exposed to
the adsorbate gas at constant pressure p. By re-
cording the reflectance R with time t, we obtained
exposure curves R(e) (e = p x I) for various photon
energies h&u. From these data both bR(e} at var-
ious 5&@ and nR/R(5&@) at various e were deduced.
This procedure was found to be more free of drift
in determining AR/R(II&@, e} than measuring a se-
quence of R(h&o) spectra after fixed doses of the
adsorbate gas (exposure increments). Using the
photomultiplier in favorable spectral regions, noise
in the exposure curves is of the order of nR/R
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FIG. 2. Exposure dependence of reflectance changes
for CO adsorption at various photon energies.

Families of representative exposure cur; es
nR(e) are shown in Figs. 1, 2, and 3 for H2, CO,
and O~ adsorption, respectively, for various photon
energies in the range h~ —1.40 eV, where photo-
multiplier detection was used. For clarity the
curves are offset in the vertical direction as indi-
cated by the 4R =0 bars at left. After a. brief re-
sistance heating to -2100 'C for cleaning the sur-
face and a short time delay for cooling, the reflec-
tance A was recorded as a function of time t for
each h&u. At t=o (exposure e=pf=0) the adsorbate
gas was admitted at fixed partial pressure p. Ex-
posure values are given in langmuirs (1 L =-10 '
Torr sec). In all three cases R decreases with
increasing e by amounts as large as hR = —4x10 '.
Because R as measured through the window with
reflection losses is about 0.4, the relative changes
AR/R are as large as —10, or —1/q. Since this
is of the order of the surface layer thickness di-
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vided by the penetration depth of the light, we
anticipate that chemisorption significantly alters
the electronic structure of the surface.

The shape of the exposure curves bA(e) in Figs.
1-3 is roughly exponential, with ~R saturating at
exposures typical of those needed to produce a
coverage of -1 monolayer for these systems (ap-
proximately saturation). Distinct structure is
present at certain low exposure values and alters
the over-all exponential shape of the curves. This
structure, in most cases, is associated with the
sequential adsorption of adatoms into various bind-

ing configurations ~' and is discussed jn detail be-
low. Both the structure and the total &R at satu-
ration depend on photon energy.

Exclusive of adatom-adatom interactions, ad-
atoms which bond to the surface in a given binding
state should modify the local electronic structure
near their bonding site in the same way. Thus the
measured reflectance change sR per additional ad-
atom should be constant within the exposure range
where adsorption into a single binding state occurs.
This behavior is expected independent of the explic-
it relation between the changes in surface elec-
tronic structure and the reflectance changes. At
intermediate exposures the simultaneous presence
of several different binding configurations may
complicate this picture; furthermore, significant
adatom-adatom interactions may even destroy the
concept of characteristic adatom binding states, at
least insofar as the electronic structure of the sur-
face is concerned. To investigate the nature of
adatom binding configurations, we convert the ex-
posure curves nA(e) to coverage curves &A(8)
(where coverage 8 =1.0 represents an appropriate-
ly defined single adsorbed monolayer), using known

sticking probabilities when available. In the ab-
sence of experimental data for s(8), we assume
the simplest behavior of the sticking probability,
namely, that s(8) depends only on the available
surface area free of adatoms. Then s(8) is linea, r
in 8 and is given by

s(8) = s,(I —8/8~)

where s, is the initial sticking probability at 8 = 0
and 8~ is the saturation coverage in monolayers.

A. H2 adsorption

A number of experiments indicate that H2 ad-
sorption on W(100) is dissociative and involves two

binding states. Initially adatoms adsorb in the Pa

state, which gives a c(2x 2) LEED pattern'8 and a
growth in the electron-stimulated-desorption (ESD)
yield for H' ions. The intensities of both the
c(2x2) LEED spots and the ESD cross section show

a peak 8 =0.19, where the distinct change in slope
appears in dA(8) in Fig. 4. Near 8 =0.19 forma-
tion of a second binding state g, begins' and con-
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FIG. 3. Exposure dependence of reflectance changes
for 02 adsorption at various photon energies.

tinues to saturation, suppressing the ESD cross
section markedlya' and causing the c(2x 2) LEED
spots to split. ' Flash-filament desorption mea-
surements show two peaks corresponding to the P,
and P~ states, ' although recent results suggest
that the distinct states seen in flash desorption may
arise from a complex 8-dependent interaction.

Figure 4 shows coverage curves AA(8) for Hz ad-
sorption derived from the exposure curves of Fig.
1 using Madey's recent measurements~' of s(8).
He found that Eg. (1) holds with so =0. 51 and 8z
=1.0 monolayer =2.0x10" atoms/cm~, or two H

atoms per Vr' surface atom. Structure is clearly
evident in &A(8) at characteristic coverage values
8 =0.19 and 0.26 for several curves, especially for
h& =1.40 eV. These structures appear as fairly
distinct changes in slope between three regions
(labeled I, II, and III), each corresponding to a
particular adatom binding configuration and having
a nearly constant slope S=—d(AR)/d8. Since this
slope varies with both jg~ and t;he coverage region,
the reflectance change per additional adatom and
thus the chemisorption-induced change in surface
electronic structure both depend on adatom binding
configuration as well as photon energy.

A two-binding-state picture of H~ chemisorption
on W(100) would give the following simple inter-
pretation of, e. g. , the AA(8) curve for ha = 1.40
eV in Fig. 4. The constant slope S, observed in
region I gives the reflectance change per additional
adatom for adsorption in the P~ binding state as ob-
served with light of energy 5cu =1.40 eV. The con-
stant slope S», in region III has a similar meaning
but a different value (S», wS, ) because adatoms ad-
sorbed in the P~ and P, states cause different
changes in surface electronic structure. Adsorp-
tion in P, begins at 8 =0. 19. Field-emission studies
have shown that as the P, state fills, the P~ state is
depleted. Therefore, adatoms adsorbed in region
II not only contribute with the p, slope S«, but make
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FIG. 4. Coverage dependence of reflectance changes
for H2 adsorption at various photon energies.

an additional contribution by coverting adatoms
previously in Pz states to P, states. Since S,
=-2S», , this conversion gives a positive contribu-
tion to S» which is apparently large enough to make
the net S» & 0, The curves for large jg~ can also be
explained in terms of these two effects.

However, for intermediate photon energies (2. 67
and 3.25 eV) the slope in region II is steeper than
that in regions I or II, and no combination of S, and

S«, can produce the observed S« . Furthermore,
if at large 8 all adatoms already on the surface
were in the P, state and further adatoms also went
into the P, state, all curves near large 8 should
extrapolate back to ~ =0 at 8 =0, contrary to the
observations for @~=2.67 and 3.25 eV. These re-
sults imply that a more complicated adsorption
pattern takes place after 8=0.19, involving at
least a third binding configuration or more likely
a continuous change in binding configuration with
coverage ~ so that no single mell-defined binding
"state" exists after 8=0.29, " at least from the
point of view of surface electronic structure.
Strong evidence for coverage-dependent chemi-
sorption bonding and adatom-adatom interactions
also comes from photoemission results which
show structures in the density of filled states shift-
ing in energy with 8 after 8 =0.29.3~ ~

B. CO adsorption

At room temperature and above, CO adsorbs on
the W(100) surface in a series of tightly bound P
states ' ' for coverage up to a monolayer. At
higher exposures the CO occupies more weakly
bound @ states ' which desorb in the neighbor-
hood of (300-400) K. The bulk of evidence indi-
cates that during room-temperature chemisorption
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FIG. 5. Coverage dependence of reflectance changes
for CO adsorption at various photon energies.

up to a monolayer, the CO layer is homogeneous,
with only one P binding state populated, and that
other P states observed during flash filament de-
sorption arise as a result of thermal conversion.
Although published values for the sticking coeffi-
cent s(8}vary, there is general agreement that the

P states are essentially saturated at an exposure
of 4-6 I.. Since the saturation coverage is 1x20"
molecules/cm~, a' a linear s(8) requires so = 1. We
therefore assume so=1.0 and 8~ =1.0 in Eq. (1),
although we do not draw any conclusions that de-
pend critically on a precise evaluation of inter-
mediate coverage values.

The resulting coverage curves for CO adsorption
are shown in Fig. 5. A pronounced structure ap-
pears at 8 =0.44, corresponding to a similar fea-
ture in the exposure curves at e =1.4 L (Fig. 2).
At low jg&o this structure in nR(8) is particularly
pronounced and consists of a distinct change in
slope between linear segments. Above 8 = 0.44
for @(d —2.00 eV tb.. slope is essentially zero, in-
dicating that adsorption above the initia~ half mono-
layer does not affect the optical properties of the
surface region; this produces the unusual shape of
the exposure curves (Fig. 2) at low gv, which are
not at all exponential and give the impression that
the adsorption saturates at smaller exposure val-
ues than those indicated by the data at larger @v.
The discontinuity in slope of 4R(8}near a half mono-
layer suggests that the physical properties of the first
and second half-monolayers may differ; however, ex-
cept for a local inflection in work function ' and apossi-
ble change in sticking coefficients, ~8 there is no other
experimental evidence for such a change in prop-
erties at half a monolayer. %e believe it more
likely, as discussed in more detail below, that the
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structure near a half monolayer is associated with

changes in the surface electronic structure which
are essentially unrelated to and unaccompanied by
changes in the adsorbate binding configuration.
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FIG. 6. Coverage dependence of reflectance changes
for 0& adsorptionat variousphoton energies.

C. 02 adsorptioi

Detailed measurements of the sticking proba-
bility for Oa adsorption on W(100) have been re-
ported by Madey. He found s, =-1.0 and that at
monolayer coverage (8 = 1.0 = 10" atoms/cm )
s -=0.15, giving a saturation coverage of somewhat
more than a monolayer. Although some weak re-
producible structure in s(8) was found, s(8) is
nearly linear and extrapolates to a saturation cov-
erage 8~ =-1.2. Figure 6 shows coverage curves
for Oz adsorption calculated from Eq. (1) with s,
=1.0 and 8~ =1.2. Structure near one-half mono-
layer coverage is indicated, and 4R(8) is not lin-
ear on either side of this point. It appears that
corrections to 4R(8) to take into account the re-
ported deviations of s(8) from linearity would not
produce straight line segments in 4R(8) but would
enhance the nonlinearities. The coverage curves
also show a different behavior above 8=1.0, par-
ticularly for large @~, where a change in slope at
8 =1.0 is apparent.

The adsorption features displayed in the cover-
age curves (Fig. 6) are consistent with other mea-
surements. The structure near 8 =0.5 is apparent-
ly related to the pz adsorption state, which gives
near 8 =0. 5 a maximum 0' yield in ESD, 3 a max-
imum intensity of a 4xl LEED pattern, and an
inflection point in the work-function-change versus
8 curve. Below 8 =1.0, atomic oxygen is thermal-
ly desorbed, while oxygen adsorbed above 8 =1.0
gives a large O' ESD yield (P, states) and desorbs
as tungsten oxides34; this suggests that the fraction-

al second monolayer is different in nature from the
first monolayer, as indicated by the structure in
4R(8) at 8=1.0.

Finally, LEED measurements have shown that the
initial binding configurations for both CO and Oz ad-
sorption at room temperature (unordered for CO
and ordered 4x1 for 03) convert to ordered c(2x2)
states after heating (to 1000 and 1300 'K, respec-
tively). ~8'33 However, we found no measurable re-
flectance change after carrying out this conversion
for an adsorbed half-monolayer of CO or Oa. This
result is consistent with photoemission experiments
which show only very minor changes in the energy
distribution curves due to interconversion between
CO binding states. 3' These observations suggest
that in some cases the reordering of adatom binding
structure seen in LEED does not involve signifi-
cant changes in surface electronic structure, prob-
ably because the bonding of primary importanee-
that between adatom and surface atoms in a surface
molecular complex-is essentially the same for the
original and converted binding configurations.

The structure observed in the exposure and cov-
erage curves show clearly that surface reflectance
spectroscopy can be a sensitive probe of the ad-
sorption state and its kinetics as far as the funda-
mental chemisorption bonding is concerned. This
is because SRS, as an optical technique, measures
chemisorption-induced changes in the electronic
properties of the surface. Thus a change in adatom
binding configuration which involves a considerable
modification of the chemisorption bond will produce
a change in the reflectance change per additional
adatom and lead to structures in 4R(e) and 4R(8),
as observed.

IV. RESULTS: SPECTRAL DEPENDENCE

The fundamental electronic structure informa-
tion gained from optical measurements comes from
the spectral dependence of the optical response,
which indicates the characteristic energies of
prominent excitations, the joint density of states,
and relative oscillator strengths of excitations of
the electronic structure. For a given type of
chemisorption bond associated with a certain ad-
atom binding configuration, spectroscopic informa-
tion is already contained in the 4R(8) curves as the
variation in slope d(4R)/d8 with photon energy gw.
However this spectral dependence is more clearly
displayed by plotting 4R/R(hw) at certain coverage
values corresponding to characteristic states of
adsorption (which determine the surface electronic
structure). Such spectral curves were constructed
from numerous exposure and coverage curves taken
over the range 1.4 & h~ & 4. 8 eV usingphotomultiplier
detection and were supplemented by measurements
of 4R/R at fixed 8 obtained in the range 0.6 & jiw
& 1.5 eV with a PbS detector as described in Sec.
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The resulting spectral curves rkp/R(g&o) for Hz,
CO, and Oz adsorption are shown by the data points
in Figs. 7, 8, and 9, respectively. As mentioned
previously, AR/R is negative above 1.4 eV and is
as large as about 1% (10 a) at saturation. In all
three cases hR/R increases to positive values with
decreasing h~ below -1.5 eV. For H~ and CO ad-
sorption the AR/R values below -1.2 eV are es-
sentially the same at the fraction'al coverage shown
in Figs. V and S as at. saturation; this indicates that
for low @cd no further significant changes in reflec-
tance (and therefore in surface electronic structure)
take place after 8=0.19 for H~ adsorption and after
8 =0.44 for CO adsorption. The similarity of hR/
R(g&d) below 1.2 eV for all three adsorbates sug-
gests that the strong structure at low h~ is a com-
mon feature of chemisorption on W(100) indepen-
dent of the identity of the particular adsorbate.

In contrast, various structures appear in the
spectral curves above -1.5 eV which change with
the adsorbate. In the H~ spectra in Fig. 7 the
8 =0.19 and 8 =1.00 curves represent reflectance
changes associated with adsorption in the initial P
state and at the saturation coverage of one mono-

layer, respectively. At 8=1.00 a peak near 3.1
eV and dips near 2.0 and 4. 2 eV show up clearly.
Structure also seems to appear for 8 =0.19, e. g. ,
near 1.6 eV, but it is more difficult to assess be-
cause the total AR/R is smaller at lower 8 and
hence the signal/noise ratio is smaller.

The 4R/R(flu) spectra for CO (I'ig. 8) are rela-
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FIG. 8. Spectral dependence of relative reflectance
changes for CO adsorption at coverages 8 = 0.44 and 8
= l. 00 (saturated surface), Points, experimental data;
solid curves, theoretical fit to the data.

tively flat near 2 eV and rise gradually above 3 eV.
They differ in shape from the Ha spectra and have
somewhat less pronounced structure above 2 eV.
The CO spectra for 8=0.44 and 8=1.00 are quite
similar in shape and have essentially identical hR/
R values below -2 eV, as noted in the lack of fur-
ther reflectance changes above 8=0.44 in the cov-
erage curves (Fig. 5) at low g&o. At higher kv the
amplitude of 4R/R for 8 =1.00 becomes about twice
that for 8=0.44. %e regard this additivity of the
reflectance change per adsorbed molecule as evi-
dence for the homogeneity of the adsorbed layer,
i.e. , a single binding state, as seen at the higher
photon energies.
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FIG. 7. Spectral dependence of relative reflectance
changes for 82 adsorption at coverages 8 = 0.19 and 8
=1.00 {saturated surface). Points, experimental data;
solid curves, results of a theoretical fit to the data as
described in text.

FIG. 9. Spectral dependence of relative reflectance
hanges for 02 adsorption at saturation coverage (8 =1.2).

Points, experimental data; solid curves, theoretical fit
to the data.
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Because of the complexity of the O~ adsorption
process as indicated by the nonlinear coverage
curves (Fig. 6), the saturation at somewhat more
than one monolayer, '3 and the formation of oxides
as seen in desorption products, ' we analyze the
spectral distribution of d)R/R only for the saturated
surface (Fig. 9). The structure, different from the
H~ and CO spectra, includes a shoulder near 3.1
eV and a further rise near 4.3 eV.

V. DIELECTRIC MODEL

The spectral features observed in bA/R(g&o) at
low @co are independent of the identity of the par-
ticular adsorbate, while the energy position and

shape of structures at higher g~ show a noticeable
dependence on the adsorbate species. An inter-
pretation of the dR/R(gd} spectra in terms of the
electronic properties of the surface region might
be made on the basis of the position of spectral
features and their dependence on adsorbate iden-
tity and coverage. However, a more meaningful
analysis requires a dielectric model to relate the
observed reflectance changes to the chemisorption-
induced changes in the surface electronic structure.
Such a model would define the parameters used to
characterize the actual dielectric response of elec-
trons near the surface and prescribe the explicit
relation between these parameters and the ob-
served &R/R. One could then determine the ener-
gies of prominent optical excitations associated
with the surface electronic structure, which as a
consequence of the Kramers-Kronig relations are
given only approximately by the position of struc-
tures in &R/R(ffv), and as a result gain signifi-
cant insight into the changes in surface electronic
structure accompanying chemisorption.

As the simplest physical description of the sur-
face dielectric response and its relation to the ob-
served reflectance changes, we adopt the model of
Mclntyre and Aspnes (MA), in which the surface
region is treated as a uniform layer of (sub}mono-
layer thickness d, («X, the wavelength of light)
having complex dielectric function»'(a) = d~((d)

+i»2((d). This function is regarded as an effective
response function which represents a local com-
plex dielectric function»'(z) (z normal to surface)
averaged over the thickness d of the surface re-
gion. Structure in»z((d) is then taken as repre-
senting features of the joint density of states
weighted by electric dipole matrix element effects,
as in the case of bulk optical properties. For sub-
monolayer films of reasonable adatom concentra-
tion, the adatom-adatom separation is small com-
pared to A. and the film can be regarded as optically
uniform with effective thickness d, proportional to
coverage. 6 Adsorption of such a film onto a bulk
substrate having complex dielectric function»'((d)
=»,'((d) +f»z(~) then produces a relative change in

near-normal incidence reflectance given by

AR, 8wd, »z (»', —»,) —(», —1) (»(') —»z) (2)
R ~ (»', —1)'+ (»')*

or more simply

aR. Bed, c'(c', —() —(a,' —)) (»))
R X (»', —1)' + (»,')' (3)

+» f -=»i -f»t —(1 -/}
b e~ —= W~

—fr~

so that the reflectance change (5) becomes

atrd, GEE', —(\, —)) Ec',

)(»b ] }2 + (»)))2

(6a)

(6b)

This form is essentially identical to that given by
McIntyre ' for electroreflectance effects due to
modulation of the dielectric response of the sur-
face region by the electric field at the metal sur-

Since the clean W(100) surface is known to have
significant intrinsic surface states which are
quenched by adsorption, ~ it is important to in-
corporate these effects into the dielectric model.
Intuitively we expect that just as adsorption pro-
duces new surface optical transitions which con-
tribute to c', so adsorbate-induced quenching of
transitions involving intrinsic surface states should
add a term to 2 having opposite sign. This can be
shown in the following manner. The existence of
intrinsic surface states produces a surface region
of thickness d, on the clean surface with electronic
structure different from that of the underlying bulk.
If one imagines this surface layer to be added on
top of the bulk (as with the adsorbed layer case),
it alters the reflectance (relative to that for the
bulk without surface states) by

dR, 8vd, »,'(»,' —1)—(»,'- 1) (»,')
(»(') 1)2 + (»())2

where»((ar) is the complex dielectric function of
this surface region for the clean surface. Because
the reflectance changes within the MA model are
linear in the dielectric function of the surface layer,
the total relative reflectance change AR/R is the
sum of two contributions: (i) —AR, /R due to ad-
sorbate-induced quenching of optical transitions
involving intrinsic surface states; and (ii) nR, /R
due to the production of new transitions involving
adsorbate-induced surface orbitals. From Eqs.
(3) and (4), ~/R =&R, /R —AR, /R becomes

»z[»g —f»g —(1 —f)] —(»g —1) (»t) —f»())
(»,'-1)'+ (»,')'

(5)
where f= d, /d, . We now-define 6»'=&»', +f4»z as
the complex dielectric function of the surface re-
gion with real and imaginary components, respec-
tively, given by
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face in an electrochemical cell. More generally,
d, and d, in the above would be replaced by 4d, and

4d, to account for reflectance changes between dif-
ferent adatom coverage states of the surface.

Equation (7} relates the relative reflectance
changes to changes in an average effective com-
plex surface dielectric functionwhichwe would like to
determine. The term in brackets has the form
a~a&+P4&~, where the coefficients u and p depend
only on the bulk optical properties of the substrate.
We have calculated these coefficients over the pho-
ton energy range of the measurements from the
reported optical constants of tungsten. Because
of the short screening length (-0.5 A) of electrons
in a metal, changes in electronic structure due to
chemisorption do not penetrate into the substrate
much further than the chemisorption bond, i.e. ,
a few A. Although d, and d, for the clean and
saturated surfaces need not be identical, we can
assume d, =d, (f= 1) without serious error in the
position and shape of structures in ni'(p~). For
if fcl, then from Eq. (6) the relative strength of
structures in E and E is somewhat altered, and

he[ is shifted down by a constant amount (1-f);
the significance of the position of structures in
4a' remains. In the following analysis we assume
d, CC 8 and that for all adsorbates at saturation cov-
erage d, = 5 A = d, .

Because only one quantity, 4R/R, in Eq. (7) is
measured, the two remaining unknowns 4&; and

4&~ cannot be determined directly. This is a fa-
miliar problem for normal-incidence reflectance
studies of bulk optical properties, where the usual
procedure is to measure the reflectance over as
broad a photon energy range as possible, choose
some reasonable extrapolation outside the region
of measurement, and calculate the reflectance
phase angle and the optical constants by Kramers-
Kronig analysis. However, the photon energy
range covered in the present work is rather limited
in comparison with many studies of bulk optical
properties where Kramers-Kronig analysis was
done, and the proper extrapolation of AR/R out-
side the range of measurement is not clear.

An alternative method to determine he', (junco) and

dna(g&o) from the measured AR/R(1f&u) spectrum
is to assume a simple form for si'(h&u) and adjust
its parameters to produce an optimum fit to the
experimental data. By prescribing an algebraic
relation between the two unknowns 4c, and &&,',
this effectively reduces the problem to simply de-
termining one unknown from one measurement.
Such a procedure has been successfully used'8 to
determine the optical constants a~ (go) and ca(Au&)

from normal-incidence reflectance data for bulk
crystals, where i(@~) was assumed to be composed
of a few Lorentzian oscillators. This technique
was found to be efficient and accurate and to pro-

~~ (4'} =+~be+Q
(

a a)(d& —(d —Z +& CO

so that he has real and imaginary components

+&/(&} =+&re+~ I a ara a ~ ~

((d~ —(d ) +CO L
&

(Qa.}

Apl gw~&3(~}=Z (~a a)a aFa (gb)

Both positive and negative values of A& are allowed
in order to describe, respectively, the production
of new transitions associated with chemisorption
and the quenching of intrinsic surface state transi-
tions by adsorption. According to the Kramers-
Kronig relations, changes in surface optical ab-
sorption bands (n, da) outside the measured photon
energy range will produce a nearly constant change

duce good agreement with results obtained by
Kramers-Kronig analysis. Therefore, although
optical structures characteristic of the bulk elec-
tronic response are not expected to have Lorentzian
shapes, this simple analytic form in practice pro-
vides a reasonably good picture of the spectral de-
pendence of the optical constants and particularly
the energy position of peaks and valleys in i(gm}.
This makes the oscillator analysis especially at-
tractive for determining from the 4R/R(flu) spec-
tra the energies of prominent surface optical tran-
sitions. Furthermore, optical structures associ-
ated with the surface may be considerably better
represented by a simple oscillator form than are
bulk structures because (i) the Anderson model"
as applied to chemisorption predicts a Lorentzian
density of states for virtual bound states produced
by discrete adatom orbitals; (ii) in a similar way
discrete orbitals of the molecular complex ' formed
by bonding between the adatoms and surface metal
atoms should be broadened into approximately sym-
metric resonances by interaction with the bulk
metal; and (iii) for an ordered surface region,
critical-point singularities in the joint density of
states associated with the two-dimensional band
structure appear as logarithmic divergences,
which can be reasonably well described by Lorentz-
ian line shapes. We emphasize, however, that the
Lorentzian oscillator model used for 4e'(@sr) is
chosen primarily because of its simple form which
guarantees that the real and imaginary components
satisfy the Kramers-Kronig relations. No partic-
ular physical significance is attached to the opti-
mum values of the oscillator parameters them-
selves, but only to the energy position (and to a
somewhat smaller extent the relative magnitudes)
of structures in the total Li'(@v) spectra so derived.

We therefore assume that 4a', the change in
complex surface dielectric function within the MA

model, is composed of a few Lorentzian oscillators
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in dispersion 4e', within that range. Therefore, a
real constant 4&~~ is added to the Lorentzian sum
in Etl. (9) to account for this change in dispersion
as well as the 1 ft-erm in Eg. (6a), which is in-
dependent of geo but depends on the change in cover-
age which produces the observed nR/R. With this
model change in surface dielectric function, a,

theoretical AR/R(@u) spectrum is then calculated
within the framework of the MA model by Eq. (7).
The parameters A&, 1", , ~&, and 4&'„~ were ad-
justed by computer to obtain optimum fits of the
theoretical ~/R(@u) spectra to the experimen-
tal data. The results of this fit are shown by the
solid curves in Figs. 7-9.

The imaginary part of the change in surface di-
electric function as determined by the above pro-
cedure is shown in Pigs. 10, 11, and 12 for H~,
CO, and 03 adsorption, respectively. The posi-
tions of extrema in the &@a(pu&) spectra are deter-
mined to about + 0.2 and + 0.4 eV for the structures
above and below -1.5 eV, and the structures are
typically 1.5-2. 5 eV wide. A strong dip in Az~ at
low &co dominates all these spectra, while weaker
structures which differ for the different adsorbates
appear at higher g~. The large magnitude of 4&~

at low @co is expected because the coefficients in
Eq. (7) are considerably smaller in this region
compared with the higher /co range even though the
nR/R magnitudes are comparable. We also note
that since bulk tungsten has aa'~ 10(c', —1) above 2
eV and the magnitudes of 4E; and 483 are compar-
able for a Lorentzian oscillator, the nR/R (h&u)

spectrum above 2 eV is proportional to —4cf (Iur).
This provides a simple check of the fitting proce-
dure: for O~ adsorption (Fig. 9) the S-shaped res-
onance centered near 3.2 eV in 4R/R(g&u), consist-
ing of a dip below and a peak above the center en-
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FIG. 11. Spectral dependence of the change in ima-
ginary part of the surface dielectric function for CO ad-
sorption at coverages 8 =0.44 and 8 =1.00.

The above dielectric model gives a simple pre-
scriptionfor determining the change in surface di-
electric response from the measured reflectance
changes. It also indicates how the structures in
the resulting n, V(~) spectra can be interpreted in
terms of surface optical transitions involving new
adsorbate-induced orbitals associated with the
chemisorption bond (A& & 0) and intrinsic surface
states of the clean surface which are quenched by
adsorption (A& & 0). However, the changes in sur-
face dielectric response could in principle be due
in part to chemisorption-induced changes in the
strength of bulk transitions (-8) within the surface

ergy, resembles —nef(g&u), where nef(@&@) is the
rea". part of a Lorentzian structure at the same
energy. The corresponding imaginary part ncz(@to)
produces the peak seen in Fig. 12 at 3.2 eV.

VI. DISCUSSION
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FIG. 10. Spectral dependence of the change in ima-
ginary part of the surface dielectric function for H& ad-
sorption at coverages 8 = 0. 19 and 8 =1.00. The model
used to obtain 4&)(I~) from the ~/8 (S~) data is described
in text.
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FIG. 12. Spectral dependence of the change in
imaginary part of the surface dielectric function for 0&
adsorption at coverage 8 =1.2.
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region. We first show thai these effects should be
small and that they cannot explain the main fea-
tures of the spectra.

The tails of extended states of the bulk un-

doubtedly penetrate into the surface region, so
correct effective surface dielectric functions 4
and e' are expected to include contributions of es-
sentially the same form as the structures in i'(&u).

Since the magnitude of this contribution could be
somewhat different for the clean and adsorbate-
covered surfaces, &e'(~) should in principle in-
clude a term C e (u&) proportional to i'(&u). Such
effects cannot be the primary cause of the ob-
served reflectance changes above 1.5 eV because
one would then expect very similar ~/R(her)
spectra for all adsorbates, contrary to observa-
tion. If be'(u&) were the dominant contribution to
4i'(&u), the oscillator expansion IEtl. (8)] which
omits an explicit Ai'(&o) would produce a ai'(~)
very similar to b, F(u&) and therefore similar in

shape to i'(&u). However, above 1.5 eV the struc-
tures in a&&(&u) (Figs. 10-12) bear no evident re-
lation to those in &2(u&). Thus chemisorption-in-
duced changes in the bulk dielectric response with-

in the surface region do not seem to play a signifi-
cant role.

Below 1-1.5 eV, the oscillator strength of the
metal is primarily Drude (intraband) in origin.
Chemisorption should reduce the free-electron
density and relaxation (scattering) time near the
surface by tying up some of the electrons of the
metal in the chemisorption bond and by causing
strong scattering of conduction electrons by the
adatoms. If adsorption-induced changes in the
Drude oscillator strength at the surface dominated
the reflectance changes, one would expect the re-
flectance to change continuously with coverage up

to a full monolayer, contrary to observation.
Furthermore, chemisorption-induced changes in

a Drude contribution to &&~at low h& should be too

small to explain the large magnitude of 4&~ at low

Su (determined by the fitting procedure to about

+30/~). For the nominal 5 A thickness assumed
for the surface region, j&&~ I

& &~ at low h(d; if a
slightly smaller but perhaps more reasonable
thickness (-3.5 A) were assumed, Inc~ l would be
even larger. Even if the total &&~ were due solely
to changes in the Drude response at the surface,
the largest possible negative value of 4&~ would be
—e~, which is smaller in magnitude than the re-
quired &&~ . A reasonable estimate of the maximum

value of I&&3 I near the surface is «~.
Thus we conclude that for both low and high 5&,

significant contributions to a&3(h&u) from adsorbate-
induced changes in the bulk optical response near
the surface are unlikely. We therefore neglect

such effects and analyze the ~&&(@re} spectra on the

basis of optical excitations involving surface or-

bitals which are produced or quenched by chemi-
sorption.

A. Structure below 1.5 eV: Intrinsic surface states

A strong dip in &&~& below jg( ~=1.5 eV dominates
the a&&(h&u) spectra for all three adsorbates, as
seen in Figs. 10—12, and gives rise to the strong
structure at low h&u observed in the 4R/R(hv)
curves in Figs. 7-9. Because this structure is
essentially independent of the adsorbate identity,
it is most likely characteristic of the metal surface
itself. Furthermore, since the structure is rep-
resented as a strong oscillator of negative ampli-
tude, it must arise from a term in the dielectric
function of the clean surface which is suppressed
by adsorption, i.e. , from strong surface optical
transitions which are quenched by chemisorption
of any of the adatom species studies here. Finally,
we note that at low @~ the magnitude of the dip in
&e& is approximately inversely proportional to
coverage: for Hz (Fig. 10), 6ez(8 =0. 19)
=—5&&~(8 =1.00) and for CO (Fig. 11), De~(8 = 0.44)
= 2se,'(8 = 1.00). This decrease of c ef with 8 above
the fractional coverages given arises not from a
further physical change in surface electronic struc-
ture, but rather from the definition of a dielectric
function as polarizability per unit volume. Thus
after the changes in surface electronic structure
and reflectance at low 5~ have saturated at the
fractional coverage, the magnitudes of ~q', and 4q~
must decrease with further coverage as the surface
region thickness increases to keep nR/R constant.
In contrast, if each additional adatom caused the
same change in surface electronic structure for all
coverage, he' would be constant with 8 and nR/R
would increase linearly with d, or (-'I.

We therefore attribute the prominent dip in

he2(h~) to adsorbate-induced quenching of strong
optical excitations of filled intrinsic surface states
of the clean W(100) surface. " The position of
these states, about0. 4 eV below the Fermi energy
EF, and their behavior with adsorption have been
documented by both UPS ' and FES" measure-
ments. These surface states are quenched by the
mere presence of adsorbates, as shown for H~,
CO, O~, N& and C, ' and as indicated by the results
in Figs. 10-12. The saturation of reflectance
changes near e =0.19 for Hz and B =0.44 for CO
adsorbates is in good agreement with the reported
observations that H~ coverage of B = 0.2 (Ref. 2) to
0.25 (Ref. 3) and CO coverage of B =0.4 (Ref. 5}
quenches the intrinsic surface states. Thus the

slope discontinuity in the Co coverage curves
(Fig. 5) at B =0.44 for low h signifies that quench-
ing of the intrinsic surface states is complete,
rather than that adsorption into a new binding con-
figuration has begun.

Since a distinct structure is found in the c,&z(N(u)
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spectra, the filled surface states must be prefer-
entially excited to a band of empty final states.
Although the position and shape of the absorption
band for these transitions cannot be very accurately
determined {owing to the larger error bars at low
A and the assumed oscillator line shape of the
structures), the transitions are concentrated below
-0.5 eV, so the final states for excitations from
the surface states at —0.4 eV must lie at or just
above EF . These final states are most likely tails
of extended states of the metal which may be modi-
field somewhat at the surface from their form in
the bulk. The strongly preferential coupling of the
surface states to final states near E~ suggests that
the strength of optical excitations of the intrinsic
surface states decreases for higher-lying final
states {increasing photon energy). This trend may
explain why the photoemission yield of the surface
states relative to bulk states decreases with in-
creasing photon energy, ' in contrast with the be-
havior expected from the usual energy-dependence
of the hot electron attenuation length.

The large magnitude of the intrinsic surface
state dip in &q~, of the order of &2 for the tungsten
substrate, implies that the surface states cause a
significant modification of the electronic structure
near the surface as seen at low f&~. In this region
the oscillator strength of the bulk metal is primarily
Drude (intraband) in character. If oscillator
strength is assumed to be conserved locally, then
it appears that near the surface of the clean metal
a considerable portion of the Drude oscillator
strength found in the bulk is shifted into intrinsic
surface state excitations.

8. Structure above 1.5 eV: Adsorbate-induced surface orbitals

The structures in the &ez(@~) spectra (Figs. 10-
12) above 1.5 eV differ with adsorbate identity and

coverage and hence are characteristic of the par-
ticular adatom/surface atom chemisorption bond
and binding configuration. These features appear
as peaks which represent new adsorbate-induced
optical transitions associated with the surface elec-
tronic structure. Table I lists the positions of
these peaks in the n, ez(h~) spectra for H, , CO, and

02 adsorbates on W(100) as determined by SRS.
Although one might expect similar or related tran-
sitions in electron-energy-loss spectra, such mea-
surements for these systems have not yet shown
clear evidence for adsorbate-induced loss peaks 44

for the adsorbates studied here. The interpreta-
tion of optical excitations from their transition en-
ergies (energy differences) can be greatly aided by
comparison with electron spectroscopy results
which give the absolute energy position of filled
states. We therefore include in Table I the posi-
tions of filled adsorbate-induced surface orbitals
(relative to E~) as determined by UPS measure-

ments of various workers.
The energies of surface optical transitions de-

termined by SRS show a marked correlation with
the UPS results in Table I. For saturation cover-
age, the SRS transition energies for H, at 2. 5 and
near 5.0 eV, CO at 3.5 eV and a weaker structure
near 2. 4 eV, and 0, at 4. 5 eV match very well the
position of filled UPS levels below the Fermi en-
ergy. This agreement suggests a simple inter-
pretation-that these surface optical transitions
are excitations from the filled adsorbate-induced
surface orbitals seen by UPS to a common set of
empty final states at or just above E„;for if final
states at EF are assumed, as appeared to be justi-
fied for the intrinsic surface state excitations at
low fz&, the SRS transition energies then imply ini-
tial states which are in good agreement with the
UPS results. For saturation coverage only the 0,
transition at 3.25 eV deviates from this pattern;
if it is associated with the surface orbital at —2. 5
or —2. 0 eV, it indicates a final state -1 eV above
E~, at about the position of a pronounced conduc-
tion-band thresholdwhere the calculated density of
states for tungsten rise sharply from small values
near EF . ' The 2. 2-eV transition for H, at g -0.2
lies at an energy value between the UPS levels
near —1.2 and —3.3 eV while the 3.0-eV CO tran-
sition at 8-0. 5 lies between the —2 and —3.5 eV
UPS levels. These results for intermediate cover-
ages may also be consistent with the assumption of
final states at Ez, since for lower 8 the nR/A val-
ues are smaller and the resulting aq', (h&u) spectra
less accurate, so the peaks in aq2(hv) for inter-
mediate coverage may represent some average of
transitions from the UPS levels to E~. Thus, we
believe that the surface optical transitions above
1.5 eV determined by SRS very likely represent
excitations from the filled adsorbate-induced sur-
face orbitals seen by UPS to empty final states at
or just above the Fermi energy which are probably
the tails of extended states of the bulk as modified
near the surface.

VII. CONCLUSIONS

Correlation of the SRS transition energies with
UPS data for H, , CO, and O2 chemisorption on
W{100) gives the strong indication that optical ex-
citations from intrinsic surface states and adsor-
bate-induced surface orbitals lying an energy E,
below the Fermi energy involve final {empty) states
concentrated primarily at the Fermi energy.
Structure in the optical constants might be expected
near @=E, since the cutoff in the Fermi-Dirac
distribution function at EF produces an edge in
&&&(hw) when the photon energv is just large enough
to excite electrons from peaks in the density of
filled surface states to the lowest empty states,
which are at E& . Such an edge occurs even for
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TABLE I. Surface optical transition energies from SBS (present work) and energy
levels of filled surface orbitals (relative to Ez) from UPS measurements for H2, CO, and

02 chemisorption at various coverages.

Adsorbate 8 (monolayers)
SBS transition
energies (eV) UPS energy levels (eV)

H2

1.0

2.2+ 0. 3

2. 5+ 0.1
5.0+ 0.3

—1.2

—3.6b

—5. 7b

—2b

—4. 7

1 1c

—3

CO

1.0

3.0+ 0. 2

2.4+ 0.4
3.5+ 0.2

—2
—3.5
—5. 9d (unordered)
—6. 1d [e(2x 2)]

—2d

—3. 5d

-6.0'
—8. 9

02 -1.2 3.25+ 0. 2

4. 5+ 0.4

50

—4. 5'
—6. 5

—2. 0~
—4. 9'
-6.4'

~Beference 25.
Beference 26.

'Beference 27.

dBeference 35.
'Beference 2.
Beference 43.

constant matrix elements and a flat density of
empty states above EF, and is accentuated (espe-
cially at low h&u) by the 1/w factor in the imaginary
part of the dielectric function. The resulting peak
in n&z(P~) would be shifted above h&u =E, by about
half the width of the peak in the filled density of
states and broadened considerably (by a factor of
2 or more). However, the SRS spectral features
(as seen in Fig. 7, for example) are not signifi-
cantly broader than the surface-orbital peaks seen
in UPS, and the correlation of SRS transition en-
ergies with the position of filled surface orbitals
relative to EF as seen in UPS is considerable.
This suggests that optical excitations of electrons
in the filled surface orbitals may in fact be en-
hanced by oscillator strength and/or joint-density-
of-states effects for final states close to EF . De-
tailed analysis of SRS spectra for a variety of
chemisorption systems is needed to more fully under-
stand the SRS line shapes.

Since the results can be interpreted in a simple
way consistent with the UPS data by assuming
common final states at EF, these measurements
give no firm evidence for significant empty surface
orbitals. This is somewhat as expected since the

primary candidates for such states —the excited
states and affinity levels of the adsorbed species-
lie considerably above E~ (by at least 4 eV)" and

are therefore nearly inaccessible in our spectral
region (K~& 4. 8 eV). However, the possible ex-

istence and observation of empty surface orbitals
in other systems, especially for adsorbates with
low-lying excited states, remains an open ques-
tion.

Similarly, the ground-state energy levels of the
adsorbates studied here should be too far below
Ez(-6 eV) to be excited in our measurements. ~'~
The adsorbate-induced surface orbitals for which
optical excitations have been deduced by SRS are
thought tobe states derived primarily from the
d electrons of the surface tungsten atoms within
the molecular complex" created by the chemisorp-
tion bond at the surface. ' ' ' However, the 5.0-
ev transition for H~ at saturation corresponds to
the lowest-lying adsorbate level reported from UPS
studies, so it is possible that this level involves a
fairly strong admixture of the H(1s) ground state
and the low-lying tungsten d states, as in the case
of the Pd/H system.

The dielectric model of McIntyre and Aspnes
which we have used to deduce spectroscopic infor-
mation from the observed nA/E admittedly over-
simplifies the relation between the measured re-
flectance changes and the actual electronic struc-
ture near the surface. If a local dielectric re-
sponse can in fact be assumed and properly defined,
it certainly changes with depth into the surface, and

its depth dependence very likely varies with photon
energy. However, by representing these compli-
cated effects by a single effective complex dielec-
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tric function averaged over the surface region and

relating the surface-layer thickness to coverage
in a simple way, the number of parameters char-
acterizing the dielectric response of the surface
is greatly reduced. As a result, valuable informa-
tion can be extracted from experiment to give in-
sight into the surface electronic structure through
its optical excitations. The agreement between
the SRS and UPS results obtained using a simple

interpretation of the optical transitions (single
band of final states at E~)scan be viewed as reas-
suring evidence that the dielectric model employed
here is physically meaningful.
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