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The electronic structure of silver adsorbed on the~100! facet of a tungsten field emitter in the range of
coverage from zero to three monolayers has been studied experimentally by means of field and photofield
emission spectroscopy. An analysis of work function and total emission current data yields evidence that
adsorbed silver reduces the surface density of states at the Fermi energy. It is found that adsorbed silver both
suppresses the Swanson hump in the surface density of states of clean W~100! and also induces additional
structures that depend largely on the number of complete overlayers. The experimental observations are
interpreted by means of self-consistent fully relativistic supercell calculations of the layer densities of elec-
tronic states at the tungsten–vacuum and at the tungsten–silver–vacuum interface. The calculations predict
silver-induced features in the surface density of states that are generally consistent with the experimental
observations.

I. INTRODUCTION

Metallic overlayers on transition metal substrates are of
great practical importance because of their relevance to elec-
tron emission devices and heterogeneous catalysis. Yet, with
the exception of the alkali metals, the electronic properties of
metallic overlayers on transition metal substrates have re-
ceived little attention, perhaps because of the complexity of
their electronic configurations. The W~100! surface of tung-
sten is of particular interest because it shows a rich complex
of surface states and resonances lying close to the Fermi
level.1 Even though W~100! is among the most studied of the
transition metal surfaces, little is known about the electronic
structure of metallic overlayers adsorbed at a W~100!–
vacuum interface. The present paper reports the results of an
investigation of silver adsorbed on W~100! by means of elec-
tron emission spectroscopy.

Field emission spectroscopy is a surface-sensitive tech-
nique that can provide information about the occupied elec-
tronic states in the vicinity of the Fermi level, while photo-
emission spectroscopy is widely used to investigate the
electronic structures of metals both below the Fermi level
and above the vacuum level. Electronic states that lie be-
tween the Fermi level and the vacuum level are not acces-
sible by either of these techniques. States in this energy
range can be studied by means of inverse photoemission
spectroscopy, which involves injecting electrons above the
vacuum level and measuring the energy of the photon that is
emitted when the electron drops to an unoccupied state be-
tween the Fermi level and the vacuum level. However, the
inverse photoemission signal is extremely weak because the
cross section of the inverse photoemission process is much
smaller than that of the direct process. Moreover, in the pres-
ence of an adsorbate overlayer the inverse photoemission
signal is superimposed on a background from the substrate,
and it is difficult to extract the surface component of the
signal.

Photofield emission, measured in conjunction with field
emission, is an alternative means of probing the electronic
states of the surface that lie between the Fermi level and the
vacuum level. The sample is illuminated withp-polarized
light having a photon energy smaller than the work function,
and a strong static electric field is applied at the surface.
Singly photoexcited electrons escape from the metal either
by tunnelling through the surface potential barrier or by pass-
ing above it. Features in the total energy distribution of elec-
trons emitted at the substrate–adsorbate–vacuum interface
yield information about the electronic structure in the vicin-
ity of EF ,

2–4 while their dependences on the photon energy
make it possible to distinguish unambiguously between ini-
tial and final state structures. In addition, combined field and
photofield emission measurements make it possible to deter-
mine independently the field factor and the work function at
the emitting surface, yielding information about the profile of
the adsorbate.5

Early calculations of the electronic structures of adatom–
substrate complexes were based on the jellium model, in
which the discrete ion cores of the substrate are smeared out
into a uniform positive background charge. Although the jel-
lium model is a useful starting point for evaluating quantities
that depend on the distribution of charge only in an average
way, this simplified model is not expected to describe ad-
equately those adsorption phenomena that depend on the ge-
ometry of the substrate and on thed electrons of transition
metals. Recently, some progress has been made in carrying
out more realistic calculations in which the substrate is mod-
eled by a slab consisting of a few atomic layers of the bulk
material, with an ordered overlayer or overlayers on each
side.6–10

The purpose of the present paper is to report an investi-
gation of silver adsorbed on W~100! in the range of coverage
from 0 to 3 ML ~monolayers!. It is found that 1 ML of
adsorbed silver both suppresses the Swanson hump in the
surface density of states of clean W~100! at 0.35 eV below
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EF , and also induces additional structures 0.70 eV belowEF
and 2.3 eV aboveEF . Above 2 ML these structures are re-
placed by a single structure centered above the Fermi level
and extending to about 0.03 eV belowEF . Self-consistent
fully relativistic energy band calculations have been carried
out for the W~100!–vacuum and W~100!–silver–vacuum in-
terfaces. The results of these calculations are compared with
field emission, photofield emission, and photoemission data.
It is concluded that the silver-induced features observed in
field and photofield emission correspond to surface states
and resonances of the substrate whose wave functions extend
into, and are enhanced by, the silver overlayer.

The remainder of this paper is organized as follows. Sec-
tion II is a brief description of the experimental apparatus
and the method of data analysis. The experimental results are
presented in Sec. III and discussed in Sec. IV. Section V is a
summary of the results and conclusions of the present work.

II. EXPERIMENTAL

A. Apparatus and experimental procedure

The field and photofield emission spectrometer has been
described in detail elsewhere,11 as have the experimental
chamber that contains the field emitter and the energy ana-
lyzer, and the deposition chamber that contains the Knudsen
cell that serves as the atomic beam source.12 The Knudsen
cell is loaded with clean 99.99% pure silver and outgassed at
900 °C for no less than 24 h, after which the silver source
can be operated at up to 1100 °C. The two chambers are
independently pumped and interconnected by a duct fitted
with a gate valve and a 1-mm-diam aperture. The aperture
serves both to restrict the conductance between the chambers
during deposition in order to minimize contamination of the
tip by outgassing from the Knudsen cell, and to collimate the
atomic beam to an angular width of less than 1°. With this
arrangement, the base pressure in the experimental chamber
remains below 10210 Torr even when, during deposition, the
pressure in the deposition chamber rises to 1028 Torr.

A tungsten field emitter is mounted on a sample holder
about 5 cm from a fluorescent conducting screen. The tip is
grounded, and the potential difference between the tip and
the screen is maintained at several kilovolts. The beam of
electrons emitted from a single facet is selected by electro-
statically deflecting the field emission pattern so that the im-
age of the desired facet is centred over a small probe hole in
the middle of the fluorescent screen. Electrons that pass
through the probe hole enter a double-pass cylindrical energy
analyzer, and electrons with energy within the selected range
are detected by means of a spiraltron electron multiplier. The
laser illumination system and related optics are all mounted
outside the vacuum chamber. The apparatus is controlled by
means of a PC-based data acquisition system.

Prior to deposition the field emitter was cleaned by flash-
ing to incandescence, and both Fowler–Nordheim~FN! data
~measurements of the total emission current from a single
facet as a function of the tip-to-screen potential difference!
and total energy distribution~TED! data for the clean facet
were recorded. The silver flux was measured by means of a
quartz crystal monitor mounted at right angles to the direc-
tion of the atomic beam, and the exposure was calculated
from the dimensions of the apparatus and the angle of inci-

dence on the emitting facet. To estimate the coverage from
the exposure, a sticking coefficient of unity was assumed.13

The Knudsen cell was operated at 1100 °C, at which tem-
perature the vapour pressure of silver is approximately
331022 mm Hg. Silver atoms were deposited at very low
flux ~typically 0.1 ML/min! on to the W~100! facet. The
potential difference between the tip and the screen was held
constant during deposition, and the emission current from the
centre of the~100! facet was monitored continuously. Once
the desired coverage had been reached, Fowler–Nordheim
~FN! data were taken both in field emission and in photofield
emission by sweeping the tip-to-screen potential difference
through 100 channels each of width 5 V. The sweep sequence
was repeated~typically 50 times! until adequate statistics had
been achieved. Fowler–Nordheim data in photofield emis-
sion were acquired at fields sufficiently weak that the field
emission component of the total emission current was negli-
gible.

Finally, the total energy distributions~TED’s! in field
emission and in photofield emission were recorded. The tip
bias voltage was swept through 100 channels, each of width
25 mV, spanning the appropriate energy range, the tip-to-
screen potential difference being held constant. At each
channel, the bias voltage was allowed to stabilize for 10ms,
then the detected electrons were counted for 500ms. The
sweep sequence was repeated, typically for 1000 cycles in
field emission and for 2000 cycles in photofield emission,
until adequate statistics had been achieved. All of the mea-
surements were carried out at room temperature, and the tip
was illuminated withp-polarized light at a large angle of
incidence in order to enhance surface photoexcitation in
photofield emission.14

Once all of the measurements at a given adsorbate cover-
age were complete, the tip was repeatedly flashed to remove
the silver overlayer, and silver was deposited to the next
exposure. The very high reproducibility of the dependence of
the total emission current on deposition time demonstrated
that throughout the experiment the silver flux was very
stable.

B. Data analysis

The first step in the analysis of the data was to extract the
work functionf from a Fowler–Nordheim plot of the total
emission current measured as a function of the tip-to-screen
potential difference. The electric fieldF at the tip is related
to the potential difference between the tip and the screenVTS
by the relationF5bVTS, where the field factorb is the
effective curvature of the hemispherical endform of the tip.
The work function of the clean W~100! facet was taken to be
4.63 eV~based upon previous measurements on samples of
macroscopic size!15 andb was calculated by fitting the slope
of a Fowler–Nordheim plot of the total emission current data
@a plot of ln~I /VTS

2! againstI /VTS# to the theoretical slope
SFN(T) which is given by5

SFN~T!52 3
4 ~m/\2!1/2f3/2s~y!/be

1~8p2kB
2mB /3\2e2!T2ft2~y!/bVTS, ~1!

where e andm are the electronic charge and mass,kB is
Boltzmann’s constant,T is the absolute temperature, and
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t(y) ands(y) are slowly varying functions ofy5(e3F)1/2/f
that are tabulated in the literature.16 In the field range over
which the present data were acquired~0.15–0.30 V/Å! the
second term in Eq.~1! is very small compared to the first
term, and the criterion for fitting a straight line to a Fowler–
Nordheim plot of the experimental data and deducingb by
interpreting the slope on the basis of Eq.~1! is well satisfied.
Profile studies have shown that the field factorb of W~100!
is not significantly changed by the presence of the
adsorbate.12

Features in the surface density of electronic states at a
metal–adsorbate–vacuum interface can be identified by
comparing the experimental energy distributionj (E) with
the calculated free-electron distributionj 0(E). The experi-
mental distributionj (E) decreases exponentially both below
the Fermi energyEF , due to the increasing thickness of the
surface potential barrier, and aboveEF , due to the decreas-
ing probability of occupation of electronic states as described
by the Fermi–Dirac distribution function. It is convenient to
remove these irrelevant dependences by expressing the mea-
sured distributions in the form of an enhancement factor
R(E), which is defined by

R~E!5 j ~E!/@ j 0~E! ^ D~E!#, ~2!

where the denominator is the convolution ofj 0(E), the total
energy distribution calculated from the free-electron model,
with D(E), the Gaussian instrumental resolution function of
the energy analyzer. The enhancement factor involves an un-
determined multiplicative constant, because neither the area
of the emitting surface sampled by the probe hole nor the
collection efficiency of the energy analyzer is determined in
the present work. It is convenient to remove the effect of this
unknown constant by plotting lnR as function of energy.

The total energy distribution in photofield emission is
similar in shape to that in field emission, but the peak in
photofield emission occurs atEF1\v, where\v is the pho-
ton energy. The enhancement factor in photofield emission
was deduced by dividing the observed total energy distribu-
tion in photofield emission by the convolution of the free
electron distribution with the resolution function of the en-
ergy analyzer, as in Eq.~2!. The free electron distribution in
photofield emission was evaluated numerically using results
that have been reported elsewhere.12,17

III. RESULTS

A. Work function as a function of exposure

In Fig. 1, the experimental points show the variation of
the work functionf with silver exposure as determined from
Fowler–Nordheim plots of the total field emission current
data. The exposure is expressed in monolayers, where 1 ML
corresponds to a single~131! overlayer of silver on W~100!.
In the range from zero to 1 ML, the work function decreases
almost linearly with increasing exposure. It passes through a
minimum at about 1 ML, increases, passes through a broad
maximum, then decreases again. Above 2.5-ML exposure,
the noise in the emission current due to fluctuations in the
overlayer becomes sufficiently large that the present tech-
nique does not yield a reliable estimate of the work function.

B. Total emission current as a function of exposure

Figure 2 shows the exposure dependence of the total
emission current from the central region of the~100! plane,
the potential difference between the tip and the screen being
held constant. Initially the emission current decreases, pass-

FIG. 1. The measured change in the work function at the center
of the ~100! facet of a tungsten field emitter at 300 K as a function
of silver exposure. The dashed curve shows the variation in the
work function that was calculated from the total emission current
data assuming that in the range from 0.5 to 2.5 ML the density of
surface states is constant. For reasons discussed in text, the discrep-
ancies close to 1 and 2 ML are attributed to suppression of the
surface density of states by the silver overlayer.

FIG. 2. The solid curve shows the total field emission current
from the center of the W~100! facet of a tungsten field emitter in a
field of 0.214 V Å21 at 300 K, plotted as a function of silver
exposure. The dashed curve is the exposure dependence of the total
emission current calculated from the measured work function on the
assumption that the surface density of states is independent of ex-
posure. The discrepancies are attributed to suppression of the sur-
face density of states by the silver overlayer. The emission current
is plotted on a logarithmic scale.
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ing through a broad minimum at 0.5 ML, and then increasing
rapidly toward a maximum almost three times the clean
value. In the 1-ML to 2-ML range the behavior of the emis-
sion current is qualitatively similar to that in the zero to
1-ML range. Above 2 ML the emission current decreases
steadily with increasing exposure and shows large fluctua-
tions. Above 2.5 ML the fluctuations in the emission current
are sufficiently large that measurements of the total emission
current are not reproducible.

C. Enhancement factors

Field emission enhancement factors for a range of expo-
sures of silver on W~100! are displayed in Fig. 3. The distri-
bution from clean W~100! is dominated by the Swanson
hump, which appears as a broad peak~marked by arrow 1 in
Fig. 3! centered 0.35 eV belowEF .

18 With increasing expo-
sure the Swanson hump is attenuated; it is completely
quenched at one-half monolayer.

At an exposure of 0.7 ML, a broad peak~marked by ar-
row 2 in Fig. 3! appears at about 0.70 eV belowEF . This
peak remains unchanged in height and width until the second
monolayer is complete, then it disappears abruptly. In con-
trast to the Swanson hump, this peak is not at all sensitive to
surface contamination; in a vacuum chamber at 10210 Torr it
remains unchanged for several weeks. Neither the height nor
the width of this peak is affected by heating so long as the
temperature is not sufficiently high to desorb the silver over-
layer. As the exposure is increased above 2 ML, a disconti-
nuity appears in the slope of the enhancement factor about
0.03 eV below the Fermi level~marked by arrow 4 in Fig. 3!.
Above about 2.5 ML the silver overlayer becomes unstable,
and the total energy distributions are no longer reproducible.

Figures 4 and 5 show the photofield emission enhance-
ment factors at photon energies of 2.604 and 3.049 eV, re-

spectively. The quenching of the Swanson hump shows up in
the photofield emission data, as does a broad silver-induced
peak centred about 0.90 eV~for \v52.604 eV! and 0.80 eV
~for \v53.049 eV! below the Fermi level. The breadth of
this peak, together with the slight dependence of the initial
state energy on the photon energy, suggest that it is due to
electrons photoexcited from a range of initial states.

Two features that are not present in the field emission
spectra show up in the photofield emission spectra. Firstly, in
the range of exposure from 0.2 ML to above 1.0 ML, the

FIG. 3. Semilogarithmic plot of the enhancement factorR for
field emission at 300 K from the center of the~100! facet of tung-
sten. Each curve is labeled by the silver exposure expressed in
monolayers. The curves have been displaced vertically for clarity.
The labeled arrows mark features in the observed spectra as dis-
cussed in the text.

FIG. 4. Semilogarithmic plot of the enhancement factorR mea-
sured at 300 K for photofield emission from W~100! with a photon
energy of 2.604 eV. Each curve is labeled by the silver exposure
expressed in monolayers. The curves have been displaced vertically
for clarity.

FIG. 5. Semilogarithmic plot of the enhancement factorR mea-
sured at 300 K for photofield emission from W~100! with a photon
energy of 3.049 eV. Each curve is labeled by the silver exposure
expressed in monolayers. The curves have been displaced vertically
for clarity.
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enhancement factors increase significantly as the total energy
decreases from the Fermi energy to 0.8 eV belowEF . In
addition, above 1-ML exposure the 2.604-eV distribution
flattens and a new peak appears about 2.3 eV aboveEF
~marked by arrow 3 in Fig. 4!. The absence of a similar peak
in the field emission spectra is a strong indication that the
peak represents structure in the density of final states. Unfor-
tunately, any final state structure at this energy cannot be
detected unambiguously in the 3.049-eV data, because it is
too close in energy to the final state for transitions from the
initial state resonance at 0.70 eV belowEF . Above 1.4 ML
the initial state structure at 0.70 eV belowEF can not be
resolved in the data at 2.604 eV. This might be because its
energy distribution overlaps that of the final state structure at
2.3 eV. For exposures greater than 2 ML, the photofield
emission enhancement factors are found to be featureless and
similar to the enhancement factors in field emission.

IV. DISCUSSION

A. Total tunneling current and the work function

LEED studies13 have shown that at room temperature a
nonannealed 1-ML silver overlayer W~100! has a ~131!
structure. Since at room temperature the sticking coefficient
for silver on W~100! is close to unity,13 one silver adatom is
deposited for each tungsten atom of the substrate at an ex-
posure of 1 ML, so monolayer exposure corresponds closely
to monolayer coverage.

The observed dependence of the work function on silver
coverage~Fig. 1! can be related to the structure of the adsor-
bate overlayer. The lateral distance between adjacent adsorp-
tion sites on clean W~100! ~3.16 Å! is comparable to the
atomic diameter of silver~3.20 Å!.19 This suggests that silver
will not fit easily into the hollows of the substrate, and that
silver-covered W~100! may be less smooth than clean
W~100!. If this is so, the work function would be expected to
decrease with increasing coverage.20 Any transfer of charge
from the silver overlayer to the substrate would also cause
the work function to decrease with increasing coverage.
These mechanisms are both consistent with the experimental
finding that, in the system Ag/W~100!, the work function
decreases as the coverage increases from 0 to 1 ML. It is
interesting to note that, at room temperature and in the range
of coverage from 0 to 1 ML, both copper and gold absor-
bates increase the work function.21–23 This may be because
the atomic diameters of copper and gold are both signifi-
cantly smaller than that of silver.19

In the range of coverage from 0 to 0.2 ML, the work
function and the total emission current both decrease. As the
observed decrease in the work function would be expected to
increase the emission current, the observed decrease in the
emission current is evidence that adsorbed silver decreases
the surface density of electronic states. The dashed curve in
Fig. 2 is a plot of the coverage dependence of the total emis-
sion current calculated from the work function data on the
assumption that the surface density of states is independent
of coverage. From the departure from the measured total
emission current in the range of coverage from 0 to 0.5 ML,
it is estimated that over this range of coverage adsorbed sil-
ver suppresses the surface density of states in the vicinity of
the Fermi level by a factor of 5.1, of which only a small

fraction~approximately 28%! is attributable to the quenching
of the Swanson hump. Other, albeit smaller, discrepancies
occur close to 1- and 2-ML coverage. The dashed curve in
Fig. 1 is the coverage dependence of the work function that
would bring the emission current calculated on the assump-
tion of a constant surface density of states into agreement
with the experimental data. As the discrepancies at 1- and
2-ML coverage are significantly larger than the experimental
error in the work function, they are probably due to suppres-
sion of the surface density of states by the silver overlayer
rather than to experimental error in the work function. From
these data it is estimated that at coverages of 1 and 2 ML the
surface densities of states in the vicinity ofEF are sup-
pressed relative to that of clean W~100! by factors of 8.4 and
12.8, respectively.

The results of Baueret al.13 and of Kalaczkiewiez and
Sidorski24 for the work function change brought about by
silver deposited at low coverage on a macroscopic W~100!
surface are qualitatively similar to those reported here. The
small discrepancies might be due to differences between mi-
croscopic and macroscopic facets. Takeda,25 Jones,26 and
Centronio and Jones27 have all reported that the average
work function deduced from the whole tip emission current
increases with increasing coverage of silver. However, it
would be meaningless to compare the present data with the
results of whole tip work function measurements, as in these
latter measurements the current is dominated by emission
from the facet on which the work function is lowest.

B. Electronic structure

An overlayer of adsorbed silver modifies the electronic
structure of the tungsten–vacuum interface not only by
quenching the Swanson hump~marked by arrow 1 in Figs.
3–5! but also by introducing new features in the observed
enhancement factors. First, in the range of coverage from 0.7
to 2.0 ML, a strong initial-state peak centered about 0.70 eV
below the Fermi level~marked by arrow 2! is observed both
in field emission and in photofield emission. Second, in the
range of coverage from 1.4 to 2 ML, a weak final-state peak
2.3 eV aboveEF ~marked by arrow 3! is observed in photo-
field emission at 2.604 eV. Third, above 2-ML coverage the
slope of the field emission enhancement factor increases sub-
stantially about 0.03 eV below the Fermi level~marked by
arrow 4!, and all other structures in the enhancement factors
disappear.

Broadening of the electronic levels of adsorbed silver into
bands depends upon the existence of an ordered overlayer.
The peak 0.70 eV belowEF ~marked by arrow 2 in Figs.
3–5! has been observed with as little as 0.7-ML coverage of
silver. In principle, island formation might result in an or-
dered overlayer below monolayer coverage, but there is no
evidence for island formation in Ag/W~100! at room tem-
perature. It is therefore unlikely that this peak is attributable
to the valence states of the adsorbed silver atoms. Increasing
silver coverage would be expected to modify the Ag–W and
Ag–Ag interactions, so the absence of any shift or broaden-
ing of the peak with increasing coverage is a further indica-
tion that it is not attributable to the adsorbate levels. For
these reasons, it seems likely that it is attributable to a weak
structure 0.70 eV belowEF that has previously been ob-
served in field emission from clean W~100!.28 This structure
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has been attributed to a surface resonance of odd symmetry,
so the field emission current is expected to vanish at normal
emission.14 Unlike the Swanson hump, this resonance appar-
ently extends into the silver overlayer, because emission can
still be observed at 2-ML coverage where the applied elec-
trostatic field at the tungsten substrate is expected to be
screened out by the silver overlayer. This suggests that ad-
sorbed silver induces a spatial redistribution of the electron
density, enhancing the density of electronic states at the sur-
face layer.

The experimental data show that, for a given number of
complete overlayers, the energy-dependent structures in the
observed spectra change little as the coverage is increased
continuously. This finding suggests that the surface density
of states of Ag/W~100! depends largely on the number of
complete overlayers, and is a further indication that the
silver-induced peaks observed at low coverage correspond to
intrinsic electronic states of the W~100! substrate whose
wave functions extend into, and are to some extent modified
by, the silver overlayer.

The structure observed in field emission above 2-ML cov-
erage~marked by arrow 4 in Fig. 3! is attributed to emission
from a surface state of the silver overlayer centred above the
Fermi level and extending to about 0.03 eV belowEF . It is
believed to correspond to a known surface state about 0.15
eV belowEF on the~111! facet of bulk silver.29,30No similar
structure is to be expected in the photofield emission data
because these data do not extend to sufficiently high energy.
A similar structure has been observed on Ag/W~110! above
2-ML coverage,31 suggesting that the emission properties of
a double overlayer of silver are largely independent of the
substrate.

C. Comparison with electronic structure calculations

In order to gain a fuller understanding of the origins of the
structures discussed above, the electronic structures of a
W~100!–vacuum interface and of a W~100!–Ag~131!–
vacuum interface have been calculated on the basis of real-
istic models of the interfaces. The W~100!–vacuum interface
was represented by a tetragonal supercell containing nine
layers of tungsten atoms and seven layers of initially empty
~charge-free! cells. LEED studies32 have shown that at room
temperature the relaxation of the free tungsten surface~the
reduction in the inter-layer spacing at the surface as com-
pared with that in the bulk! is about 4–6 %. The calculations
reported in detail here are for a surface layer relaxed by 4%.
The size of the supercell is thereforea3a37.96a, wherea
is the conventional lattice parameter of bulk tungsten. Self-
consistent calculations for the W~100!–vacuum interface
have also been carried out assuming an unrelaxed surface. It
is found that the relaxation of the surface layer by 4% has
only a minor effect on the layer densities of states.

To represent the W~100!–silver–vacuum interface, a
~131! overlayer of silver atoms was added to the lattice at
each tungsten–vacuum interface. To allow for the larger
atomic diameter of silver~3.20 Å for Ag as compared with
2.70 Å for W! ~Ref. 19! the distance between the outer tung-
sten layer and the silver overlayer was taken to be 10%
larger than that between adjacent tungsten layers in bulk
tungsten, resulting in a supercell of sizea3a39.10a. The
electronic structure of the metal–adsorbate–vacuum inter-

face was calculated by solving the Dirac equation self-
consistently by means of the LMTO method of electronic
structure calculation including combined corrections.33 The
potential was assumed to be spherically symmetric within
each atomic sphere, and exchange and correlation were taken
into account in the local-density approximation as formu-
lated by von Barth and Hedin.34

The calculated energy bands of a W~100!–vacuum inter-
face and a W~100!–Ag–vacuum interface in the principal
symmetry directions are compared in Figs. 6~a! and 6~b!.
Those bands whose wave function amplitudes are largest in
the silver overlayer and in the top tungsten layer are drawn
with dashed and solid lines, respectively, and the remaining
bands are drawn with dotted lines. The calculated energy

FIG. 6. Self-consistent fully relativistic electronic energy bands
in the spherical potential approximation for supercells constructed
to represent~a! a W~100!–vacuum interface, and~b! a W~100!–
Ag–vacuum interface. The solid, dashed, and dotted lines denote
those energy bands whose wave function amplitudes are largest in
the outermost tungsten layer, in the silver overlayer, and in an inner
tungsten layer, respectively. The arrows mark a pair of surface
states that in the present approximation are almost degenerate in the
absence of the silver overlayer.
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bands of a W~100!–vacuum interface are in good overall
agreement with bands deduced from electronic structure cal-
culations for a nine-layer tungsten film.35 As the number of
valence electrons of silver~including the 4d electrons! is 11
and as there are two silver atoms per primitive unit cell of the
superlattice, 11 additional bands are needed to accommodate
the valence electrons of the silver overlayer. A comparison
between the energy eigenvalues atG ~the center of the sur-
face Brillouin zone! shows that in the presence of the silver
overlayer there are 12 additional eigenvalues below the
Fermi level, with energies of21.8 eV ~two eigenvalues!,
23.8 to24.2 eV~4!, 25.2 to25.7 eV~5!, and27.2 eV~1!.
As only 11 bands are needed to accommodate the extra va-
lence electrons, the silver overlayer lowers the Fermi energy
by approximately 0.42 eV relative to the bottom of the band.

The present calculations for a clean W~100!–vacuum in-
terface yield a closely spaced pair of surface states@marked
by arrows in Fig. 6~a!# about 0.3 and 0.4 eV above the Fermi
level. As the wave functions associated with these states are
largely confined to the surface layer, it is not surprising that
the energy difference between them does not depend signifi-
cantly on the relaxation of the surface. However, in the pres-
ence of a 131 overlayer of silver one of these surface states
moves below the Fermi level, contributing to the total of 12
silver-induced eigenvalues below the Fermi level, while the
other moves to higher energy@marked by the arrows in Fig.
6~b!#. Unlike the other energy eigenvalues atG, these two
eigenvalues prove to be very sensitive to the distance be-
tween the tungsten substrate and the silver overlayer. If the
distance is taken to be equal to the inter-layer spacing in bulk
tungsten, the surface states are 1.5 eV belowEF and 3.1 eV
aboveEF . If, as in the calculations reported in detail here,
this distance is taken to be 10% greater than the interlayer
spacing in bulk tungsten, the surface states are 1.8 eV below
EF and 2.6 eV aboveEF .

In field and photofield emission, the tunneling barrier se-
lects strongly for normal emission. Moreover, because the
photon energy is smaller than the work function, photoexci-
tation inp-polarized light occurs predominantly in the region
just outside the surface of the metal where the gradient of the

normal component of the vector potential is large. Therefore,
the emission currents in field emission and in photofield
emission inp-polarized light are expected to be dominated
by electrons from states whose wave functions are of large
amplitude just outside the surface of the metal and whosek
vectors lie close to the center of the surface Brillouin zone.

To facilitate comparison with experiment, both
k-nonresolved andk-resolved densities of states have been
computed for each layer of the supercell. Thek-nonresolved
layer densities of states were calculated by weighting the
contributions of the various electron states in the surface
Brillouin zone equally, and thek-resolved layer densities of
states were calculated by weighting the contributions of the
various electron states according to their relative probabili-
ties of transmission through the Schottky barrier. The
k-resolved densities of states in the first vacuum layer~the
layer of initially empty cells that is closest to the surface
layer! for a clean W~100! surface and for a~131! silver
overlayer on W~100! are shown on semilogarithmic plots in
Figs. 7~a! and 7~b!, respectively. For comparison, the
k-resolved density of states in the silver overlayer is plotted
on a reduced scale in Fig. 7~b!.

The k-resolved layer density of states in the first vacuum
layer of a W~100!–vacuum interface shows features that are
consistent with peaks in electron emission from a clean
W~100! surface that have been observed experimentally at
0.35,18 0.70,28 and 4.70 eV.~Ref. 23! belowEF . A compari-
son between Figs. 7~a!, 7~b! and 7~c! shows that most of the
features of thek-resolved density of states of the clean
W~100! surface also appear in the layer densities of states at
the W~100!–Ag–vacuum interface, both in the first vacuum
layer and in the silver overlayer. In the presence of a silver
overlayer, corresponding features of the layer densities of
states@which are labelled by the same letter in Figs. 7~a!,
7~b!, and 7~c!# show up at slightly higher energies relative to
the Fermi level than at the clean W~100!–vacuum interface
as a consequence of the lowering of the Fermi level relative
to the bottom of the band. In addition, the silver overlayer
introduces several 4d-like energy bands below the Fermi
level @shown as dashed lines in Fig. 6~b!#. The strong peak

FIG. 7. Calculatedk-resolved
layer densities of states atG
weighted by the barrier transmis-
sion factor appropriate to field
emission ~a! in the first vacuum
layer of clean W~100!, ~b! in the
first vacuum layer for W~100! with
a ~131! overlayer of silver,~c! in
the silver overlayer for W~100!
with a ~131! overlayer of silver.
Note the reduced layer density of
states scale for curve~c!.
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C8 in the silver overlayer@Fig. 7~c!# corresponds to a group
of four suchd-like bands. That this peak is smaller by two
orders of magnitude in the first vacuum layer than in the
silver overlayer is evidence that the 4d-like electrons of sil-
ver are highly localized and effectively confined to the silver
overlayer by the centripetal potential.

In bulk tungsten, the Fermi level is close to a minimum in
the density of states, but at a clean W~100!–vacuum inter-
face the Fermi level is close to a maximum in the surface
density of states.36 The present calculations indicate that in
the presence of a~131! silver overlayer thek-resolved sur-
face density of states at the Fermi level is reduced by a factor
of about 7.6 relative to that of the clean W~100!–vacuum
interface. This is consistent with the factor of 8.3 that was
inferred from the work function and total emission current
data. It is known that a~131! copper overlayer on W~100!
brings about a much larger reduction in the surface density of
states.37 The closely spaced pair of surface states on W~100!
predicted by the present calculations@marked by the arrows
in Fig. 6~a!# gives rise to a strong peakJ in the k-resolved
density of states about 0.35 eV above the Fermi level. Un-
fortunately, peakJ is too high in energy to be resolved as a
distinct peak in field emission and too low to be resolved in
photofield emission, although transitions toJ might contrib-
ute to the low energy tail of the photofield emission distribu-
tion at 2.604 eV. In the presence of a silver overlayer, one of
the surface states is lowered in energy and the other is raised
@marked by the arrows in Fig. 6~b!# The shifting of the sur-
face states toF8 andL8 contributes to the reduction in the
surface density of states at the Fermi energy that occurs in
the presence of the silver overlayer.

The energy of the group of surface resonancesK is such
that in photofield emission spectra at 2.604 eV it would be
impossible to distinguish between transitions toK and tran-
sitions from the initial stateG. Together, these states are
expected to yield a broad enhancement near 0.90 eV below
EF , as is observed experimentally~marked by arrow 2 in
Fig. 4!.

The silver-induced final state resonance that is observed
experimentally at 2.3 eV aboveEF is attributed to the surface
state of higher energy that shows up as the strong edgeL8 in
thek-resolved density of states. The coverage dependence of
L8 is consistent with the experimental data, but the energy
~2.6 eV aboveEF! is slightly too high. As the splitting of the
surface states is found to be very sensitive to the spacing
between the silver overlayer and the tungsten substrate, the
slight discrepancy in energy suggests that the relaxation of
the silver overlayer may be slightly larger than the figure of
10% assumed in the present calculations.

The Swanson hump 0.35 eV below the Fermi level~la-
beled by arrow 1 in Figs. 3–5! is a prominent feature of the
experimental field and photofield emission spectra of a clean
W~100! surface. Two surface resonances atG contribute to
peakH of the calculatedk-resolved surface density of states,
which coincides in energy with the Swanson hump. In the
presence of an overlayer of silver, the corresponding peakH8
is weaker by an order of magnitude. This is consistent with
the experimentally observed quenching of the Swanson
hump by a monolayer overlayer of silver. However, the cal-
culated peak does not dominate thek-resolved density of
states to the same extent that emission from the Swanson

hump dominates the experimental total energy distribution.
The present calculations involve the assumption that the po-
tential is spherically symmetric within each atomic sphere.
The wave functions of the surface states of the W~100!–
vacuum interface are essentially localized within a single
atomic sphere, so the spherical potential approximation does
not fully take into account the effect of the strong potential
gradient at the interface. Beyond the spherical potential ap-
proximation, the potential gradient at the interface is ex-
pected to split the energies of the two surface states. If one of
the surface states were to be lowered in energy to the region
of the Swanson hump, the agreement between thek-resolved
layer density of states and the experimental total energy dis-
tribution for the clean W~100!–vacuum interface would be
greatly improved. In the presence of a silver overlayer the
wave functions of the surface states extend over both the
substrate and the overlayer, so the present spherical potential
approximation is expected to yield a more accurate descrip-
tion of the electronic structure of the W~100!–silver–vacuum
interface.

In the range of coverage from 0.8 to 2.0 ML, an initial-
state peak~marked by arrow 2 in Figs. 3–5! is observed 0.70
eV belowEF both in field emission and in photofield emis-
sion. An initial-state peak has previously been reported in the
same energy range in emission from a clean W~100!–
vacuum interface,28 but it is sufficiently weak in the absence
of a silver overlayer that it was not detected in the present
experiments. The experimental peak is close in energy to the
pair of surface resonancesG in the k-resolved density of
states. However, the experimental data show that the silver
overlayer enhances the emission current, whereas peakG in
the k-resolved density of states is suppressed by a~131!
silver overlayer. PeakG corresponds to a pair of surface
resonances of odd symmetry with respect to reflection in a
$100% plane normal to the surface. Being of odd symmetry,
these resonances are orthogonal to a plane wave in the
vacuum, so at a clean W~100!–vacuum interface their con-
tribution to the current is expected to vanish at normal emis-
sion. It is suggested that inhomogeneities in the potential of
the silver overlayer may couple substrate resonances of odd
symmetry to plane waves in the vacuum, thereby enhancing
their contributions to the emission current.

The present calculations predict that when a~131! silver
overlayer is deposited on W~100!, each silver atom loses
0.215 electrons as a result of charge transfer to the substrate.
As is pointed out above, such a transfer of charge may con-
tribute significantly to the experimentally observed decrease
in the work function with increasing coverage of silver.

D. Comparison with published data

In field emission studies of Au/W~100!, Richter and
Gomer21 have observed the Swanson hump at greater than
1-ML coverage. They attributed the persistence of the Swan-
son hump to the close similarity between the potential of the
gold overlayer and that of the tungsten substrate. Billington
and Rhodin22 have reported that, in the presence of copper
and gold adsorbates, emission peaks 0.35 and 0.80 eV below
EF appear at 0, 1, 2, and 3 ML, but are quenched at inter-
mediate coverages. They interpreted their data on the basis of
a model by Kar and Soven38 according to which a peak may
persist so long as the overlayer has~131! symmetry. The
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present results for Ag/W~100! show not only that the Swan-
son hump is quenched at 1 and 2 ML coverage, but also that
other resonances can be observed at intermediate coverages.
Thus the argument of Kar and Soven suggests that in
Ag/W~100! the potential of the silver overlayer is signifi-
cantly different from that of the tungsten substrate. This may
be because, unlike copper and gold, silver does not fit easily
into the hollows of the W~100! substrate.

The present results can usefully be compared with the
data of Attard and King23 for photoemission from
Ag/W~100!. The most striking feature of their data for clean
W~100! is a strong emission peak 0.37 eV below the Fermi
level that is quenched by a 1-ML overlayer of silver. They
also observed strong emission peaks from clean W~100!
about 1.4 and 4.5 eV belowEF , while the present
k-nonresolved density of states calculations in the first
vacuum layer yield peaks 0.7, 2.1, 4.5, and 4.7 eV below the
Fermi level. In photoemission from unannealed Ag/W~100!
at monolayer coverage, Attard and King found peaks ap-
proximately 1.3, 2.6, 5.3, and 8.0 eV belowEF , while the
present calculations predict a similar pattern of strong peaks
somewhat shifted in energy, 0.8, 1.8, 4.0, 4.2, and 5.1 eV
belowEF , together with a silver-induced surface resonance
7.0 eV belowEF ~the peaks at 4.0 and 4.2 eV would not be
expected to appear as distinct peaks in the photoemission
data, as the experimental resolution is only about 0.5 eV!.
Attard and King did not detect the silver-induced emission
peak, 0.7 eV belowEF , that is a strong feature of the present
data. This peak, which has been attributed to an energy band
of odd symmetry, is expected to be observed in photoemis-
sion only if there is a component of the electromagnetic field
parallel to the surface. Thus, one possible reason for the dif-
ference between the present results and the photoemission
data is the plane of polarization of light, which for the pho-
toemission data was not reported. Another possible reason
for differences between the spectral features observed in the
two experiments is that in photofield emission the tunnelling
barrier selects strongly for emission from electronic states
that lie close to the center of the surface Brillouin zone. In
photoemission the photon energy is also an important con-
sideration, because for more highly localized states the pho-
toexcitation probability tends to peak at a higher photon
energy.39

V. CONCLUSIONS

A comparison between the coverage dependence of the
work function and of the total emission current for a
W~100!–vacuum interface offers evidence that adsorbed sil-
ver significantly reduces the surface density of electronic
states. Unlike copper and gold on W~100!, adsorbed silver is
found to decrease the work function. It is argued that the
large atomic diameter of silver means that adsorbed silver
atoms cannot be accommodated in the hollows of the
W~100! substrate, and that silver-induced roughening the
W~100! facet together with charge transfer to the substrate
account for the decrease in the work function with increasing
coverage of silver.

Features in the energy dependence of the surface density

of states of the~100! facet of a tungsten field emitter have
been studied experimentally. It is found that 0.5-ML cover-
age of adsorbed silver is sufficient to quench the Swanson
hump, and no reappearance of this state is detected at higher
coverage. In the range of coverage from 1 to 2 ML, two
silver-induced structures are observed, one corresponding to
an initial state 0.70 eV belowEF and the other to a final state
2.3 eV aboveEF . The data yield evidence that these struc-
tures correspond to intrinsic surface resonances of the
W~100! substrate whose wave functions extend into the sil-
ver overlayer. A third silver-induced structure, apparently
centered above the Fermi level and extending to about 0.03
eV belowEF , appears above 2 ML coverage. It is attributed
to a surface state of the double silver overlayer.

The experimental data are compared with the predictions
of self-consistent fully relativistic electronic structure calcu-
lations for clean W~100! and for W~100! with a ~131! over-
layer of silver. A peak in the calculatedk-resolved layer den-
sities of states is consistent in energy with the experimentally
observed Swanson hump, but is relatively weak in intensity.
It is suggested that this may be because the present spherical
potential approximation underestimates the splitting in en-
ergy of a pair of surface states of the clean W~100!–vacuum
interface. Further calculations are needed to investigate this
possibility. The silver-induced final state peak observed 2.3
eV above the Fermi level is attributed to the surface state that
is shifted to higher energy in the presence of the silver over-
layer. It is suggested that coupling of substrate states of odd
symmetry to plane wave states in the vacuum by inhomoge-
neities in the silver overlayer may account for the observed
enhancement by silver of emission from intrinsic surface
resonances of W~100! that lie approximately 0.7 eV below
the Fermi energy.

This study demonstrates the usefulness of photofield
emission spectroscopy for studying features in the surface
density of states at a metal–adsorbate–vacuum interface, and
of electronic structure calculations based on the supercell
method as a guide to the interpretation of the data. The over-
all consistency between the experimental data and the results
of the supercell calculations leads us to conclude that such
calculations have much to contribute to a better understand-
ing of the electronic structures of metal–vacuum and metal–
adsorbate–vacuum interfaces.
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