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and will have tmo possible orientations of easy
axes with respect to each other —perpendicular
and parallel in the ratio of 2:1„respectively. The
actual distribution of exchange interactions will
acquire structure, and the assumption that it
scales with concentration will break down. There
could be an increase in the probability of low ex-
change fields over what is expected in a random
system, and a concentration-independent linear
term in the specific heat may be observed over
the concentration range of 0.5 to 10 at. % impurity.

In conclusion, the approach described above
where near-neighbor clusters are responsible for
the low-temperature specific heat observed in
dilute magnetic alloys avoids the objections to
previous models and provides a simple explana-
tion of the linear term in the specific heat.
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Surface reflectance spectroscopy is used to determine optical transitions associated
with the electronic structure of a W(100) surface during H& chemisorption. Correlation
with photoemission and field-emission data attributes these transitions to excitations
from intrinsic and adsorbate-induced levels to final states at the Fermi energy.

Our understanding of the electronic structure
of clean solid surfaces has been greatly advanced
in the past few years by electron spectroscopies
which measure the density of filled electron
states near the surface. For example, in the
case of H, chemisorption on W(100), uv photo-
emission spectroscopy (UPS)' ' and field-emis-
sion spectroscopy (FES)' have revealed intrinsic
surface states on the clean surface and adsor-
bate-induced surface levels which depend on the
adatom identity and binding state. A valuable
complement to this fi11ed-state information which
would more fully characterize the surface elec-
tronic structure is its optical excitation spec-
trum, indicating, e.g., to what empty final states
the filled surface levels are excited and at what

energies empty surface orbitals might exist. ' Al-
though optical absorption bands involving surface
states on Si and Ge have been observed for pho-
ton energies S~ belom the fundamental absorp-
tion edge E, ' no optical determination of promi-
nent surface excitation energies on opaque sam-
ples (8&v &E& for semiconductors) has yet been
reported.

That optical reflectance can provide useful in-
formation on surface electronic structure has
been shown by Mcintyre's work on metal surfaces
in electrolyte solutions. ' The effects of (sub-)
monolayer chemisorption on the optical proper-
ties of a clean opaque surface in ultrahigh vacu-
um (UHV) have been observed by ellipsometry. '
We recently demonstrated that these effects can
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also be observed in ultrahigh vacuum by differen-
tial reflectance measurements and suggested the
possibility of a versatile surface reflectance
spectroscopy (SRS) in which surface excitation
energies could be determined optically. ' %e re-
port here the results of such SRS studies of H,
chemisorption on W(100), which reveal a com-
plex coverage dependence of the surface electron-
ic structure and yield its characteristic optical
transition energies. These energies show a cor-
relation with UPS and FES data which suggests
that the transitions are excitatians from the
filled intrinsic and adsorbate-induced surface or-
bitals to final states concentrated primarily at
the Fermi energy EF.

Measurements were carried out at room tem-
perature on a W(100) ribbon sample maintained
in ultrahigh vacuum (&10 ' Torr). Following a
brief resistance heating to -2100'K to produce
an atomically clean surface, H, was admitted in-
to the chamber at fixed pressure. The resulting
reflectance changes caused by chemisorption on
the clean surface were measured in the range 0.6
&Sco &4.8 eV using a rotating light-pipe reflec-
tomete r. '

The dependence of bR on exposure was mea-
sured at various S~. Using recently reported
sticking probabilities for the W(100) + H, system, "
the results were converted to give the coverage
dependence bR(8)." Representative coverage
curves are shown in Fig„1.'3 Structure appears
clearly in these spectra at 8=0.i9 and 0.26,
which are shown by vertical lines in the figure
dividing the curves into three regions I, II, III.
The changes in optical response per adatom Iin-
dicated by the slope S =-d(bA)/d8J at specific g
values arise from differences in surface elec-
tronic structure of the various adatom binding
states.

A variety of well-known experiments indicate the
presence of two binding states of H, on W(100)."
Initially adatoms adsorb in the P, state, but after
6 =—0.19 formation of a second state P, begins and
exists to saturation. This would suggest the fol-
lowing simple interpretation of, e.g. , the 1.40-
eV curve in Fig. 1. The constant slopes S& and

8»& in regions I and III are characteristic of the
reflectance change per adatom (at 1.4 eV) for ad-
sorption in the P2 and P, states, respectively. In
the intermediate region II (0.19&6&0.3), S&0
since additional adatoms convert previous P,
states to t), states (note S«t &S, } and also contri-
bute directly with slope S&&&. The curves for
large Aced can be explained in the same way. How-
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FIG. 1. Coverage dependence of reflectance changes
D& at several photon energies ~ for H2 adsorption on
%(100). The origin (bB = 0 at coverage 6= 0) is dis-
placed upwards as shown for ~&1.40 eV.

ever, for intermediate k(o (2.67 and 3.25 eV), no
combination of S~ and S~» can produce the large
slope observed in region II. Furthermore, if at
large coverage all atoms already on the surface
were in the Py state and further adatoms also
went into the P, state, all curves should extrap-
olate to hA =0 at 0 =0, which is not the case at
intermediate Iw. These SRS results imply that
a more complicated, 6-dependent surface elec-
tronic structure exists after 6=0.19, as seen al-
so in UPS.

The dependence of relative reflectance changes
bA/R on photon energy Iu& for coverages 8 = 0.19
(P, state) and 6=1.00 (the saturated surface) is
shown by the data points in Fig. 2. Over most of
both spectra ER/R &0 with a minimum value near
1.5 eV, but at lower I~, M becomes positive.
This low-energy structure dominates both spec-
tra and is, within experimental error, the same
below 1.0 eV for 8=0.19 and 8=1.00. Thus for
Sx &1.0 eV, no significant further changes in re-
flectance (and therefore in surface electronic
structure) take place after 8 = 0.19. At higher h&u

weaker structures are evident which do change
with e.

In order to extract information about the local
electronic structure of the surface region, we
use the model of McIntyre and Aspnes, "which
represents the surface region as a uniform sur-
face layer of (sub)monolayer thickness d («a,
the wavelength of light) having complex dielectric
function e'(&i~) =e, '(ru)+is, '(v). Then AR/R is re-
lated to changes ne' in e'(~), caused in the pres-
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FIG. 3. Imaginary part of the eh~~me in surface di-
electric function, 6e2, for 6= 0.19 and 1.00.

FIG. 2. Spectral dependence of relative reQectance
changes for 6=0.19 and 1.00. The theoretical (solid)
curves are obtained from an oscillator fit of C~ to re-
produce b2t/R data points.

ent case by chemisorption, by'

bR 8' ,e' a ,e' —(e,' —l)he, '
R X (e, ' —1)'+ (e,')'

where e, '(cu) +ie, '(&o) is the dielectric function of
the underlying bulk. To obtain a picture of the
structure in be'(&u) from the (dR/R)(&u) data, we
assumed a model 4&' composed of a few Lorentz-
ian oscillators and adjusted the oscillator param-
eters to produce an optimum fit of the calculated
~/R spectra [Eq. (I)] to the experimental data.
Values for &' a.re known, "and the thickness d,
which enters (1) as a simple scale factor, was
assumed to be 5 A for 0 =1.00 and 1 A for e
=0.19. The calculated (hR/R)(&u) spectra ob-
tained in this way are shown by solid curves in

Fig. 2,
Figure 3 shows the resulting spectral depen-

dence of &&,' for 0 = 0.19 and 1.00. The struc-
tures, consisting of a strong negative contribu-
tion at low Iur and weaker peaks at higher k~,
show the presence of prominent optical excita-
tions of the surface electronic structure. The
strong dip at low I~ dominates both spectra and
produces the structure below 1.5 eV in Fig. 2.
Note that be, '(8 = 0.19)-5he, '(8 =1.00) at low h&u.

This occurs because changes in surface electron-
ic structure and reflectance for h~ &1.0 eV are
essentially complete at 8 =0.19, but within the
model these changes must be averaged over the
surface layer thickness to determine the surface
dielectric function e'. (If the changes continued
uniformly with 6, ~&,' would be constant with 0,

and ~/R would increase linearly with d. ) It is
unlikely that adatom-induced modifications of the
Drude contribution to &' can account for the struc-
ture at low I~." Instead, we tentatively attri-
bute the low-energy dip in 4&,' to adsorbate-in-
duced quenching of strong optical transitions in
the surface electronic structure. These transi-
tions are most likely excitations from the intrin-
sic surface states on W(100) seen in UPS" and
FES' 0.4 eV below EF (which are quenched by the
presence of an adsorbate and disappear complete-
ly by 6 —= 0.25 for H, adsorption) to final states at
the Fermi energy. The large magnitude of the
intrinsic surface-state dip in 4&,', of order e, '
for the % substrate, suggests that near the sur-
face a considerable portion of the Drude oscilla-
tor strength of the metal is shifted into the in-
trinsic surface-state excitations. The predomi-
nance of optical coupling of these states to final
states at &F may explain the apparent decrease in
strength of photoemission from these states rel-
ative to the bulk with increasing photon energy. '

Above 2 eV, 4&,' shows peaks at 2.5 and 5 eV
for 0=1.00 and at 2.2 eV for 6=0.19. These are
associated with new optical transitions in the sur-
face region which are characteristic of the hydro-
gen/tungsten chemisorption bonds. Although one
might expect similar transitions in electron en-
ergy-loss measurements, no H, -induced loss
peaks have yet been observed. " %'e concentrate
on the 0 =1.00 structures, which are more clear-
ly resolved. UPS measurements show that sat-
uration coverage of H, on W(100) causes enhanced
emission from levels about 2.4 and 5.0 eV below
EF, energies which match our optical transition
energies. This marked correlation implies a
simple interpretation —that the 2. 5- and 5-eV
optical transitions both involve final states at & F,
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as suggested for the low-S~ structure; then the
position of initial states corresponds to the ad-
sorbate-induced levels observed by UPS. The
final states at & F are probably tails of extended
(Bloch) states of the metal as modified at the sur-
fa,ce.

SRS results for chemisorption of CO and 0, on
W(100)" support these interpretations. Similar
features appear at low Sco as expected for optical
excitations of the intrinsic surface states, "
while the energies of chemisorption-induced op-
tical transitions above 2 eV depend on the ad-
sorbate identity and match the position below ~

&

of filled adsorbate-induced levels seen in UPS. '
The agreement obtained between UPS and SRS
for a simple model of the optical transitions
(single band of final states at & t;) lends addition-
al credence to the SRS analysis. Although other
final states are not required to explain the SRS
data for simple gas adsorption on W(100), the
possible observation of empty surface orbitals
in other systems remains an open question, a,nd

further measurements are needed. The SRS ex-
periments may prove particularly valuable for
investigations of adsorption and surface reac-
tions at higher pressures and elevated tempera-
tures, a practical regime for catalysis where
electron spectroscopies cannot be used.
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