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Abstract

We have taken normal emission photoelectron spectra using tunable synchrotron radiation from Ag overlayers
grown epitaxially on W(110). One ordered monolayer (ML) exhibits four Ag-induced essentially d-like states at initial
energies between 4 and 7 eV below Ey. Analysis of their intensity versus photon energy gives an interpretation in
terms of d-like quantum well states at E;=(—4.24+0.1)eV, (—4.6+0.1)eV and (—5.0+0.1)eV and a state at
E;=(—6.240.2) eV which couples strongly to a substrate bulk band. Quantum well states showing s-like character
are identified at £;=(—3.1+0.1) eV, related to an Ag thickness of 2 ML, and at E;=(—2.4+0.1) eV, identified with
the 3 ML film. Moreover, a d-like interface state is clearly identified at E;=(—1.4+0.1) eV. Besides overlayer-induced
attenuation, the substrate emission appears unchanged. All photoemission features observed in our study can be
uniquely identified, and this gives a solid starting point for future adsorbate studies on W(110) covered with 1 or
2 ML Ag. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

For more than two decades there has been
considerable interest in the electronic properties of
ultrathin metal overlayers, grown epitaxially on
metallic substrates [ 1-5]. The motivation for these
studies is manifold. First it is a challenge to
understand (if possible quantitatively) the trans-
ition from the one-monolayer thick adsorbate to
the multilayer film representing bulk properties,
i.e. the transition from the electronic 2D band
structure of the ordered adlayer to the 3D bulk
bands. Second, of course, the very details of the
epitaxial growth process, which may change from
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layer to layer, are intimately connected with the
electronic properties of the outermost layer(s), and
any quantitative interpretation of growth modes
requires information on both the surface geometry
and the surface electronic properties [6,7]. Third,
the interaction of very thin metallic adlayers with
gaseous adsorbates may be very different com-
pared with the clean (bulk) single crystal surfaces
of the substrate and also of the adsorbate material
[8]; this gives some hope that reaction properties
may be tailored by adequate combinations of
different materials. In addition the question arises
of whether particular electronic interface states are
created and located spatially just at the boundary
between substrate and adsorbate film. Finally,
under special conditions, quantum well states may
be observed which result from standing electron
waves trapped [9-11] between the surface barrier
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on the vacuum side and a bandgap on the substrate
side, see e.g. Refs. [5,7,12—14].

W(110) is an experimentally convenient sub-
strate for the epitaxial growth of several metals
and metal alloys. In particular with noble metal
overlayers no alloying occurs and the sample can
be cleaned after each deposition step just by ther-
mal desorption of the adsorbate. We have started
a systematic study of ultrathin noble metal overlay-
ers on W(110) and their interaction with gaseous
adsorbates. With this aim we have first analyzed
the clean W(110) surface and the bulk band struc-
ture along the surface normal, employing normal
emission photoelectron spectroscopy [15]. The
vibrational modes of oxygen chemisorbed dissocia-
tively on W(110) were studied by high-resolution
electron energy-loss spectroscopy [16]. Atomic
oxygen induces drastic changes of the photoemis-
sion spectra in the energy region of the substrate
valence bands, and these have been investigated
recently employing tunable synchrotron radiation
[17]. In an earlier study we observed an adsorbate-
driven rearrangement of a metal overlayer: expo-
sure of one closed monolayer of Ag on W(110) to
molecular oxygen at room temperatures results in
clean Agislands two layers thick and open W(110)
areas covered with an ordered atomic oxygen
overlayer [18]. In this work [18] we exploited the
fact that photoemission spectra can safely distin-
guish between a one-monolayer and a double-layer
of Ag on W(110), and this gave the opportunity
to use the shape of the electron distribution curves
just as a fingerprint. The present study tries to
understand monolayer Ag films on W(110) with
respect to their electronic properties.

2. Experimental

The W(110) crystal was oriented to +0.25°. It
was 1.5mm thick and had a diameter of about
10 mm. This sample was mounted between two
tungsten rods and may be heated from the rear by
electron bombardment. Cleaning proceeds by heat-
ing in an oxygen atmosphere (5x 1078 Torr) at a
temperature of 1400 K and a subsequent flash to
2300 K. Cleanliness was controlled by the absence
of contamination lines in core-level photoelectron

spectra (excited with Al Ko radiation at fiw=
1487 eV), sharp low energy electron diffraction
(LEED) spots with low background intensity and
the absence of spots due to carbon overlayers, and
(perhaps most sensitive) the presence of a sharp
surface resonance at an initial state energy
E;=—1.2¢V in the valence band photoemission
spectra [15,19]. Contamination from the residual
gas pressure in the experimental chamber
(8 x 10~ Torr) could be removed by a short flash
to 2300 K.

Normal emission photoelectron spectra were
excited using the 3 m normal incidence monochro-
mator (NIM 1) beamline at the storage ring
BESSY in Berlin. The correct orientation of the
sample normal was checked optically by reflection
of a visible He—Ne laser beam through the electron
energy analyzer and several windows of the
vacuum chamber. The input lens of the hemispheri-
cal energy analyzer is equipped with an input
aperture which allows in situ variation of the
angular resolution between A0= +1° and +12°.
In general data were taken at A0= +2°. If not
specified differently the electron spectra were
recorded at a total energy resolution AE=80-
100 meV including the contribution from the mon-
ochromator. Light is about 90% p-polarized and
impinges onto the sample at 60° with respect to
the sample normal and with the electric field
component parallel to the surface oriented along
the [001] direction of the bulk lattice. The experi-
ments with He resonance radiation (hw=21.2,
40.8 eV) and Al Ko radiation were performed in
an apparatus located in our home laboratory —
this is described in detail elsewhere [18]. In that
case the resolution parameters were set to Af=
+2° and AE=50 meV, respectively. With both
spectrometers spectra were always taken at room
temperature.

Ag was evaporated from an alumina crucible,
always at a constant rate of 0.2 ML/min, with the
substrate at room temperature. The evaporation
rate was controlled by a quartz microbalance.
Relative Ag coverages were measured by the X-ray
photoelectron spectroscopy (XPS) intensities of
the Ag 3d and W 4d core levels. The absolute
calibration relies on a combination of LEED and
ultraviolet photoelectron spectroscopy (UPS)
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Fig. 1. Change of the work function with Ag coverage. Relative
error in A@ is independent of coverage and is indicated at about
2.1 ML coverage.

results as well as on the Ag-induced change in
work function A@. We estimate the calibration of
coverage to be accurate to about 15% of a mono-
layer. The work function was determined from the
shift of the low energy cut-off of the electron
energy distribution curve, with a negative voltage
of 9V applied to the sample. Our A® results are
reproduced in Fig. 1. A kink appears just at | ML,
in agreement with earlier results of other authors
[20,21]. Our A® values are generally larger by 50
to 100 meV compared with Refs. [20,21]. We attri-
bute this to improved vacuum conditions in our
work.

3. Results and discussion

The growth modes of Ag on W(110) have
already been studied earlier [20,22—-25]. The atomic
radius of Ag exceeds that of W considerably.
Therefore Ag does not grow pseudomorphically,
but forms an incommensurate first monolayer.

This is made evident by the complex LEED pattern
which we observe in agreement with Ref. [20].
LEED and Auger spectroscopy studies demon-
strate the growth of a second layer on top of the
closed first one [20,23]. Thermal desorption
spectra show that the first two layers are stable up
to their desorption temperature, but with the
second layer bound less strongly than the first one
[20]. The buckling amplitude of the first two layers
was studied using helium atom diffraction [25]. It
was found to be smaller than expected from a
hard-sphere model. The structural analysis [25]
indicates an expansion (contraction in the other
direction) of the real-space surface unit cell of 10%
(3%) at most. Thus both the monolayer and the
bilayer can be viewed to first order as an approxi-
mate fcc(111) surface, very similar to Ag(111),
but distorted in order to better match the substrate
geometry. Further Ag deposition (>3 ML) leads
to growth of three-dimensional crystallites on top
of the essentially closed bilayer, with the (111)
plane oriented parallel to the substrate surface.
Since (at all coverages) domains with different (but
crystallographically equivalent) orientations were
observed [20], we have only studied normal emis-
sion photoelectron spectra to avoid any ambiguity.
Where comparable our data generally agree with
earlier observations. However, our results are
taken at both good energy and angular resolution.
Therefore they allow a rather detailed interpreta-
tion as shown below.

Coverage-dependent submonolayer spectra
excited at two photon energies are reproduced in
Fig. 2. The clean substrate exhibits W(5d) emis-
sion at initial state energies E; between Ey and
—3eV. No structural features are resolved at
—8eV<E;<—3¢V. This is shown in Fig. 2a for
hw=40.8 eV and was also observed (not repro-
duced) at iw=21.2 eV. With increasing coverage
the substrate 5d-band emission at initial state
energies F; between Ep and —4 eV is suppressed
as expected. Ag-induced emission lines are
observed between E;= —4 and —7 eV. Their inten-
sities increase linearly with Ag coverage as
expected. To make the low coverage lines better
visible, all spectra in Fig. 2 have been normalized
to equal maximum amplitudes. Using two different
photon energies we can clearly resolve four
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Fig. 2. Electron energy distribution curves taken in normal
emission from W(110) covered with different submonolayer
quantities of Ag: (a) photon energy fw=40.8¢eV, (b) ho=
21.2eV. All spectra taken at room temperature and plotted
normalized to equal maximum amplitude.

different emission peaks a, b, ¢ and d which,
however, differ considerably with respect to inten-
sities and linewidths. At fixed 4w they do not
change their relative shapes, and we interpret this
as a clear fingerprint of the growth of monolayer
islands with increasing diameter. This is in
agreement with earlier structural studies [20,23],
which show a very different Ag intensity distribu-
tion between —4 and —6eV at 2 ML coverage.
Decomposition of the Ag emission features indi-
cates (not shown) that peaks a, b and ¢ have an
experimental linewidth between 0.2¢V (b) and
0.3eV (a, ¢), while peak d is more than 1eV
broad. Also the relative intensities of peaks a and
d compared with b and ¢ depend sensitively on
hw, and this indicates a different orbital composi-
tion of the electron states involved.

We have therefore studied the /w dependence
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Fig. 3. Normal emission spectra taken at different photon ener-
gies fiw from 0.3 ML Ag on W(110), left panel, and 1.3 ML
Ag on W(110), right panel. The intensities are plotted to make
relevant features visible and do not reproduce the #w-dependent
count rates as measured.

in more detail. In the following we concentrate on
the E; range between —4 and —8¢V. Fig. 3 (left
panel) reproduces some spectra taken at fixed
coverage but varying photon energy. In agreement
with Fig. 2 three structures are resolved at
E;=—(4.24+0.1)eV (peak a), E;=—(4.6+0.1)eV
(peak b) and E;=—(5.0+0.1)eV (peak c). In
contrast, peak d is not clearly identified. The latter
structure shows a narrow resonance-like intensity
enhancement around 7w =(23.8+0.5) eV, see the
results reproduced in the right panel of Fig. 3.
These spectra were taken at somewhat worse
energy resolution compared with the left panel,
and also at Ag coverage somewhat exceeding
1 ML; nevertheless the structures a—d are still
dominated by those characteristic of the submono-
layer spectra. This is consistent with the structural
information [20,23] that the second Ag layer grows
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Fig. 4. Relative variation of peak amplitudes with photon
energy fiw. Top curve corresponds to peak c, bottom curve to
peak b in Fig. 3.

epitaxially on top of the first one. The intensity
resonance of peak d indicates the possible existence
of a resonant initial state at —6.2 eV or a resonant
final state at E;=F;+hiw=(17.6+0.7)eV.

The spectra reproduced in Fig. 3 are plotted
with different intensity scales to make the peak
positions a—d better visible. In order to evaluate
intensity variations with Zw, however, all spectra
were normalized to the incoming photon flux, a
linear background subtraction was performed and,
since the linewidths did not depend on #w, the
remaining peak maximum amplitude was taken as
a measure of peak intensity. The results of this
analysis are summarized in Fig. 4. Peak b is reso-
nant at iw=(19.440.5) ¢V, corresponding to a
final state energy E;=(14.8+0.5)eV. Similarly
we observe a resonance maximum at fAw=
(19.940.5) eV for peak c, with a resulting energy
E.=(15.0+0.5)¢eV. Before we try an interpreta-

tion of the observed I(Aw) resonances let us first
inspect the electronic structure of the tungsten
substrate. Normal emission from two-dimensional
electronic states corresponds to the center of the
surface Brillouin zone. Normal emission from 3D
bulk bands corresponds to photoelectron emission
from E(k) points located on the I'-N line of the
bece Brillouin zone. The relevant bands are repro-
duced in Fig. 5. Several aspects are of relevance.
First there is an energy gap between E;= —3.4
and —6.2eV. This means that the initial states
labeled a, b, ¢ in Figs.2 and 3 cannot couple
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Fig. 5. Section of the electronic energy band structure of tung-
sten along the I'-X-N symmetry direction of the bulk Brillouin
zone. The solid lines reproduce calculations by Christensen and
coworkers [26,27] using a relativistic augmented plane-wave
method. Data points are from angle-resolved inverse photo-
emission [28] and photoemission [15], respectively. The upper
symmetry labels refer to single-point group symmetry neglecting
spin—orbit coupling, the lower indices refer to the relativistic
double-group classification including spin—orbit interactions.
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directly to the substrate, i.e. they do not extend
deep into tungsten but are spatially confined to
the Ag overlayer. Therefore these ‘isolated’
4d-orbitals can interact only laterally with neigh-
bouring Ag atoms and may be characterized as
d-like quantum well states. This explains the
observed small linewidths.

Second the peak labeled d (E;=—6.2¢V) in
Figs. 2 and 3 clearly overlaps energetically with a
tungsten bulk state in the vicinity of N. In fact
also the Ag bulk band structure shows a nearly
dispersionless (i.e. essentially atomic-like) d-band
around E,=—6¢V [29,30]. Due to its localized
character we may expect its existence at compara-
ble E; also within the silver monolayer. This orbital
obviously hybridizes with X! substrate states
around N. These are of s, d.2-like orbital character.
Due to this coupling a d-like photohole localized
within the Ag layer is filled rapidly from below.
Consequently its lifetime is reduced considerably
and this is observed in the increased (inverse
lifetime) width (at least a factor of five compared
with the quantum well d-states). Our interpretation
is furthermore supported strongly by the observed
intensity resonance of peak d pointing to a final
state at FE;=(17.6+0.7)eV. Christensen and
coworkers’ band structure calculation [26,27],
which was experimentally proven to be correct
above Ep within at least typically 1eV [15], pre-
dicts a bulk final state band with E;=17.2 ¢V just
at N. This may be excited resonantly from the
occupied X! bulk band around N with photons of

Table 1

haw=23.4eV. Due to the hybridization with these
bulk states the photoemission peak d is coupled
to the corresponding intensity resonance, which
was  observed  experimentally at o=
(23.8+0.5)eV.

In contrast to peak d, emission lines b and c
are resonant both with a final state around
E.=15¢V, different from d. Although it is tempt-
ing to identify this with a critical I'-point of bulk
tungsten observed at E;=(15.3+0.5)eV [15], we
do not believe this to be correct. Since b and ¢ are
localized energetically within a wide gap of the
projected bulk band structure, they should not
couple to bulk states. Instead we conjecture an
atomic-like d—f transition within the Ag mono-
layer to an f-orbital around E;=15¢V. Such an
orbital can be identified around 15-17 eV in the
calculated band structure of bulk Ag [29] and it
should exist at similar energies also for atomic Ag
and a 2D Ag overlayer.

There are several other studies of ultrathin Ag
layers on transition metal substrates [1,3,4,14,
31,32]. Most of them are concentrated on narrow
emission features around 4-6 eV below Er. Some
corresponding photoelectron data obtained from
ordered overlayers in normal emission geometry
are collected in Table 1. As is evident, both abso-
lute energy positions and energy differences
between Ag-induced peaks appear very similar.
This is not accidental. In almost all cases Ag grows
in the form of a somewhat laterally distorted
hexagonal overlayer. Therefore, since the Ag—Ag

Ag-induced photoemission peaks (a—d) observed from an Ag monolayer deposited on various substrates. Error bars typically +1-

2 in units of last digit unless otherwise indicated

Substrate —E; (eV) Reference
a b c d
W(110) 4.2 4.6 5.0 6.2(2) this work
Cu(100) 4.2 4.7 4.9 6.5 [31,32]
Ni(111) 4.6 5.9 6.4 [3]
V(100) 4.4(3) 5.0(2) 6.3(2) [147*
Pt(111) 4.5 [4]
Cu(111) 4.9 6.6 [3]
Au(111) 3.8 4.9 6.1 [3]
Ni(100) ~4.6 [3]

* Extracted by us from fig. 1 of Ref. [14].
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distances are not too different, the lateral overlap
is similar and the resulting crystal-field splitting
will be comparable too. Of course the spin—orbit
interaction energies, typically 0.2 eV in Ag, will
also mix in. Tobin et al. [32] made a qualitative
symmetry analysis by simply assuming a perfect
hexagonal (Cg4,) arrangement. They propose a
d-orbital assignment of (3z2—r?) to peak a and
(xz, yz) to b and c. Finally they attribute s-like
character to d. This interpretation is fully consis-
tent with our results presented above: if peak d
carries s (4 z2) character, its coupling to substrate
orbitals at N is allowed by symmetry. Also peaks
a, b and ¢ should be separated energetically under
the action of the 2D crystal-field within the C,,
Ag overlayer.

We note in passing that we also studied Ag
films at a nominal thickness of 3, 5, 10 and 30 ML.
Already at 3 ML a band is resolved around
E,= —5 eV which shows some dispersion with 7w,
i.e. some 3D character. This is more pronounced
at S ML. In both cases, intensity maxima I(Aw)
were resolved which differ in their peak position
from both the 1 ML results and the results
obtained for clean W(110). At 10 and 30 ML we
observed all features characteristic for (111) sur-
faces of bulk Ag crystals: they exhibit the ‘correct’
dispersion E; (fiw) in normal emission [30], they
show the intensity resonances I(%w) well known
for Ag(111) [30], and our home laboratory experi-
ments (performed at excellent angular resolution)
also clearly resolve the Shockley-type surface state
at EF;=—0.05eV. From this we conclude that
thicker layers of Ag on W(110), although they
grow as three-dimensional crystallites on top of
the closed bilayer, form sufficiently large (111)
terraces to allow the existence of the surface state.

In the following we concentrate on Ag-induced
photoemission peaks within the substrate valence
band region. No prominent new features can be
observed at coverages up to about 1 ML, compare
Fig. 2. At increasing film thickness, a new peak
labeled H appears at E;= —3.1 eV, see Fig. 6. It is
obviously related to the double-layer. Generally
three interpretations seem possible: peak H may
result from a quantum well state (s-like electron
waves within the Ag film, with wave-vector parallel
to the surface normal), or it results from an

a) Ag/W(110)
9A
g 0, =0°
ho = 40.8 eV

8, =0°

Intensity [arb.units]

Initial State Energy [eV]

Fig. 6. Electron energy distribution curves taken in normal
emission from W(110) covered with Ag layers of different thick-
ness: (a) iw=40.8 eV, (b) hw=21.2 eV. All data taken at room
temperature and plotted normalized to equal maximum
amplitude.

interface state (an Ag orbital couples strongly to
a substrate level causing a spatially localized state),
or H results from a Shockley-type surface state
(residing on the vacuum side of the overlayer and
penetrating exponentially damped into an energy
gap within the substrate bulk bands).

To obtain more information we have studied
the intensity of peak H in its dependence on #w.
Typical spectra are shown in Fig. 7. Here we
reproduce data normalized to equal amplitude.
This type of plot enhances weak peaks and makes
the identification of dispersion effects with 7w
easier. Of course the plot of Fig. 7 does not allow
a realistic estimate of intensities. To obtain these,
all data were also normalized to the incoming
photon flux, and peak amplitudes (after subtrac-
tion of a linear background) were taken as a
measure of intensities. The intensity variation I(w)
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Fig. 7. Normal emission spectra taken at different photon ener-
gies from 1.8 ML Ag on W(110). T=300 K, spectra plotted
normalized to equal maximum amplitudes.

of peak H is shown in Fig. §, indicating a resonance
at hw=(18 £ 1) eV. The position of this maximum
most probably rules out an interpretation in terms
of an interface state. Inspection of Fig. 5 suggests
that an interface state would couple to the bulk
states at the N-point (E;=—3.4¢V). In conse-
quence we should expect a resonance essentially at
the energy of the corresponding bulk to bulk band
transition at N observed for clean W(110) [15].
This, however, was identified experimentally at
hw=(15.74+0.5)eV. Therefore we rule out an
interface state.

A Shockley-type surface state could in principle
exist at the Ag overlayer. Its symmetry should be
>! and inspection of Fig. 5 clearly indicates that a
gap of states with the corresponding symmetry
exists between E;=—2 and —6.2eV along I'N.
However, a careful investigation of surface states

1br—T""T"——"T"T T T

L 2,5 ML Ag/W(110)
Peak H

o
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o
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o
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0,2
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12 14 16 18 20 22 24
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Fig. 8. Relative variation of the amplitude of peak H with
photon energy indicating a resonance-like intensity maximum
at ho=(18+1)eV.

residing on ultrathin silver islands on graphite [12]
shows that their binding energies never exceed
1 eV. This observation makes a surface state at
E;=—3.1¢eV highly improbable. Therefore only
an interpretation of peak H as a quantum well
state confined to the Ag double-layer is possible.
The corresponding electrons are trapped between
the surface barrier at the vacuum side and the
>!.like symmetry gap on the substrate side. We
also identified a second quantum well state
observed at E;= —2.4 eV and connected with the
3 ML Ag overlayer (not shown). Its intensity is
very large at iw=12.8 eV, goes through a mini-
mum and shows a resonance around #Aw=
(17.2+1) eV, indicating a relevant final state at
E=(148+1)eV.

While our interpretation of quantum well states
(QWS) so far is based exclusively on experimental



J. Feydt et al. | Surface Science 452 (2000) 33—43 41

arguments, strong additional support results from
solving the phase accumulation model [33,34].
This model has been applied [34] to the case of
QW states in epitaxial layers of Ag on Fe(100):
the quantization condition for the existence of
standing waves in the QW is

D®(E)+2k(E)d+ Dy(E) =2mn

where @ and @y are the phase changes on reflec-
tion at the crystal (C) hybridization gap and at
the surface barrier (B) produced by the electron
image potential, and where k is the wave-vector of
a free electron propagating in an Ag layer of
thickness d. The total phase accumulation must be
an integer multiple of 2m [34]. To apply this
conceptually transparent model to our experiment
we have used the formulas (5) and (6) given in
Ref. [34] to calculate @5 and @¢. In our case we
used the parameters Ey=5.2¢V [position of
vacuum level of W(110)] and the appropriate A®
values taken from Fig. 1 to model the work func-
tion of the overlayer. Similarly @ was evaluated
with the parameters taken from Fig.5 of our
paper: E; = —6.2¢eV and Ey= —1.9 eV character-
ize the lower (L) and upper (U) edges of the
substrate X! hybridization gap. To generate 2kd
we have calculated k from the standard two-band
nearly-free electron expression, based on eq. (7)
of Ref.[34]. Of course we have modified this
equation to apply along the (111) direction of Ag,
assuming a (111)-fcc growth of Ag on W(110),
and adjusting the parameters to reproduce the
known band energies along the (111) direction of
Ag: Ly=—0.6eV and L,=+3.8¢V.

The phase accumulation model predicts the QW
states surprisingly accurately. At 1 ML coverage
the calculation gives an eigenvalue at —3.9 eV. At
2 ML we calculate E;=—2.8 eV, to be compared
with the experimental result £;= —3.1 eV. Similar
good agreement is found for 3 ML: the model
predicts E;=—2.2¢V, to be compared with the
experimental peak at —2.4 eV. The result obtained
for 1 ML indicates that peak a, observed at
E;= —4.2 ¢V, may not be purely d-like. The inter-
pretation presented before [32] identifies peak a
with a d-like state showing (3z2—r?) orbital char-
acter. This symmetry allows admixtures of s-like
electron density, consistent with the orbital charac-

ter of a QW state. Without more specific calcula-
tions we are not able to interpret peak a in more
detail. Our simple model calculation predicts addi-
tional QW states at E;=—4.7¢V (2 ML) and
—3.9eV (3 ML). These, however, are not resolved
in our data. They are masked by intense (d-like)
emission and/or are excited only weakly in our
photon energy range.

Quantum well states and their intensity varia-
tions with photon energy 7w have already been
reported and discussed in several papers [35-38].
The intensity oscillations with Aw are ascribed to
the interference between the contributions to the
outgoing wave associated with the two tails of a
QW state [36]. In this model the main effect is
coherent interference of the surface and interface
photoemission [37]. It is not at all trivial to make
this model quantitative for our experiments. In
fact the intensity resonance observed in Fig. 8 was
only exploited by us to indicate that no coupling
to a resonating bulk state can explain peak H.
Unfortunately our data points in Fig. 8 are not
sufficiently dense on the energy scale to rule out
(or not) additional weaker resonances around
hw=15.7 and 12.8eV. Such rapid oscillations
could be consistent with the interference model
[37].

The structures labeled A, B, D in Fig. 7 and
connected by dashed lines are due to substrate
bulk emission and have been interpreted elsewhere
[15]. Peak C is a clearly identified interface state.
It is observed at E;= —1.4¢V in Fig. 7. On clean
W(110), a corresponding surface resonance (SR)
is identified at E;= —1.2 eV [15,19], with an inten-
sity resonance at imw=16¢V. Fig. 7 (and a more
detailed analysis based on normalization to the
incident photon flux) shows that peak C resonates
at the same photon energy, indicating a common
origin. The origin of SR on clean W(110) was
interpreted as follows: due to the potential at the
outermost layer, which is different from the bulk,
SR is split off a bulk band. In consequence it
carries dominant d-orbital character and is located
spatially at the surface layer. Obviously adsorption
of Ag induces some charge transfer from Ag to
W, this modifies the surface potential additionally
and shifts the former SR to the position of C. This
explains C as an interface state. Our interpretation
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is supported by two observations. First, C is
observed in spectra taken from 1, 2 and 3 ML Ag
films (but with varying relative intensity). Second,
chemisorption of atomic oxygen on clean W(110),
which induces charge transfer from W to oxygen,
shifts SR by about 0.2eV but in the opposite
direction [17].

4. Conclusions

Our results may be summarized as follows. The
epitaxial growth of Ag on W(110) at room temper-
ature proceeds in complete agreement with earlier
results of other groups. From normal emission
photoelectron spectra taken with tunable synchro-
tron radiation we report the following new results.
One ordered monolayer of Ag on W(110) exhibits
four Ag-induced essentially d-like states at initial
state energies between 4 and 7 ¢V below Er. The
most tightly bound of these (s, d,=-like) has an
experimental linewidth >1eV and is shown to
hybridize strongly with an energetically underlying
substrate orbital. The other three are located ener-
getically within an energy gap of the surface-
projected bulk band structure. They therefore do
not couple normal to the surface but show an
essentially atomic behaviour (line widths 0.2 to
0.3 eV). Their energetic positions seem to be gov-
erned by the combined action of lateral crystal-
field splitting and spin—orbit interaction. Within
the energy region of intense substrate valence band
emission (0—4 eV below Ep) we have clearly iden-
tified a d-like interface state at 1.4 eV below the
Fermi energy, which is connected with the first
monolayer. At 2 ML coverage, an s-like quantum
well state can be identified at an initial state energy
E,=—3.1eV. A second quantum well state
appears at E;=—2.4¢V in 3 ML of Ag. Besides
overlayer-induced attenuation, the substrate emis-
sion appears unmodified. This is a clear indication
that no relevant reconstruction is induced by the
Ag deposit. In conclusion, all features observed in
normal emission photoelectron spectra at various
photon energies can be interpreted. This gives a
solid basis for the study of adsorbate interactions
with Ag monolayers on W(110).
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