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Electronic structure of silver overlayers on W(100)
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The electronic structure of silver adsorbed on (h60) 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 c{@@f) \Whd 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 Photofield emission, measured in conjunction with field
emission, is an alternative means of probing the electronic
Metallic overlayers on transition metal substrates are oftates of the surface that lie between the Fermi level and the
great practical importance because of their relevance to elesacuum level. The sample is illuminated wititpolarized
tron emission devices and heterogeneous catalysis. Yet, willght having a photon energy smaller than the work function,
the exception of the alkali metals, the electronic properties oind a strong static electric field is applied at the surface.
metallic overlayers on transition metal substrates have reSingly photoexcited electrons escape from the metal either
ceived little attention, perhaps because of the complexity oby tunnelling through the surface potential barrier or by pass-
their electronic configurations. The (00 surface of tung- ing above it. Features in the total energy distribution of elec-
sten is of particular interest because it shows a rich compleons emitted at the substrate—adsorbate—vacuum interface
of surface states and resonances lying close to the Fermgield information about the electronic structure in the vicin-
level! Even though W100) is among the most studied of the ity of E¢,>~* while their dependences on the photon energy
transition metal surfaces, little is known about the electronianake it possible to distinguish unambiguously between ini-
structure of metallic overlayers adsorbed at a100)— tial and final state structures. In addition, combined field and
vacuum interface. The present paper reports the results of grhotofield emission measurements make it possible to deter-
investigation of silver adsorbed on({d00 by means of elec- mine independently the field factor and the work function at
tron emission spectroscopy. the emitting surface, yielding information about the profile of
Field emission spectroscopy is a surface-sensitive tectthe adsorbate.
nigue that can provide information about the occupied elec- Early calculations of the electronic structures of adatom—
tronic states in the vicinity of the Fermi level, while photo- substrate complexes were based on the jellium model, in
emission spectroscopy is widely used to investigate thevhich the discrete ion cores of the substrate are smeared out
electronic structures of metals both below the Fermi leveinto a uniform positive background charge. Although the jel-
and above the vacuum level. Electronic states that lie belium model is a useful starting point for evaluating quantities
tween the Fermi level and the vacuum level are not acceghat depend on the distribution of charge only in an average
sible by either of these techniques. States in this energway, this simplified model is not expected to describe ad-
range can be studied by means of inverse photoemissiogquately those adsorption phenomena that depend on the ge-
spectroscopy, which involves injecting electrons above th@metry of the substrate and on theelectrons of transition
vacuum level and measuring the energy of the photon that isetals. Recently, some progress has been made in carrying
emitted when the electron drops to an unoccupied state b@ut more realistic calculations in which the substrate is mod-
tween the Fermi level and the vacuum level. However, thesled by a slab consisting of a few atomic layers of the bulk
inverse photoemission signal is extremely weak because theaterial, with an ordered overlayer or overlayers on each
cross section of the inverse photoemission process is muaide®1°
smaller than that of the direct process. Moreover, in the pres- The purpose of the present paper is to report an investi-
ence of an adsorbate overlayer the inverse photoemissiaggation of silver adsorbed on {/00) in the range of coverage
signal is superimposed on a background from the substratéfiom 0 to 3 ML (monolayers It is found that 1 ML of
and it is difficult to extract the surface component of theadsorbed silver both suppresses the Swanson hump in the
signal. surface density of states of clean(Y80) at 0.35 eV below
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Er, and also induces additional structures 0.70 eV bdigw dence on the emitting facet. To estimate the coverage from
and 2.3 eV abové&, . Above 2 ML these structures are re- the exposure, a sticking coefficient of unity was assuffied.
placed by a single structure centered above the Fermi levdlhe Knudsen cell was operated at 1100 °C, at which tem-
and extending to about 0.03 eV belddy . Self-consistent perature the vapour pressure of silver is approximately
fully relativistic energy band calculations have been carried3x10 2 mm Hg. Silver atoms were deposited at very low
out for the W100)—vacuum and VL00)—silver—vacuum in-  flux (typically 0.1 ML/min) on to the W100) facet. The
terfaces. The results of these calculations are compared withotential difference between the tip and the screen was held
field emission, photofield emission, and photoemission dataconstant during deposition, and the emission current from the
It is concluded that the silver-induced features observed irentre of the(100 facet was monitored continuously. Once
field and photofield emission correspond to surface statethe desired coverage had been reached, Fowler—Nordheim
and resonances of the substrate whose wave functions exte(feN) data were taken both in field emission and in photofield
into, and are enhanced by, the silver overlayer. emission by sweeping the tip-to-screen potential difference

The remainder of this paper is organized as follows. Secthrough 100 channels each of width 5 V. The sweep sequence
tion Il is a brief description of the experimental apparatuswas repeate(typically 50 time$ until adequate statistics had
and the method of data analysis. The experimental results ateen achieved. Fowler—Nordheim data in photofield emis-
presented in Sec. lll and discussed in Sec. IV. Section V is gion were acquired at fields sufficiently weak that the field
summary of the results and conclusions of the present worlemission component of the total emission current was negli-
gible.

Finally, the total energy distributionsTED’s) in field
emission and in photofield emission were recorded. The tip
A. Apparatus and experimental procedure bias voltage was swept through 100 channels, each of width

: ; . 5 mV, spanning the appropriate energy range, the tip-to-
The field and photofield emission spectrometer has beeﬁcreen potential difference being held constant. At each

described in detail elsewhettas have the experimental . "
P hannel, the bias voltage was allowed to stabilize for$0

chamber that contains the field emitter and the energy ang:

lyzer, and the deposition chamber that contains the Knudsetltm1en the detected electrons were counted for 80 The

cell that serves as the atomic beam sodfcBhe Knudsen SWEEP Sequence was repeated, typically for 1000 cycles in

; ; o : jeld emission and for 2000 cycles in photofield emission,
cell is loaded with clean 99.99% pure silver and outgassed Jl}ntil adequate statistics had been achieved. All of the mea-

900 °C for no less than 24 h, after which the silver source . :
can be operated at up to 1100 °C. The two chambers graurements were carried out at room temperature, and the tip
: as illuminated withp-polarized light at a large angle of

independently pumped and interconnected by a duct fitted . I
with a gate valve and a 1-mm-diam aperture. The apertur@c'dence in order to enhance surface photoexcitation in

serves both to restrict the conductance between the chambeprg%tOf'e'd ”err;lfsloﬁ. ts at a qi dsorbat

during deposition in order to minimize contamination of the hece all o letmetgsq[_remen sa atgl(\jllenﬂa ﬁog f‘ € cover-

tip by outgassing from the Knudsen cell, and to collimate the?9€ Were complete, Ine tip was repeatedly flashed to remove
the silver overlayer, and silver was deposited to the next

atomic beam to an angular width of less than 1°. With this Th high ducibility of the d q ¢
arrangement, the base pressure in the experimental cham osure. The very nigh réproducibiiity ot the dependence o
e total emission current on deposition time demonstrated

remains below 10'° Torr even when, during deposition, the , .
pressure in the deposition chamber rises to°ITbr. that throughout the experiment the silver flux was very
Istable.

A tungsten field emitter is mounted on a sample holde
about 5 cm from a fluorescent conducting screen. The tip is
grounded, and the potential difference between the tip and B. Data analysis

the screen is maintained at several kilovolts. The beam of Tpg first step in the analysis of the data was to extract the
electrons emitted from a single facet is selected by electrog,ork function & from a Fowler—Nordheim plot of the total
statically deflecting the field emission pattern so that the imymission current measured as a function of the tip-to-screen
age of the desired facet is centred over a small probe hole ifstential difference. The electric field at the tip is related

the middle of the fluorescent screen. Electrons that pasg, ipe potential difference between the tip and the sckégn
through the probe hole enter a double?pa_\ss cylindrical energyy the relationF = 8Vys, where the field facto is the
analyzer, and electrons with energy within the selected ranggtective curvature of the hemispherical endform of the tip.
are dgtectt_ad b_y means of a spiraltron ele_ctron multiplier. Thene work function of the clean VL00) facet was taken to be
laser illumination system and related optics are all mounteg} g3 eV (based upon previous measurements on samples of
outside the vacuum chamber. Th_e.a_lpparatus is controlled thacroscopic si2é° and 8 was calculated by fitting the slope
means of a PC-based data acquisition system. of a Fowler—Nordheim plot of the total emission current data

Prior to deposition the field emitter was cleaned by fIashIa plot of In(1/V+<d) againstl/Vg] to the theoretical slope
ing to incandescence, and both Fowler—NordhétiN) data S.\(T) which is given by

(measurements of the total emission current from a single

II. EXPERIMENTAL

facet as a function of the tip-to-screen potential differgnce S (T)= — 2(m/%2)243/25(v)/ e
and total energy distributiofTED) data for the clean facet Pn(T) al )EETSYIB
were recorded. The silver flux was measured by means of a +(872kamg /312€?) T2 pt?(y)/ BV+1s, (1)

quartz crystal monitor mounted at right angles to the direc-
tion of the atomic beam, and the exposure was calculatedheree and m are the electronic charge and maksg, is
from the dimensions of the apparatus and the angle of inciBoltzmann’s constantT is the absolute temperature, and
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t(y) ands(y) are slowly varying functions of = (e>F) % ¢ o
that are tabulated in the literatul®In the field range over | {\

which the present data were acquir@i15-0.30 V/A 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 dedugihby
interpreting the slope on the basis of Ef)) is well satisfied.
Profile studies have shown that the field faggof W(100

is not significantly changed by the presence of the
adsorbaté?

Features in the surface density of electronic states at a
metal—-adsorbate—vacuum interface can be identified by
comparing the experimental energy distributipfE) with
the calculated free-electron distributigg(E). The experi- -
mental distributionj (E) decreases exponentially both below :
the Fermi energ¥g, due to the increasing thickness of the i
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surface potential barrier, and abokg , due to the decreas- -O'5c;4 — -0‘5- — ; — ‘1' e
ing probability of occupation of electronic states as described ’ S 2 2.5
by the Fermi—Dirac distribution function. It is convenient to EXPOSURE (monolayers)

remove these irrelevant dependences by expressing the mea-

sured distributions in the form of an enhancement factor FIG. 1. The measured change in the work function at the center
R(E), which is defined by 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
R(E)=J(E)/[jo(E)®A(E)], (2)  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-
where the denominator is the convolutionjg{E), the total ~ ancies close to 1 and 2 ML are attributed to suppression of the
energy distribution calculated from the free-electron modelsurface density of states by the silver overlayer.
with A(E), the Gaussian instrumental resolution function of
the energy analyzer. The enhancement factor involves an un-
determined multiplicative constant, because neither the area Figure 2 shows the exposure dependence of the total
of the emitting surface sampled by the probe hole nor themission current from the central region of ti®0 plane,
collection efficiency of the energy analyzer is determined inthe potential difference between the tip and the screen being
the present work. It is convenient to remove the effect of thisheld constant. Initially the emission current decreases, pass-
unknown constant by plotting IR 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 & +#Aw, wherefiw 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 Eq2). The free electron distribution in
photofield emission was evaluated numerically using results
that have been reported elsewh&ré’

B. Total emission current as a function of exposure

108 T 7 T T

Ill. RESULTS

TOTAL EMISSION CURRENT (counts s~1)

A. Work function as a function of exposure

In Fig. 1, the experimental points show the variation of 1000 et e
the work function¢g with silver exposure as determined from
Fowler—Nordheim plots of the total field emission current EXPOSURE (monolayers)
data. The exposure is expressed in monolayers, where 1 ML
corresponds to a singléx 1) overlayer of silver _on WL0O). from the center of the (@00 facet of a tungsten field emitter in a
In the range from zero to 1 ML, the work function decreasesie|q of 0.214 v AL at 300 K, plotted as a function of silver
almost linearly with increasing exposure. It passes through gxposure. The dashed curve is the exposure dependence of the total
minimum at about 1 ML, increases, passes through a broaghission current calculated from the measured work function on the
maximum, then decreases again. Above 2.5-ML exposuréssumption that the surface density of states is independent of ex-
the noise in the emission current due to fluctuations in thosure. The discrepancies are attributed to suppression of the sur-
overlayer becomes sufficiently large that the present techface density of states by the silver overlayer. The emission current
nigue does not yield a reliable estimate of the work functionis plotted on a logarithmic scale.

FIG. 2. The solid curve shows the total field emission current



53 ELECTRONIC STRUCTURE OF SILVER OVERLAYERS ON (00 10351

8F... ho = 2.604 ¢

20 S ’““’“’NWMW 25 M
= o '..."-'0""".-»--.-«“"“"“""-um-"." 2.0 ML -

E . '° o 0% % -".-‘..---,.-.-.....u-}-'3--...,..,..... 1.8 ML E

15 o™ s e e 1.6 ML
Rag LS M :

ih R
i1
;
b3
i

10 :l:o'..-.o,‘...uu.,‘."..".0......'..w 1.2 “L-.
L *taee - S ereenn,, 1

o 0.6 ML

. %ot gqets e, + E
o res T e Y st 0.4 ML ]

o O . e,

e e e otz 02 ML

-15 -1 -05 0 0.5 “1.5 -1 -0.5 0 0.5
ENERGY RELATIVE TO Ej (eV) - ENERGY RELATIVE TO Ep+hw (eV)

FIG. 3. Semilogarithmic plot of the enhancement fad®for FIG. 4. Semilogarithmic plot of the enhancement fadamea-
field emission at 300 K from the center of thE00) facet of tung-  sured at 300 K for photofield emission from(¥00) with a photon
sten. Each curve is labeled by the silver exposure expressed @nergy of 2.604 eV. Each curve is labeled by the silver exposure
monolayers. The curves have been displaced vertically for clarityexpressed in monolayers. The curves have been displaced vertically
The labeled arrows mark features in the observed spectra as difgr clarity.
cussed in the text.

_ . ) ~spectively. The quenching of the Swanson hump shows up in
ing through a broad minimum at 0.5 ML, and then increasinghe photofield emission data, as does a broad silver-induced
rapidly toward a maximum almost three times the cleanpeak centred about 0.90 &f6r #w=2.604 e\j and 0.80 eV
value. In the 1-ML to 2-ML range the behavior of the emis- (for #,,=3.049 e\f below the Fermi level. The breadth of
sion current is qualitatively 5|m|lar to that in the zero 1o thjs peak, together with the slight dependence of the initial
1-ML range. Above 2 ML the emission current decrease%tate energy on the photon energy, Suggest that it is due to
steadily with increasing exposure and shows large fluctuagjectrons photoexcited from a range of initial states.

tions. Above 2.5 ML the fluctuations in the emission current  Two features that are not present in the field emission
are sufficiently large that.measurements of the total emissiogpectra show up in the photofield emission spectra. Firstly, in
current are not reproducible. the range of exposure from 0.2 ML to above 1.0 ML, the

C. Enhancement factors

L
Field emission enhancement factors for a range of expo- % Fosens "
sures of silver on WL00) are displayed in Fig. 3. The distri- LU
bution from clean WL00 is dominated by the Swanson 20 ke
hump, which appears as a broad p@alarked by arrow 1 in -
Fig. 3 centered 0.35 eV belo, .*® With increasing expo- 100, st o ]
sure the Swanson hump is attenuated; it is completely 5L """---.........--»...:?N”““‘W" T

guenched at one-half monolayer.
At an exposure of 0.7 ML, a broad peakarked by ar-

row 2 in Fig. 3 appears at about 0.70 eV beldgy . This 10 2‘%‘-’_\\‘_—‘“ 08 m.‘.
peak remains unchanged in height and width until the second o, W - ;

monolayer is complete, then it disappears abruptly. In con-
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trast to the Swanson hump, this peak is not at all sensitive to sf S L 04 ML ]
surface contamination; in a vacuum chamber at*i@orr it e., IR e 02 ML
remains unchanged for several weeks. Neither the height nor SR e 0O ML ]

the width of this peak is affected by heating so long as the 0 L ey B ]
temperature is not sufficiently high to desorb the silver over- -1.5 -1 -0.5 0 0.5
layer. As the exposure is increased above 2 ML, a disconti- ENERGY RELATIVE TO Ex+hw (eV)

nuity appears in the slope of the enhancement factor about

0.03 eV below the Fermi levémarked by arrow 4 in Fig.)3 FIG. 5. Semilogarithmic plot of the enhancement facamea-

Above about 2.5 ML the silver overlayer becomes unstablegyred at 300 K for photofield emission from(¥00) with a photon

and the total energy distributions are no longer reproduciblegnergy of 3.049 eV. Each curve is labeled by the silver exposure
Figures 4 and 5 show the photofield emission enhancesxpressed in monolayers. The curves have been displaced vertically

ment factors at photon energies of 2.604 and 3.049 eV, rédeor clarity.
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enhancement factors increase significantly as the total enerdgaction (approximately 28%is attributable to the quenching
decreases from the Fermi energy to 0.8 eV belBw. In  of the Swanson hump. Other, albeit smaller, discrepancies
addition, above 1-ML exposure the 2.604-eV distributionoccur close to 1- and 2-ML coverage. The dashed curve in
flattens and a new peak appears about 2.3 eV alipve Fig. 1 is the coverage dependence of the work function that
(marked by arrow 3 in Fig. ¥ The absence of a similar peak would bring the emission current calculated on the assump-
in the field emission spectra is a strong indication that theion of a constant surface density of states into agreement
peak represents structure in the density of final states. Unfowith the experimental data. As the discrepancies at 1- and
tunately, any final state structure at this energy cannot b2-ML coverage are significantly larger than the experimental
detected unambiguously in the 3.049-eV data, because it &rror in the work function, they are probably due to suppres-
too close in energy to the final state for transitions from thesion of the surface density of states by the silver overlayer
initial state resonance at 0.70 eV bel&y . Above 1.4 ML  rather than to experimental error in the work function. From
the initial state structure at 0.70 eV beld®: can not be these data it is estimated that at coverages of 1 and 2 ML the
resolved in the data at 2.604 eV. This might be because itsurface densities of states in the vicinity Bf are sup-
energy distribution overlaps that of the final state structure apressed relative to that of clean(¥00 by factors of 8.4 and

2.3 eV. For exposures greater than 2 ML, the photofieldl2.8, respectively.

emission enhancement factors are found to be featureless andThe results of Baueet al.> and of Kalaczkiewiez and
similar to the enhancement factors in field emission. Sidorskf* for the work function change brought about by
silver deposited at low coverage on a macroscopid 89
surface are qualitatively similar to those reported here. The
small discrepancies might be due to differences between mi-
A. Total tunneling current and the work function croscopic and macroscopic facets. Tak&dpnes® and

LEED studie$® have shown that at room temperature aCentronlo _and Jon&s have all reported_ that _the_: average
work function deduced from the whole tip emission current

nonannealed 1-ML silver overlayer (00 has a(1X1 . o . . .
yer (200 ( ) increases with increasing coverage of silver. However, it

structure. Since at room temperature the sticking coefficien . .
for silver on W100) is close to unity? one silver adatom is would be meaningless to compare the present data with the

deposited for each tungsten atom of the substrate at an e esults of whole tip work function measurements, as in these
posure of 1 ML, so monolayer exposure corresponds closel tter measurements the current is dominated by emission

to monolayer coverage. rom the facet on which the work function is lowest.
The observed dependence of the work function on silver
coveraggFig. 1) can be related to the structure of the adsor-
bate overlayer. The lateral distance between adjacent adsorp- An overlayer of adsorbed silver modifies the electronic
tion sites on clean W00 (3.16 A) is comparable to the structure of the tungsten—vacuum interface not only by
atomic diameter of silvef3.20 A).1° This suggests that silver quenching the Swanson hunfmarked by arrow 1 in Figs.
will not fit easily into the hollows of the substrate, and that3-5 but also by introducing new features in the observed
silver-covered W100 may be less smooth than clean enhancement factors. First, in the range of coverage from 0.7
W(100. If this is so, the work function would be expected to to 2.0 ML, a strong initial-state peak centered about 0.70 eV
decrease with increasing covergdeny transfer of charge below the Fermi leveimarked by arrow Ris observed both
from the silver overlayer to the substrate would also causén field emission and in photofield emission. Second, in the
the work function to decrease with increasing coveragerange of coverage from 1.4 to 2 ML, a weak final-state peak
These mechanisms are both consistent with the experimental3 eV aboveEr (marked by arrow Bis observed in photo-
finding that, in the system Ag/\¥00), the work function field emission at 2.604 eV. Third, above 2-ML coverage the
decreases as the coverage increases from 0 to 1 ML. It slope of the field emission enhancement factor increases sub-
interesting to note that, at room temperature and in the ranggtantially about 0.03 eV below the Fermi legharked by
of coverage from 0 to 1 ML, both copper and gold absor-arrow 4, and all other structures in the enhancement factors
bates increase the work functiéh:>® This may be because disappear.
the atomic diameters of copper and gold are both signifi- Broadening of the electronic levels of adsorbed silver into
cantly smaller than that of silvé?. bands depends upon the existence of an ordered overlayer.
In the range of coverage from O to 0.2 ML, the work The peak 0.70 eV belove (marked by arrow 2 in Figs.
function and the total emission current both decrease. As tha—5 has been observed with as little as 0.7-ML coverage of
observed decrease in the work function would be expected tsilver. In principle, island formation might result in an or-
increase the emission current, the observed decrease in tHered overlayer below monolayer coverage, but there is no
emission current is evidence that adsorbed silver decreasesidence for island formation in Ag/{¥00) at room tem-
the surface density of electronic states. The dashed curve ferature. It is therefore unlikely that this peak is attributable
Fig. 2 is a plot of the coverage dependence of the total emige the valence states of the adsorbed silver atoms. Increasing
sion current calculated from the work function data on thesilver coverage would be expected to modify the Ag—W and
assumption that the surface density of states is independeAg—Ag interactions, so the absence of any shift or broaden-
of coverage. From the departure from the measured totahg of the peak with increasing coverage is a further indica-
emission current in the range of coverage from 0 to 0.5 MLtion that it is not attributable to the adsorbate levels. For
it is estimated that over this range of coverage adsorbed sithese reasons, it seems likely that it is attributable to a weak
ver suppresses the surface density of states in the vicinity aftructure 0.70 eV belowE, that has previously been ob-
the Fermi level by a factor of 5.1, of which only a small served in field emission from clean(00).?8 This structure

|13

IV. DISCUSSION

B. Electronic 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-* 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/W100 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 W00) 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.)3is attributed to emission
from a surface state of the silver overlayer centred above the
Fermi level and extending to about 0.03 eV belBw. It is
believed to correspond to a known surface state about 0.15
eV belowE¢ on the(111) facet of bulk silve®3°No 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 AGI\0) above
2-ML coverage’! suggesting that the emission properties of
a double overlayer of silver are largely independent of the
substrate.

FELLUE S | U LA

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 (b)
W(100-vacuum interface and of a M00-Ag(1Xx1)-
vacuum interface have been calculated on the basis of real- . R .
istic models of the interfaces. The(0)—vacuum interface FIG. 6. S_elf-consstgnt fully re_latlv_lstlc electronic energy bands
was represented by a tetragonal supercell containing ning the spherical potential approxm_atlon for supercells constructed
layers of tungsten atoms and seven layers of initially empt;}f represen@ ta ;N(loq?_;vaculggw émek:f%ce’ adnc;’) t? c:/\/|(100); ;
(charge-fregcells. LEED studie¥ have shown that at room g-vacuum intertace. The Sold, dashed, and dotied fines denote

h | . f the f those energy bands whose wave function amplitudes are largest in
temperature the relaxation of the free tungsten surféue the outermost tungsten layer, in the silver overlayer, and in an inner

redUCtio_n in th? inter-laygr spacing atothe surface as COMgngsten layer, respectively. The arrows mark a pair of surface
pared with that in the bulkis about 4—6 %. The calculations gates that in the present approximation are almost degenerate in the
reported in detail here are for a surface layer relaxed by 4%apsence of the silver overlayer.

The size of the supercell is therefaae< ax 7.96a, wherea

is the conventional lattice parameter of bulk tungsten. Selfface was calculated by solving the Dirac equation self-

consistent calculations for the (W00—vacuum interface consistently by means of the LMTO method of electronic

have also been carried out assuming an unrelaxed surface.siructure calculation including combined correctidhdhe

is found that the relaxation of the surface layer by 4% hagotential was assumed to be spherically symmetric within

only a minor effect on the layer densities of states. each atomic sphere, and exchange and correlation were taken
To represent the VL00-silver—vacuum interface, a into account in the local-density approximation as formu-

(1x1) overlayer of silver atoms was added to the lattice atiated by von Barth and Hediif.

each tungsten—vacuum interface. To allow for the larger The calculated energy bands of aM0—vacuum inter-

atomic diameter of silve(3.20 A for Ag as compared with face and a WL00—Ag—vacuum interface in the principal

2.70 A for W) (Ref. 19 the distance between the outer tung- symmetry directions are compared in Figga)éand Gb).

sten layer and the silver overlayer was taken to be 10%hose bands whose wave function amplitudes are largest in

larger than that between adjacent tungsten layers in bulthe silver overlayer and in the top tungsten layer are drawn

tungsten, resulting in a supercell of siaekax9.10a. The  with dashed and solid lines, respectively, and the remaining

electronic structure of the metal-adsorbate—vacuum intedbands are drawn with dotted lines. The calculated energy
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FIG. 7. Calculatedk-resolved
layer densities of states ab’
weighted by the barrier transmis-
sion factor appropriate to field
_ emission (a) in the first vacuum
layer of clean W100), (b) in the
first vacuum layer for WL00) with
a (1x1) overlayer of silver,c) in
the silver overlayer for W00
with a (1X1) overlayer of silver.
Note the reduced layer density of
states scale for curve).

E-E (V)

8F - = - - .
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bands of a WL00—vacuum interface are in good overall normal component of the vector potential is large. Therefore,
agreement with bands deduced from electronic structure cathe emission currents in field emission and in photofield
culations for a nine-layer tungsten fiffAAs the number of emission inp-polarized light are expected to be dominated
valence electrons of silvéincluding the 4l electrongis 11 by electrons from states whose wave functions are of large
and as there are two silver atoms per primitive unit cell of theamplitude just outside the surface of the metal and wikose
superlattice, 11 additional bands are needed to accommodatectors lie close to the center of the surface Brillouin zone.
the valence electrons of the silver overlayer. A comparison To facilitate comparison with experiment, both
between the energy eigenvalueslatthe center of the sur- k-nonresolved and-resolved densities of states have been
face Brillouin zong shows that in the presence of the silver computed for each layer of the supercell. Hraonresolved
overlayer there are 12 additional eigenvalues below théayer densities of states were calculated by weighting the
Fermi level, with energies of-1.8 eV (two eigenvalugs  contributions of the various electron states in the surface
—-3.8t0—4.2eV(4), -5.2t0—-5.7 eV(5),and—7.2 eV(1). Brillouin zone equally, and thk-resolved layer densities of
As only 11 bands are needed to accommodate the extra vatates were calculated by weighting the contributions of the
lence electrons, the silver overlayer lowers the Fermi energyarious electron states according to their relative probabili-
by approximately 0.42 eV relative to the bottom of the bandties of transmission through the Schottky barrier. The
The present calculations for a cleanNM@0—-vacuum in-  k-resolved densities of states in the first vacuum ldyee
terface yield a closely spaced pair of surface sthtesrked layer of initially empty cells that is closest to the surface
by arrows in Fig. 63)] about 0.3 and 0.4 eV above the Fermi layern for a clean W100) surface and for g1x1) silver
level. As the wave functions associated with these states amverlayer on W100 are shown on semilogarithmic plots in
largely confined to the surface layer, it is not surprising thatFigs. 7a) and 7b), respectively. For comparison, the
the energy difference between them does not depend signifi-resolved density of states in the silver overlayer is plotted
cantly on the relaxation of the surface. However, in the presen a reduced scale in Fig(¥.
ence of a X1 overlayer of silver one of these surface states Thek-resolved layer density of states in the first vacuum
moves below the Fermi level, contributing to the total of 12layer of a W100—vacuum interface shows features that are
silver-induced eigenvalues below the Fermi level, while theconsistent with peaks in electron emission from a clean
other moves to higher ener@gnarked by the arrows in Fig. W(100 surface that have been observed experimentally at
6(b)]. Unlike the other energy eigenvaluesIgtthese two 0.35%0.7028 and 4.70 eV(Ref. 23 below Ex . A compari-
eigenvalues prove to be very sensitive to the distance beson between Figs.(@), 7(b) and 7c) shows that most of the
tween the tungsten substrate and the silver overlayer. If thfeatures of thek-resolved density of states of the clean
distance is taken to be equal to the inter-layer spacing in bulkV(100 surface also appear in the layer densities of states at
tungsten, the surface states are 1.5 eV beipnand 3.1 eV the W(100—Ag—vacuum interface, both in the first vacuum
aboveEg. If, as in the calculations reported in detail here,layer and in the silver overlayer. In the presence of a silver
this distance is taken to be 10% greater than the interlayesverlayer, corresponding features of the layer densities of
spacing in bulk tungsten, the surface states are 1.8 eV belostates[which are labelled by the same letter in Figsa)7
Er and 2.6 eV abové&,. 7(b), and 7c)] show up at slightly higher energies relative to
In field and photofield emission, the tunneling barrier se-the Fermi level than at the clean(#¥0—vacuum interface
lects strongly for normal emission. Moreover, because thas a consequence of the lowering of the Fermi level relative
photon energy is smaller than the work function, photoexcito the bottom of the band. In addition, the silver overlayer
tation inp-polarized light occurs predominantly in the region introduces several dtlike energy bands below the Fermi
just outside the surface of the metal where the gradient of thievel [shown as dashed lines in Fig(b®]. The strong peak
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C' in the silver overlayefFig. 7(c)] corresponds to a group hump dominates the experimental total energy distribution.
of four suchd-like bands. That this peak is smaller by two The present calculations involve the assumption that the po-
orders of magnitude in the first vacuum layer than in thetential is spherically symmetric within each atomic sphere.
silver overlayer is evidence that theldike electrons of sil- The wave functions of the surface states of théltQ)—
ver are highly localized and effectively confined to the silvervacuum interface are essentially localized within a single
overlayer by the centripetal potential. atomic sphere_, so the spherical potential approximation d_oes
In bulk tungsten, the Fermi level is close to a minimum in Nt fully take into account the effect of the strong potential
the density of states, but at a clear{M®)—vacuum inter- 9gradient at the interface. Beyond the spherical potential ap-
face the Fermi level is close to a maximum in the surfacd’’oximation, the potential gradient at the interface is ex-
density of state&® The present calculations indicate that in 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
the presence of 81X1) silver overlayer the&k-resolved sur-
P ex1) y Qf the Swanson hump, the agreement betweelk tresolved

face density of states at the Fermi level is reduced by a fact . . .
Y y Qayer density of states and the experimental total energy dis-

of about 7.6 relative to that of the clean(¥90—vacuum I )
interface. This is consistent with the factor of 8.3 that WastrIbUtlon for the clean WL00-vacuum interface would be

inferred from the work function and total emission currentgreatly |mproved. In the presence of a silver overlayer the
data. It is known that 41X 1) copper overlayer on V00 wave functions of the surface states extend over both the

brings about a much larger reduction in the surface density Oﬁiubstrate and the overlayer, so the present spherical potential

states” The closely spaced pair of surface states o100 approximation is expected to yield a more accurate descrip-
predicted by the present calculatigmearked by the arrows F'?n ?f the electronic structure of the 00 —silver—vacuum
in Fig. 6(a@)] gives rise to a strong peakin the k-resolved intertace.

; ; In the range of coverage from 0.8 to 2.0 ML, an initial-
density of states about 0.35 eV above the Fermi level. Un- - '
fortunately, peak] is too high in energy to be resolved as astate peakmarked by arrow 2 in Figs. 33%s observed 0.70

distinct peak in field emission and too low to be resolved ine.V belowE: both in field emission and in photofield emis-

photofield emission, although transitionsXanight contrib- sion. An initial-state peak has previously been reported in the

ute to the low energy tail of the photofield emission distripy-S8Me €energy “’é‘g‘ge in_emission from a_clear(lW)—
tion at 2.604 eV. In the presence of a silver overlayer, one oyacuum interface; but it is sufficiently weak in the absence

the surface states is lowered in energy and the other is raisé)(i a sﬂver overlayer ‘h"’?t It was not c.Jetectedlln the present
[marked by the arrows in Fig.(6)] The shifting of the sur- experiments. The experimental peak is close in energy to the

face states t&' andL’ contributes to the reduction in the Palr Of surface resonancds in the k-resolved density of

surface density of states at the Fermi energy that occurs pates. However, the expen_mgntal data show that th? sl
the presence of the silver overlayer. overlayer enhances the emission current, whereas @eiak

The energy of the group of surface resonarkes such the k-resolved density of states is suppressed bil’&l)

that in photofield emission spectra at 2.604 eV it would bes'lver overlayer. PealG corresponds 1o a pair of surface

impossible to distinguish between transitionsktand tran- resonances of odd symmetry with respect to reflection in a
sitions from the initial states. Together, these states are {100 plane normal to the surface. Being of odd symmetry,

expected to yield a broad enhancement near 0.90 eV beloWese resona?cesl are gggagonal to 'at pflane t\r/]va_ve in the
Er, as is observed experimentaliynarked by arrow 2 in vacuum, so at a clean —vacuum interface their con-
Fig. 4). tribution to the current is expected to vanish at normal emis-

The silver-induced final state resonance that is observe®™ It 1S suggested that inhomogenetities in the potential of

experimentally at 2.3 eV abo\: is attributed to the surface the silver overlayer may cquple substrate resonances of C.)dd
state of higher energy that shows up as the strong edge Sy”.‘me”y .to plane waves |n.th(_=; vacuum, thereby enhancing
thek-resolved density of states. The coverage dependence H?e'r contributions to th? emission current. .

L’ is consistent with the experimental data, but the energy The present calc_ulatlons predict that V\{heﬁla 1) silver

(2.6 eV aboveEr) is slightly too high. As the splitting of the 2verlayer is deposited on {800, each silver atom loses
surface states is found to be very sensitive to the spacin .215 electrons as a result of charge transfer to the substrate.

between the silver overlayer and the tungsten substrate, t S IS P°."’“e.‘?' out above, such a transfer of charge may con-
slight discrepancy in energy suggests that the relaxation a ibute S|gn|f|cantlly to Fhe.experlr.nentally observeq decrease
the silver overlayer may be slightly larger than the figure ofn the work function with increasing coverage of silver.

10% assumed in the present calculations.

The Swanson hump 0.35 eV below the Fermi legtet
beled by arrow 1 in Figs. 395s a prominent feature of the In field emission studies of Au/\¥00), Richter and
experimental field and photofield emission spectra of a cleatomef! have observed the Swanson hump at greater than
W(100 surface. Two surface resonanceslatontribute to  1-ML coverage. They attributed the persistence of the Swan-
peakH of the calculatedk-resolved surface density of states, son hump to the close similarity between the potential of the
which coincides in energy with the Swanson hump. In thegold overlayer and that of the tungsten substrate. Billington
presence of an overlayer of silver, the corresponding pak and Rhodif? have reported that, in the presence of copper
is weaker by an order of magnitude. This is consistent withand gold adsorbates, emission peaks 0.35 and 0.80 eV below
the experimentally observed quenching of the Swansof, appear at 0, 1, 2, and 3 ML, but are quenched at inter-
hump by a monolayer overlayer of silver. However, the cal-mediate coverages. They interpreted their data on the basis of
culated peak does not dominate tkaesolved density of a model by Kar and Sovéhaccording to which a peak may
states to the same extent that emission from the Swans@ersist so long as the overlayer hds<1) symmetry. The

D. Comparison with published data
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present results for AG/\LO0) show not only that the Swan- of states of thg100 facet of a tungsten field emitter have
son hump is quenched at 1 and 2 ML coverage, but also thdteen studied experimentally. It is found that 0.5-ML cover-
other resonances can be observed at intermediate coveragage of adsorbed silver is sufficient to quench the Swanson
Thus the argument of Kar and Soven suggests that ihump, and no reappearance of this state is detected at higher
Ag/W(100 the potential of the silver overlayer is signifi- coverage. In the range of coverage from 1 to 2 ML, two
cantly different from that of the tungsten substrate. This mailver-induced structures are observed, one corresponding to
be because, unlike copper and gold, silver does not fit easilyy, injtial state 0.70 eV beloW and the other to a final state
into the hollows of the WL00) substrate. . 2.3 eV aboveE;. The data yield evidence that these struc-
The present results can usefully be compared with theres correspond to intrinsic surface resonances of the
data of Attard and 'K|'n6" for photoer_nlssmn from W(100) substrate whose wave functions extend into the sil-
Ag/W(lQO). The most gtnlgng feature of their data for clean ver overlayer. A third silver-induced structure, apparently
W(100 is a strong emission peak 0.37 eV be'OW. the Ferm'centered above the Fermi level and extending to about 0.03
level that is quenched by a 1-ML overlayer of silver. Theyev belowE,, appears above 2 ML coverage. It is attributed
albso obls irved dst;ogg (i/mi;silor\:\Epeaksh]‘lromhclea(iOID) to a surfacg ’state of the double silver ove?la.yer
about 1.4 an 5 e elovEg, while the present ) . ) -
k-nonresolved density of states calculations inp the first 1he experimental data are compared with the predictions
vacuum layer yield peaks 0.7, 2.1, 4.5, and 4.7 eV below th f_self—con5|stent fully relativistic electrqnlc structure calcu-
ations for clean W100) and for W(100 with a (1X1) over-

Fermi level. In photoemission from unannealed AgN\d0) X ,
at monolayer coverage, Attard and King found peaks apLayer of silver. A peak in the calculatédresolved layer den-

proximately 1.3, 2.6, 5.3, and 8.0 eV beldgy., while the sities of states is consistent in energy with the experimentally

present calculations predict a similar pattern of strong peakg@Pserved Swanson hump, but is relatively weak in intensity.

somewhat shifted in energy, 0.8, 1.8, 4.0, 4.2, and 5.1 e\t is suggested that this may be because the present spherical

below E¢, together with a silver-induced surface resonancdotential approximation underestimates the splitting in en-
7.0 eV belowEg (the peaks at 4.0 and 4.2 eV would not be &rdy Of a pair of surface states of the cleald0—vacuum

expected to appear as distinct peaks in the photoemissidﬂterface' Further calculations are needed to investigate this
data, as the experimental resolution is only about 0.5 eV possibility. The S|Iv_er—|ndL_Jced fmal state peak observed 2.3
Attard and King did not detect the silver-induced emission€V above the Fermi level is attributed to the surface state that

peak, 0.7 eV belov , that is a strong feature of the present is shifted to higher energy in the presence of the silver over-

data. This peak, which has been attributed to an energy barf@Ye- It is suggested that coupling of substrate states of odd
of odd symmetry, is expected to be observed in photoemisSYMMetry to plane wave states in the vacuum by inhomoge-
sion only if there is a component of the electromagnetic field"€iti€s in the silver overlayer may account for the observed
parallel to the surface. Thus, one possible reason for the difhancement by silver of emission from intrinsic surface
ference between the present results and the photoemissiggSonances of W00 that lie approximately 0.7 eV below
data is the plane of polarization of light, which for the pho- & Fermi energy. ,
toemission data was not reported. Another possible reason 1NiS Study demonstrates the usefulness of photofield
for differences between the spectral features observed in tHgNiSSion spectroscopy for studying features in the surface
two experiments is that in photofield emission the tunnelling?€nSity of states at a metal—-adsorbate—vacuum interface, and

barrier selects strongly for emission from electronic state®f €lectronic structure calculations based on the supercell
that lie close to the center of the surface Brillouin zone. InM€thod as a guide to the interpretation of the data. The over-

photoemission the photon energy is also an important cor!l consistency between the experimental data and the results

sideration, because for more highly localized states the pthf the supercell calculations leads us to conclude that such

toexcitation probability tends to peak at a higher photoncalculations have much to contribute to a better understand-
energy® ing of the electronic structures of metal-vacuum and metal—

adsorbate—vacuum interfaces.

V. CONCLUSIONS
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