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A method for the analysis of surface reflectance spectroscopy data is presented and applied to hydrogen
chemisorbed on tungsten (110). This system is found to have highly anisotropic optical properties. The angular
dependence of the more prominent features in the dielectric function is predicted for different structural models. The
transition matrix elements are calculated with a tight-binding approximation after restricting the set of wave
functions by using symmetry arguments and dipole-moment selection rules. A comparison with the experimental
data determines the symmetry of the adsorbate wave functions and shows that the most likely adatom position is in
a bridged site. The direct optical transitions are identified and the location of the resonance levels and adsorbate

states in the surface band structure is determined.

I. INTRODUCTION

In studies of surface band structure in transition
metals special attention is given to those experi-
mental techniques that allow a direct comparison
between theoretical and experimental results.
Surface reflectance spectroscopy'™® (SRS) and
ultraviolet photoemission spectroscopy®” (UPS)
are among the most useful techniques for this
purpose because they are intrinsicly sensitive
to the surface electronic properties.

In integrated photoemission experiments®”’ elec-
trons leaving the surface at almost all angles are
collected. The results give information about
the average energy position in the surface Bril-
louin zone (SBZ) of an electronic state. In angle-
resolved UPS experiments®® the azimuthal and
polar electron collection angles can be varied,
and as a result it is possible to select a particular
region of the SBZ to be studied. These latter
studies give a rather complete description of the
surface band structure below the Fermi level
(Eg). Surface reflectance spectroscopy, on the
other hand, gives information about the electronic
states located between E; and E, (the vacuum
level). The two techniques when used together
are suitable for testing calculated surface band
structures. SRS is a highly sensitive optical tech-
nique which previously has been used mainly in
electrochemical investigations.'® It was applied
some years ago to the study of the small changes
in reflectance, AR/R, that occur when atoms or
molecules are chemisorbed on an atomically clean
surface.’? The presence of the adsorbate modi-
fied the electronic structure at the surface region
causing changes in reflectance that are measured
as a function of the incident photon energy. The
electronic structure at the interface is obtained
from the dielectric response of the system, which
in turn is deduced from the A R/R spectra.l:?*

In particular cases, measurements of the coverage

23

dependence of A R/R at fixed photon energies can
be useful in characterizing individual binding
states.

The analysis of SRS data that is presented here
permits the characterization of features in the
surface band structure and the determination of
the bonding configuration of the adsorbate. The
system studied, hydrogen chemisorbed on tung-
sten (110), is found to have highly anisotropic
optical properties!?; thus, the reflectivity change,
AR/R, depends strongly on the azimuthal orien-
tation of the electric field. Similar anisotropies
in the optical properties have also been observed
for the O/W(110) (Ref. 12) and Cu/Pd (110) (Ref.
13 ) systems.

Two groups of experiments, described in detail
in Sec. III, are necessary to describe the H/W
(110) system. The dependence of A R/R on the
azimuthal direction of the electric field, at fixed
photon energy, gives the symmetry properties of
the clean and adsorbate-covered tungsten surface.
From these data the principal directions of the
dielectric tensor are identified. In the other ex-
periments the spectral dependence of A R/R is
measured with the electric field along the princi-
pal directions of the dielectric tensor; these re-
sults give the electronic properties in the surface
region.

As shown in Sec. IV, the anisotropy in the optical
properties results from remarkably different
dielectric functions for an electric field along
each principal direction. The amplitude of a peak
in the imaginary part of the dielectric functions,
Ae€,, is proportional to the square of the matrix
element of the dipole moment operator in the
direction of the electric field between the initial-
and final-state electronic wave functions. By-
changing the direction of the electric field, the
matrix element changes because the strength of
the optical transitions varies due to the direction-
ality of the wave functions that participate in the
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bonding. For the calculation of the matrix ele-
ments we identify the set of wave functions asso-
ciated with a particular adsorbate geometry. A
group-theoretical treatment gives the allowed
mixing of the hydrogen and tungsten orbitals along
the high symmetry lines in the SBZ. The dipole
moment selection rules further restrict the elec-
tronic states that participate in a direct optical
transition. The transition matrix elements are
then calculated within a tight-binding approxima-
tion for different model configurations of the ad-
sorbate. Then the angular dependence of the cal-
culated matrix elements is compared to that ob-
tained experimentally until a particular H geome-
try can fit the data. In the analysis, the direct
optical transitions are identified and located in
the projected band structure (PBS) of the (110)
SBZ.

II. EXPERIMENTAL PROCEDURES

The single-crystal sample was a thin ribbon
of tungsten with its surface oriented to within 3
of the {110} plane. It was mounted in an ultrahigh
vacuum (UHV) chamber with a background pres-
sure in the low 107°~-Torr range. The hydrogen
was admitted to the chamber through leak valves
and monitored with a partial-pressure analyzer,
Resistive heating of the sample to 2200 °C, for
a short period of time, usually produced an atomi-
cally clean surface but occasional heating in oxy-
gen was necessary to eliminate carbon contamina-
tion. Auger electron spectra indicated that this
cleaning procedure was adequate.

The experiments were performed at near-normal
incidence (6 <1°), so that the electric field was
always tangential to the surface plane (s-polarized

light). All possible polarizations, ¢, were ob-
tained by rotating a polaroid in the {110} plane.

A double-beam spectrometer,*:** shown in Fig.
1, was used to measure the changes of reflectance
(AR=~10"°R). Light either from an unpolarized
tungsten-halogen source (7w < 4.8 eV) or from
a low-pressure deuterium discharge (4.8 eV <Zw
<6.0 eV) was passed through a prism mono-
chromator and a polarizer to select wavelength
and polarization. The light beam in the spectro-
meter was divided into two by a CaF, beam split-
ter. One of the beams was reflected at < 1° with
respect to the normal of the W(110) sample locat-
ed in the UHV chamber, and the other beam was
reflected from a tungsten reference sample locat-
ed outside the chamber. These two beams were
chopped by a pair of tuning forks approximately
180° out of phase and focused onto the detector.

As shown in the inset of Fig. 1, the detector
received alternatively the sample signal (R,I,)
and the reference signal (R,[,). A lead sulfide
detector and different photomultipliers were used
in the near ir spectral region (0.5 eV <%w <1.5
eV) and in the visible uv region (1.5 eV <7w < 6.0
eV), respectively. A feedback mechanism'® ad-
justed the photomultiplier gain to maintain the
reference signal at 1 V, thereby normalizing the
change of reflectance.

The difference in reflectance between the clean
W(110) sample and the reference sample was
measured continuously as a function of photon
energy for a fixed azimuthal orientation ¢ of the
electric field, The reference and sample voltages
were electronically subtracted and the difference
recorded in a multichannel analyzer as a function
of photon energy.

Hydrogen was then admitted into the UHV cham-
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FIG. 1. Schematic diagram of the experimental system.
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ber until the W(110) surface was saturated. The
change in reflectance between the hydrogen-cov-
ered sample and the reference sample was ob-
tained as before and recorded as a function of
photon frequency.  This latter difference was digi-
tally subtracted from the former to obtain the
spectral dependence of the normalized change

of reflectance AR/R. This quantity was measured
in the same spectral region for 19 different azi-
muthal orientations of the electric field, which
was varied in intervals of 5° from ¢ = 0° ((110)
direction) to ¢ =90° ((001) direction).

In these SRS experiments, the noise level and
the zero offsets are critical problems that can
be minimized by reducing the difference in optical
path between sample and reference beams. An
additional complication is that, with the optical
arrangement shown in Fig. 1, the beam splitter
introduces strong polarization effects. For small
azimuthal angles the transmitted beam is more
intense than the reflected beam. For large values
of ¢ the intensity of the reflected beam increases.
As a result, it was not possible to sweep the pol-
arization continuously at fixed photon energy. The
beam splitter polarization effects are 100 times
as large as the change in reflectance. To mini-
mize the difference in the optical path between
reference and sample beams, the intensity of
the strongest beam was attenuated by introducing
a shutter in the path of the beam.

To reduce the noise level without losing inten~
sity, the data were statistically averaged over 16
successive runs. The resulting uncertainty in
AR/R was 5% in the visible uv region and of the
order of 10% in the ir region,

III. RESULTS

The anisotropy in the optical properties of H/W
(110) was determined from the dependence of
A R/R on the azimuthal orientation (¢) of the elec-
tric field.

Polar plots of AR/R as a function of ¢ at differ-
ent values of the photon energy are shown in Fig.
2. These curves have very different shapes in
the energy range studied. The dots are the exper-
imental data and the curves represent the fitting
to a relation of the form A +B cos?¢, where A
and B are frequency-dependent coefficients. It
was found that A =A R/R (001) and B=AR/R (001)
—-AR/R (110). These results show that the (100)
and (110) directions are the principal axes of the
surface dielectric tensor.

The same conclusion can be obtained from a
classical electrodynamics treatment.*®!” We
start with the Maxwell equations for a semi-in-
finite system described by a nonlocal dielectric

(-> >,

tensor € ,w):

J(¥-B)-veE- [ &, ¥, ) B(F)r. )

In Eq. (1) the electric field is E(F, ) = E,e'@ T-vh
and the wave vector § is (0,0,q,). Thus the elec-
tric field E(F, ) is (E, (2), E, (z), 0)e*“t, where z

is chosen to be normal to the surface. If (x,y)
are the pair of orthogonal axes that diagonalize
the dielectric tensor in the surface region, Eq. (1)
can be written as two uncoupled equations:

9%E (z) w? -
(T, ¥, w)E, (z)d%r’,
oo [ o

2f DEy(2) | w? fe”’(" ¥, w)E, (2)d°7".

‘The asymptotic solutions of Eq. (2) are found
by using the scalar Green’s-function method,
following a procedure similar to that described
in Ref. (17) for p-polarized light. The result is

Ex(Z—- —oo)ocE:(e‘“ _%e—iqz),
E,(z ~ —)x EY(e!*® —y,eg™e%),

From classical electrodynamics, the reflectivity
at the surface region can be expressed as

Etef 2

E,

R,= = (r,)? cos?¢p + (r,)? sin%p

= (Rp +A RS) 08%¢ + (R, +A R3) sinp.

AR; and ARS, in the above equation, are the cor-
rections to the bulk reflectance due to the pres-
ence of a surface. The normalized change in re-
flectance at the surface can be written as

AR® R, Ry _ARS AR .,
= — 3
R R R cos 2p + 2 sin®p.  (3)

One can treat the adsorbate-covered surface
in a similar manner. Let (a,b) be the pair of
orthogonal axes in which the dielectric tensor
for the chemisorption case is diagonal. These
axes are rotated by angle £ in the surface plane
with respect to the (x,y) axes. By repeating the
procedure used for the clean surface, the correc-
tion to the bulk reflectance due to the adsorbate-
covered surface is

AR™ Ry -Ry ARY ARF .
= . R cos (- )+ 2 sin?(£- ¢).

(4)

The measured quantity is the difference in re-
flectance between the clean and adsorbate-covered
surface and can be written as
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FIG. 2. Polar plot of AR/R as a function of the azimuthal orientation of the electric field for different photon ener-
gies. The dots refer to the experimental points. The solid line curves are the fits to A+Bcos2¢.

% (p,w)= (éﬁf' - é&) + (*A-E" —&)cosz(é -¢)

R R R R

An expression of the form of Eq. (5) cannot fit
the data unless £=0°[(x,y)=(a,b)]. Under such
conditions, Eq. (5) reduces to

AR _AR, (AR, AR, .
R (¢, w) R +(R 7 )cos¢>. (6)

Comparison between the experimental expres-
sion and Eq. (6) shows that the (001) and the (110)
directions are the principal axes of the dielectric
tensor for both the clean and hydrogen-covered

tungsten surface. Evidently, hydrogen does not
cause rotation of the principal axes of the surface
dielectric tensor, i.e., the symmetry of the clean
surface remains unchanged. Since both the clean
and the adsorbate-covered surface have rectangu-
lar symmetry, all overlayer configurations with-
out such symmetry may be rejected as possible
models for the surface geometry. It is evident
from Eq. (6) that the frequency dependence of
A R/R for an electric field along one of the prin-
cipal axes of the tensor is sufficient information
to describe the dielectric response of the system.,
The spectral dependence of A R/R for an elec-
tric field along the (110) direction and the (001)
direction are shown in Fig. 3. In the analysis
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FIG. 3. Dependence of the normalized change of reflectance AR/R (w) on photon energy for a W(110) surface saturated
with hydrogen at room temperature. The electric field is along the (110) and (001) directions.

of the reflectivity spectra, two separate regions
are considered: the near ir region (0.6 eV <7w

< 1.5 eV) and the visible-uv region (1.5 eV<hw

< 6.0 eV), Inthe near ir region, the amplitude

of the structure is seen to depend on the azimuthal
orientation of the electric field. However, the
energy position of the features is independent of
the direction of the electric field. In contrast,

the curves are remarkably different in the visible
uv region. A R/R {(001) shows a maximum at 3.0
eV, a minimum at 5.0 eV, and a shoulder at 2.6
eV. On the other hand, A R/R (110) is essentially
structureless up to 3.4 eV after which it decreases
monotonically to a minimum at 5.5 eV. The dif-
ferences between the spectra show the sensitivity
of SRS to small surface anisotropies.

In order to obtain information about the surface
electronic structure, it is necessary to relate
the measured changes in reflectance to changes
in the dielectric response. The classical model
of McIntyre and Aspnes'® (MA) has been widely
used to study the dielectric properties of chemis-
orption systems. It has been shown'® that the MA
model is a very good approximation for s polari-
zation and an isotropic interface.

Feibelman calculated an expression for A R/R
in terms of a local dielectric function, *® and his
treatment can be extended to the case of an aniso-
tropic interface. For s-polarized light, the elec-
tric field is purely tangential to the surface. As
a consequence of the classical boundary conditions,
the field must vary slowly across the surface re-

gion. Therefore, it is a good approximation to
reduce the nonlocal conductivity tensor to a local
one.  The change in reflectance can then be ex-
pressed as'®

s a X
ARl Ly f dz Im("———§°°(2)>,
R micr 0 oloc("o) (7)
d y
ARy =4qf dzIm(U—“l——yC(Z)),
R micr 0 o'l‘oc(m)
where

G,.(T) = f o, T)d " .

The local dielectric function is a smoothly vary-
ing function across the interface. It is therefore
reasonable to replace it by its mean value. This
approximation leads to a McIntyre and Aspnes
type expression!® for each principal direction of
the dielectric tensor:

AR* o
R | crass= 4qd1m(0—s-> ,
bk
®)
AR’

R

y
e 4qd Im(i'—s—> )

Ok

The measured quantities, the difference in re-
flectance between an adsorbate-covered and a
clean surface, can be written in general as
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AR __ 8md o (eszeﬁ(e”—l)Ae;)
R A ‘ A-ep);+eg, )7
(92)
v y _ y
AR _ 8md 9.(521 A+ (e 12)A<2) . (9b)
R A ¢ (1-¢,,)+€5,

In Eqs. (9) €,,=¢,,+i¢,, is the bulk dielectric func-
tion'® and Ae = A€, +iA¢, are the changes in a local,
average, surface dielectric function for an electric
field along the x or the y direction.

In each of the Egs. (9), two unknowns appear:
the real and the imaginary parts of the change in
the dielectric function. However, they are not in-
dependent but are related to each other by the
Kramers-Kronig dispersion relations.?® 1t is
convenient to represent Ae(w) by a function that
automatically fulfills the dispersion relations and
contains a minimum of free parameters to fit the
experimental data. It is assumed that Ae can be
represented, along each principal direction, by a
sum of Lorentzians. The oscillator parameters
are than computer-adjusted to reproduce the ex-
perimental spectra.?**:* However, the Lorentzian
parameters that result from the fitting do not have
any particular physical meaning.!? It is found that
different sets of oscillator parameters can give an
equally good fit to the data and can produce sim-
ilar structure in A¢,(w),

The dielectric functions obtained for H/W(110)
are shown in Fig. 4. It is important to consider
the effect that the sum rule imposed on the oscil-
lator strengths (Z)]. fi =S) has on the resulting di-
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FIG. 4. Frequency dependence of the change ‘in the
imaginary part of the dielectric functions caused by
hydrogen adsorption. The electric field is along the
(110) and the (001) directions.

o Lia

electric function. Figure 5 shows two dielectric
functions obtained with very different S, the val-
ues being approximately 0 and 200, respectively.
Both give an equally good fit to the experimental
data. A surface sum of about 50 is obtained from
the expression given by Restorff et ql.2* Compari-
son of the curves in Fig. 5 shows that neither the
energy position of the structure nor the dispersion
of the peaks change. However, the relative
strength of the peaks depends strongly on S. For
all the values of S considered, the amplitude of the
low-energy structure decreases and the amplitude
of the high-energy features increases when S is
lowered.

The dielectric functions shown in Fig. 4 resulted
from a value of S about 100. The high value of S
causes negative structure, such as the dip at 1.4
eV, to appear positive. However, an analysis of
the electronic properties requires a comparison
of the Ae¢, curves for different orientations of the
electric field. For this purpose, both curves must
obey the same sum rule. In Fig. 4 they do and the
relative strength of the peaks can then be com-
pared.

Ae (110) was compared to the one obtained by
Restorff?! from a Kramers-Kronig analysis.
Agreement is found, as expected, with the energy
position of all peaks.

The real part of the changes in dielectric func-
tions are shown in Fig. 6. The changes in the
joint density of states, AJ'.f(w), were calculated

Zf;=264.25 - Zf;=-065 —
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FIG. 5. Spectral dependence of the change in the
imaginary part of the dielectric function for two very
different sum rules. The electric field is along the
{001) direction.
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FIG. 6. Spectra of the changes in the real part of the
surface dielectric function caused by a monolayer of H
chemisorbed at room temperature. The electric field is
along the {001) and the (110) directions.

by assuming a constant matrix element for an
electric field along the principal axis of the di-
electric tensor (AJ,, (100) = w?Ac, (100)). The re-
sulting spectral curves are shown in Fig. 7 for
the electric field along the (001) and the (110) di-
rections.

IV. DISCUSSION
A. Dielectric response and electronic properties

The structure in Ae,(w) (Fig. 4) for the electric
field along the (110) and (001) directions was an-
alyzed as described below. The imaginary part of
the dielectric function is directly related to the
absorption spectrum of the system. The sign,
energy position, and amplitude of the peaks in

AJi<110) ———- AJjs <001 —
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FIG. 7. W(110) changes of the joint density of states
(Adi (001) =wPAey (001) and AJ 4 (110) =w?Ae, (1T0)).

Ag, give information about energies and wave func-
tions of the electronic states as well as the geo-
metry of the adsorbate on the surface plane.'?

The structure that appears in the bulk dielec-
tric function is always positive; however, the
structure in Ae, can be positive or negative. A
positive contribution indicates that the strength
of an optical transition increases with chemi-
sorption. Thus a peak in Ae, shows that either
new states appear (i.e., adsorbate-induced fea-
tures) or that the strength of the optical transition
between electronic states characteristic of the
clean surface increases upon adsorption. A mini-
mum in the dielectric function indicates that the
strength of transitions involving states character-
istic of the surface decreases with adsorption.
Finally, a dip in Ac, is associated with the quench-
ing upon adsorption of surface states or reson-
ance levels.

When a solid is excited by light of the appropriate
frequency, there is a transition from an occupied
electronic state with energy E, to an unoccupied
state with energy E,. Their energy difference is
an excitation energy of the system and its cor-
responds directly to the position of a peak in
A€,. The width of such a peak is related to the
dispersion and the lifetime of the initial and final
electronic states.

The amplitude of a peak in A€, is a measure of
the strength of the optical transition, and it is
proportional to the squared matrix element of the
appropriate dipole-moment operator between the
initial and final states.'? Consequently, one can
describe the system by analyzing the position,
width, and amplitude of the peaks and minima in
A€,.

The information contained in a Ae, curve can
be analyzed in terms of direct optical transitions
in the surface band structure under consideration.
The wave functions associated with an electronic
state can be determined if one identifies first the
region of the surface Brillouin zone (SBZ) where
the state is located. If it appears along particular
lines in the SBZ, symmetry considerations re-
strict the possible orbital character of the wave
functions that can be associated with the electronic
state.

The surface band structure (Fig. 8) was ob-
tained by projecting the bulk band structure cal-
culated by Christensen and Feuerbacher?? onto
the (110) SBZ. Although a band structure obtained
in this way does not give any information about
localized states (surface and resonance levels),
it does give the position of the gaps and bands.
This knowledge is necessary because a gap or a
region of low density of states is a favorable lo-
cation for the localized states that appear when
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FIG. 8. Projected band structure for the W(110) surface. Dashed lines refer to the surface resonances, solid lines
to the high-coverage hydrogen state and dashed-dotted lines to the low-coverage hydrogen state. Insets show the cor-
responding SBZ and the bridge-site position of the atoms (solid circles) on the direct W lattice (empty circles).

the translational symmetry is broken due to the
presence of the surface. The projected band
structure (PBS) (Fig. 8) shows a continuum of
states whose wave functions, associated with the
band states, extend deep into the bulk. In con-
trast, the wave functions of surface and adsor-
bate states are highly localized in the surface
region.?3:24

Any pair of band, resonance, and adsorbate lev-
els having nonzero matrix element and one state
occupied and another unoccupied can participate
in an optical transition and hence may produce a
a distinctive feature in A€,. According to the na-
ture of the electronic states contributing to absor-
ption, the peaks in Ae, can be grouped into (1)
bulklike peaks, (2) surface resonances, and (3)
adsorbate-induced features.

1. Interband transitions: Bulklike peaks

The bulklike peaks, with positive contributions
to Ag,, are located at 1.0, 1.8, 3.3, and 5.0 eV
(Fig. 4). At these energies structure appears in
the bulk dielectric function. The bulklike peaks
were also observed for H, O, and CO adsorption
on W(110). They are caused by a transfer in tran-
sition probability between resonance levels and
band states.!

The existence of these peaks in A€, can be ex-
plained by assuming that S for the clean W surface

has two contributions. The first term contributes
the strength of all optical transitions involving sur-
face or resonance levels. The second one is the
sum of the transition probabilities of all the inter-
band transitions. A different value of S is asso-
ciated with the chemisorption system because the
number of valence electrons changes upon adsorp-
tion. As a result, a third term, reflecting all op-
tical transitions involving adsorbate states, ap-
pears. Furthermore, some of the surface states
that existed for the clean surface are quenched
upon chemisorption, and their strength is redis-
tributed. The strength associated with the optical
transitions between quenched surface states can
go either to interband transitions or to transitions
involving adsorbate states until the sum rule is
fulfilled. If the transition probability of a reson-
ance state goes into a band to band excitation, a
positive peak (bulklike) appears in Ae, at the same
energy as in the bulk dielectric function.

When the transition probability that for the clean
surface is associated with a resonance state goesup-
on chemisorptioninto an adsorbate state, abulklike
peak, close by inenergy, islikely to be missing. As
anexample, let us consider the 3.3- and 5.0-eV peaks
not observed in Ag, (001) and Ae, (110), respec-
tively. The 3.3-eV peak is mainly due to tran-
sitions between bands 3 and 4 (in the notation of
Ref. 22) along the line PH (Fig. 8). Two reson-
ance levels appear along the line PH for the clean
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W surface at the edge of the gap between bands 3
and 4 (dashed lines in Fig. 8). Upon chemisorp-
tion the resonance state below E, disappears,?®
the resonance level above E is shifted,'? and part
of the low coverage absorbate state is induced
along PH.2® The strength, that for the clean sur-
face is associated with optical transitions between
the resonance states, is transferred, after ad-
sorption, to transitions from the adsorbate state.
As a result, the strength of the interband tran-
sition does not change and the 3.3-eV peak is mis-
sing for Ae, (001). However, the 3.3-eV peak is
observed in Ae, (110) because the orbital charac-
ter of the adsorbate state wave functions is such
that the matrix element is almost zero for an elec-
tric field along the (110) direction.

The bulklike peak in A, (110) at 5.0 eV behaves
in a similar way. It is associated with transitions
from bands 2 to 4 (Refs. 22 and 11) around the I
point where the high-coverage hydrogen state ap-
pears upon chemisorption.??

2. Resonance states

The localized states characteristic of the metal
surface (surface and resonance levels) are highly
sensitive to chemisorption.2%2¢ Upon adsorption,
they can either remain unchanged, disappear or
shift in energy with or without a significant change
in their orbital character.?* The quenching of sur-
face states upon adsorption results in the disap-
pearance of optical transitions associated with the
spectrum of the clean W surface. Consequently,
a negative contribution is observed in Ae¢,(w)..

The minima at 1.4 eV in A€, (001) and Ae, (110)
(Fig. 4) are due to the quenching upon hydrogen
adsorption of two surface resonances.!* These
dips result from the quenching of optical tran-
sitions between an occupied resonance state®® and
an unoccupied resonance level.!'* The initial elec-
tronic state was extensively studied by Holmes
et al.*®* Their angle-resolved photoemission ex-
periments showed that this state exists over most
of the SBZ with the same orbital character and
that it gives rise to lobes at 45° to the (110) sur-
face plane along the (010) and (100) directions;
thus, the character of the occupied resonance
level is yz when referred to the right-handed
coordinate system ({(001), (110), (110)). The
energy of the final state (E,) is determined by
combining UPS and SRS data. However, the know-
ledge of the final-state energy is not enough in-
formation to determine the position of the state
along different symmetry lines in the PBS be-
cause A¢, is a sum over all possible contribu-
tions in the SBZ. For this particular system,
the position of the initial state is known from both

theoretical®® and experimental®®2% gtudies. These
data and the energy and dispersion of the SRS
minima make it possible to infer the position of
the final state in the PBS. The location of the un-
occupied resonance level in the SBZ is shown in
Fig. 8 (dashed lines above the Fermi level).

The azimuthal dependence of the matrix ele-
ment, which follows from the angular dependence
of Ae, at 1.4 eV, serves to determine the pos-
sible orbital combinations of the unoccupied re-
sonance state. The position and the symmetry
properties of the resonance states in the PBS
restricts the possible mixing of the wave func-
tions. As an example, we consider the line I'H.
The symmetry operations along this direction are
reflection with respect to the (110) axis and the
identity. It follows that yz can only mix with xy
and x® - % can mix with 3z%-72. Since the dipole
moment selection rules specify the allowed op-
tical transitions from a specific initial state, the
orbital character of the final state can be predicted
along symmetry lines of the SBZ for an electric
field along the (110) and (001) directions. In ac-
cordance with the UPS experiments we assume
that the initial state along the line I'H is a mix-
ture of yz and xy. The selection rules show that
when the electric field is along the (001) direction
the final state, along I'H, must also be a mixture
of yz and xy. If the electric field is along the
(110) direction, the final state must be x? - y?
and/or 3z%— 2. Clearly, symmetry and selection
rules are powerful tools to reduce a large initial
set of wave functions to a few allowed ones. To
choose the correct orbital character of the states
from the remaining possibilities a calculation of
the matrix elements is done for the different di-
rections of the electric field.

B. Orbital character of the resonance states
In a tight-binding (TB) approximation the initial-
and final-state wave functions are
P = 22 4, @, F-R)e®R (10)
R,m
and

PE) = 20 b, @), (F - RNeEE (11)
R',m’

where R refers to the lattice sites and m is the
projection of the angular momentum /. Since
only d wave functions are considered (I=2), m
varies between —2 and 2. The matrix element is

M) = W) | T | 94(E))

= 2 a0, e TR, (D) F|¢4F-R)).

Rim, m'
(12)
Equation (12) shows that the total matrix element
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is a linear combination of matrix elements be-
tween two d wave functions, one of which is cen-
tered at the origin and the other one at R. To
express both wave functions in the same coordi-
nates, ¢ (r R) is expanded about the or1g1n

& (T~ R) a pure d-like wave function at R can
be represented as a sum of d and non d-like
contributions at the origin. However, the only
nonzero terms of the matrix elements are those
between the p and f-like contribution in the ex-
pansion of ¢, and ¢,.. The following expansion
in spherical harmonics about the origin, obtained
by Pettifor,’® was used in the calculation:

0% (F = R) = RY(F") Y20 (6", )

0 2m AR Yy o 0, )

A

s Byu(F)E o,

The coefficients E,« 5, are related to the
relative weight of the I” component in the expan-
sion of a d wave function about the origin. These
coefficients, functions of the Slater-Koster en-
ergy integrals,29 depend on the overlap parame-
ters pdm and pdo and the direction of R. The
resonance is assumed to be localized on the first
layer of W. This approximation, which is sup-
ported by theoretical calculatlons,23 % 1imits the
number of Eju,» 1, coefficients that contribute to
absorption to only those terms that are nonzero
on the surface plane.

As an example, the matrix element for an elec-
tric field along the (001) direction is calculated
along the line I'H:

eq Ri
MO = Y apb,.etE —(}31,,,_1 2 (R) f Py(z)(1 -2 PrY(2)dz

2

Rim,m

+ Bt 2 (®) f PR~ 22)1/2Pi"’1(z)dz) . (13)

As explained in Sec. IV A, the initial and final
states are linear combinations of yz and xy.
Then, the nonzero coefficients in Eq. (13) are
a4, @2, b,1, and b,;, which may be written in
the form

s =a,, tia,, a= az. 2 +ia,,,
(14)
Al = Qg = LAy A= az 2~ ia,, .

It can be seen that a,, and a2_; in Eq. (14) are
zero because the corresponding wavefunctions
cannot mix with yz, xy along the line I'H.

In the calculation of M{001)r, we used the tabu-
lated coefficients E,?® restricted the sum over
lattice sites to the near neighbors, and used the
relation kpy =(27/a)(x,0), where a is the lattice
constant and 0<x<2. This gives

dn
Mg_()’?i)_aa b sinmx % (a:const) .

xy" vz

MEJ is also found to be proportional to @, a,,
and sinmx. As a result, the ratio of the matrix
elements along I'H becomes

M(001y/M(110) = Ab,,/(A'bs,2. 2

The constants A, A’, and B’ are proportional to
the overlap parameters pdo and pdr.
The matrix elements along the lines PH and I'N

+B'b.2.2)

T

were also calculated for the electric field in both
the (001) and the {110) directions. It is found that
the matrix element, for an electric field along
the (001) direction, is proportional to b, along
TH, tob,_2 and/or b,,,.,» along HP and to b,,
along I’'N. The matrix element, for an electric
field along the (110) direction, is proportional
mainly to b_z_; (and/or by,,_,) along TH, HP, and
T'N.

As shown in Fig. 4, Aeg, is larger for an electric
field along (001) than for an electric field along
(110), i.e., M{(001)/M{110)>1. Along the TH
line, the inequality can be expressed as

(Ab,)*> (A, 2 2+ B'b, ),

implying a nonzero b,, contribution. Therefore,
b3‘2_72 and b Reg? must be zero because the corre-
sponding wavefunctlons cannot mix with yz. As
a result, if there is absorption along the line I'H,
the character of the unoccupied resonance must
be b,,yz +b,,xy with b,,#0. In a similar manner,
the orbital character of the unoccupied resonance
is determined along other symmetry lines. The
calculations show that it is mainly yz along TH,
yz, and x* - y? (and/or 32z° - #?) along HP, and xy
along I'N.

It is apparent from Fig. 8 that most of the ob-
served adsorption must come from optical tran-
sitions between the resonance states along the
line HP, This direction has a complete lack of
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symmetry except at the points G, P, and H. The
resonance level must be pure yz at P and H and
322 — 7% and/or #*~y? at G (G=midpoint of PH).
As a result, the character of the occupied reso-
nance state must be

bye(Rlyz + b5 _a(RNx* =) +b, o a(k)32"~7%)

along PH. The coefficient b (%) must decrease
on going from P toward G, where it is zero be-
cause yz is forbidden, and increase again toward
H. b,z_yz(k) and b, » »(k) vary in the opposite
way, since they must be zero at P and H. The
presence of the unoccupied resonance state
around G would result in a larger absorption for
an electric field along the (110) direction. How-
ever, no contribution to absorption exists around
G because UPS experiments show that the occupied
resonance state does not exist in this region.
Then the combination of the b,, component that
increases towards P and H and the bxz_yz, b3,2- 2
components that decrease towards P and H gives
a larger absorption for an electric field along
(001) than for the electric field along (110) direc-
tion. Still, the presence of x* —y? and/or 322 -7°
components are necessary to explain the absorp-
tion observed in A€, (110) at 1.4 eV (Fig. 4).

C. Adsorbate features

Hydrogen adsorption on W(110) has been studied
previously by a variety of methods. Thermal
desorption experiments®® (TDS) show two peaks
that have been associated with two different bind-
ing configurations of the adsorbate. The state
that appears at high coverages and that desorbs
at lower temperatures is labeled B;, while the
state that appears at low coverages and desorbs
at higher temperatures is called B,. However,
the TDS data do not permit a distinction between
an adsorbate containing two intrinsically different
binding states and an adsorbate containing just
one state with repulsive interactions between the
H atoms. Angle-resolved?’ and wide-collection-
angle?® UPS studies on the H/W(110) system show
two peaks. In the former technique the low- and
high-coverage hydrogen peaks appear at —2.8
and —4.0 eV, respectively, with respect to Ep.
In wide-angle UPS experiments, the hydrogen
peaks appear at —2.2 and at —3.9 eV.%¢

SRS shows adsorbate-induced features at 2.6
eV in Ag, (001) and 5.5 eV in A€, (110) (Fig. 4)
and their angular dependence provides a rather
direct determination of the transition matrix ele-
ments. The 2.6-eV peak shows maximum ab-
sorption for an electric field along the (001) direc-
tion and a negligible contribution for an electric
field along the (110) direction. The amplitude of
the 5.5-eV peak shows the opposite behavior with

respect to the direction of the electric field. As
for the other features, the energy of the final
state is determined by combining SRS and UPS
data. The final state associated with optical
transitions from the B, state is found to be located
close to the Fermi level and the final state cor-
responding to the optical transitions from the 8,
state is located at 1.5 eV above the Fermi level.
The analysis of the energy and the dispersion of
the UPS peaks give the location of the adsorbate
levels along the different symmetry lines in the
PBS. It is assumed that the adsorbate states are
located in gaps since interactions between the
adsorbate states and the d band is expected to
broaden the adsorbate states outside gap regions®!
and most optical transitions from such states
would not appear as sharp peaks either in UPS or
in SRS spectra. This general behavior has been
established for other systems; in the case of
H/Pd(111), Louie®' showed that the antibonding
hydrogen state disappears into the d band outside
gaps. However, the bonding hydrogen state for
Pd(111) (Ref. 31) and both the bonding and anti-
bonding state for Mo(100) (Ref. 32) (located below
the edge of the d band) extend over all the SBZ.
The fact that the adsorbate states for H/W(110)
do not extend over all the SBZ is closely related
to the particular surface band structure; since
adsorbate states appear in the middle of the d band,
it is likely that most features are localized in gaps.

The present analysis shows that the high-cov-
erage adsorbate state is located at the edge of
the gap around the I point. The B; state exhibits
similar dispersion towards H and N because the
corresponding UPS peak appears at the same en-
ergy for experiments performed at electron col-
lection cones of 6° and 45°.2%%" The B, state exists
in the gap around N toward the point I', around T
towards H and N, and in the gap around H towards
P, The state must exist around I'" because an
UPS peak is seen in experiments performed at 6°
electron collection cone.?” For an electron col-
lection cone of 54°, the UPS peak is shifted toward
lower energies, showing that the state also exists
outside I'. The gaps along I'N and PH have the
appropriate energy to locate parts of the 3, state.

As mentioned earlier, SRS experiments give
the average of the possible contributions over all
the surface Brillouin zone. Therefore the B,
state is expected to appear in Ae,, as it does, at
the average energy of the UPS peaks (2.6 eV).
This suggests that all pieces of the low-coverage
absorbate state contribute to the absorption ob-
served in Ae,(w).

The adsorbate wave functions, as well as the
hydrogen adsorption sites, have not been well de-
termined for the H/W(110) system. There are
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electron-energy-loss data®® (ELS) in the literature
for hydrogen adsorbed on the (100), (110), and
(111) faces of tungsten. The measurements, made
in the specular reflection direction, showed one
common vibrational frequency for all three crystal
orientations. This was interpreted as an indica-
tion that H adsorbs directly on top of each W atom.
Later ELS experiments® for H/W(100), in the
off-specular direction, showed three stretching
modes, strongly suggesting bridged-site adsorp-
tion. Similar data have not yet become available
for H/W(110). Recent field emission microscopy
(FEM) studies by DiFoggio and Gomer® of hydro-
gen diffusion on W(110) suggests that bridge site

is a possible binding configuration.

The results obtained in the present work can be
used to determine the geometry of the adsorbate
on the surface and the orbital character of the
wave functions. The procedure involves an anal-

)

ysis of the angular dependence of the matrix ele-
ments and uses group-theoretical arguments and
selection rules. A particular geometry of the
hydrogen atoms on the surface is chosen in the
analysis and the set of wave functions compatible
with that configuration is determined. It was
assumed that the strong bonding of the hydrogen
to the surface comes from the interaction of the
H1ls and W5d orbitals. By means of group theo-
retical arguments, the mixing of the d-like and
s-like wave functions is determined along the
symmetry lines where the adsorbate states are
located (as shown in Sec. IVA). The dipole-
moment selection rules-restrict the possible final
state. The matrix elements were calculated
within a tight-binding approximation and compared
to those obtained experimentally.

The tight-binding wave functions for the H and
the initial state are

0 on top

i) =Dere™®0, 6 @+D), |,

V2

bridged site

W) = g: ane® e (F- R)+ 2,; cr et B, (7~ R+4)),
»m

where R refers to the lattice sites, m is the pro-
jection of the angular momentum, and d is the
displacement of the hydrogen atoms with respect
to the W atom.

It is found that the B; state is a mixture only of
1s, % - y2, and/or 32° - »? for the two models
considered. The orbital character does not
change with the geometry because the parity of
the wave functions along I'N and I'H is the same
for either configuration.

The character of the final state for transitions
from the B; state can be determined partially.

It can be either yz or x* —y* and/or 32 —-7%. The
P yz and 32z° - #? contributions cannot.be sepa-
rated either by group theory or by the TB calcu-
lation. A band-structure calculation would be
required to determine their relative weight. The
final state cannot be xy because b,, must be neg-
ligible in comparison to b, ,_» and/or b z_».
Since x? - y? and 32°- »* cannot mix with xy they
must be zero and, consequently, xy must be zero
also. An xz contribution in the orbital character
of the unoccupied resonance state could not be
determined because the associated Ew,» 3, are
always.zero due to the restriction of the calcula-
tion to the first layer of tungsten. The error in-
troduced by this assumption is probably small

[

because about 80% of the resonance states are
localized in the surface layer. The smallness of
the xy component supports our assumption that
the unoccupied resonance state extends only over
part of N, If the resonance existed around T
towards N, it would be a favorable final state for
optical transitions from the B; state. Since it
was found that its character is mainly xy along
the line I'N, a large absorption would have had
to appear in A€ (001), which is opposite to the
observed behavior.

Although this study of the high-coverage H
state does not determine the adsorption site, it
does determine the orbital character of the ad-
sorbate state and restricts the character of the
final state. A more detailed discussion is possi~-
ble for the low-coverage state, and two possible
models will be considered. In the first each
adatom is assumed to occupy a bridge site,’® in
the second the adatoms are located directly on
top of the W atoms.

At low coverages the orbital character of the
adsorbate state is 1s, yz in the gaps around N and
H. Analysis of the calculated matrix elements
shows that if hydrogen is in bridged sites, the
final state of the optical transition must have the
same orbital character-as the unoccupied reso-
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nance state. The part of the g,-H state that is
centered about G (midpoint of PH) has mainly

x% - y% and/or 3z% - #* orbital character. It may
mix with yz toward P and H. The calculation
showed that, for an electric field along the (110)
direction, the main contribution to absorption
comes from x° —y? and/or 32% - #? and yx with
opposite signs. Although x* - y% and/or 32% - »
components give absorption for either direction

of the electric field, the yz adsorption compen-
sates the x° - yz, 32% = component for an elec-
tric field along the (1T0> direction. As a result,
the matrix element along the (110) direction is
very small. Therefore, the angular dependence
observed in A€y(w) can be explained if hydrogen

is located in bridged sites and the final state of
the optical transition is the unoccupied resonance
state. The presence of the hydrogen on the sur-
face also seems to shift the resonance state which
after chemisorption is located very close to the
Fermi level. It is interesting to note that Louie®!
and Perker et al.,’® who calculated the band
structures of hydrogen chemisorbed on Pd(111)
and Mo(100), respectively, found that in both
systems, hydrogen adsorption shifts some surface

2

states and resonance levels toward lower energies.

If, instead, hydrogen is assumed to occupy on
top sites, the B, state must result from a mixing
of the hydrogen 1s orbital with x* -y and/or
32% - 7% over the whole SBZ. At the point G as
well as at P and H, this is the only possible mix-
ing. In this bonding configuration, the final state
must have a large yz component around G where
the B, state is centered. The orbital character of
the unoccupied resonance state around G is % - yz,
32% - »? and it cannot change due to symmetry
considerations (G has inversion symmetry).
Therefore, an entirely new state would have to
exist at the Fermi level with the required yz or-
bital character. Furthermore, the unoccupied
resonance state would have to disappear simulta-
neously or an extra peak should be observed in
Aey(w).

V. SUMMARY

The present study shows that surface relectance
spectroscopy is well suited to the study of the

electronic properties of surfaces. Among the
advantages of SRS are that it is neither destructive
as a surface probe nor limited to an UHV environ-
ment, as electron spectroscopies are. The
method is particularly useful in the detection and
study of small anisotropies in the optical proper-
ties of chemisorbed systems. For such systems
SRS gives a rather direct determination of the
matrix elements, the orbital character of the
wave functions and the geometry of the adsorbate
on the surface plane. The main limitation is that
SRS gives the joint density of states. Consequent-
ly, other results (in particular UPS) are neces-
sary for the analysis of an absorption spectrum.
Also, the interpretation of the data requires an
elaborate analysis.

Our results for H/W(110) show that both clean
and adsorbed surfaces have rectangular symme-
try. A surface resonance has been found above
the Fermi level separating from the gap between
bands 3 and 4. The unoccupied resonance and the
associated optical transitions are located in the
PBS. Its orbital character, and the behavior of
the resonance upon hydrogen adsorption have been
determined. It was found that bridged sites are
favorable hydrogen adsorption sites. The analysis
shows that SRS data can be explained by consider-
ing equivalent bridge sites.

To conclude, SRS can be an important surface
technique because it allows the simultaneous
study of adsorbate bonding configurations and the
corresponding features in the surface band struc-
ture. Such a study has resulted in a rather de-
tailed description of the electronic properties of
the H/W(110) system.
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FIG. 8. Projected band structure for the W(110) surface. Dashed lines refer to the surface resonances, solid lines
to the high-coverage hydrogen state and dashed-dotted lines to the low-coverage hydrogen state. Insets show the cor-
responding SBZ and the bridge-site position of the atoms (solid circles) on the direct W lattice (empty circles).



