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Field- and photofield-emission spectroscopy of sodium overlayers on tH&00)
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Sodium overlayers on thd00) and (110 facets of a tungsten field emitter in the range of coverage from 0
to 1.2 monolayers have been studied by means of field- and photofield-emission spectroscopy(1D6) the
facet, the adatom configuration is strongly influenced by the applied electric field. @hlthefacet, a planar
island of sodium grows on top of the first monolayer. The observed energy dependencies of the surface
densities of states of Na/il00) and Na/W110 show similar features that are related to the valence electronic
levels of sodium weakly perturbed by interaction with the substrate. The data provide evidence that a sodium
monolayer strongly enhances field emission from below the Fermi level @0O®but not on W110).
[S0163-182609)09315-1

I. INTRODUCTION The present paper reports the results of an experimental
investigation of sodium adsorbed on(¥00) and W110 at

Alkali-metal atoms adsorbed on metallic substrates haveoom temperature by means of field- and photofield-emission
been investigated over many years, and are widely regardespectroscopy in the range of exposure from 0 to 1.2 ML.
as being among the simplest of adsorbate systems. Absorpelow 1 ML exposure, sodium adatoms are found to bond
tion phenomena continue to be an active area of researahore strongly to thé100) facet than to th&€110) facet, and
because of various unsettled fundamental isSudmong above 1 ML exposure, two-dimensional island formation oc-
these are questions about the adatom-metal interaction, iigurs on W110 but not on W100. The data are interpreted
cluding the bonding character at submonolayer coverage arfay comparing them with the results of electronic structure
the electronic structure of the interface. Recent experimentalalculations for sodium singly adsorbed on jellium. It is con-
findings have called into question the physically appealingcluded that the observed sodium-induced features in the sur-
model of Gurney, which postulated an ionic-to-metallic face electronic densities of states, which are similar on the
change with increasing adsorbate coverage. Woratschdko planes, are related to the valence electronic levels of
et al® have reported that emission from atorsitevels can  sodium weakly perturbed by interaction with the substrate. A
be detected in the K/Qu10 system at a coverage of 0.02 comparison between the present data and the results of a
monolayer(ML), indicating that adsorbed potassium has sig-full-potential linearized-augmented-plane-wave calculation
nificant nonionic character even at very low coverage. How-of the electronic structure of the tungsten-sodium-vacuum
ever, Leeet al* have interpreted an analogous structure ininterface will be reported elsewhere.
the K/Ni(111) system as involving the electronic states of the The remainder of this paper is organized as follows. Sec-
substrate. tion Il provides a brief description of the experimental appa-

The presence of adsorbates at a metal-vacuum interfadatus and the method of data analysis. The experimental re-
modifies the electronic structure of the interface. An investi-sults are presented in Sec. Il and discussed in Sec. IV.
gation of the electronic structure of a metal-adsorbateSection V is a summary of the results and conclusions of the
vacuum interface requires a highly surface-sensitive experipresent work.
mental technigque. Photofield emission, measured in
conjunction with field emission, can be used to probe the
electronic states of the interface that lie between the Fermi Il. EXPERIMENT
level and the vacuum level. The sample is illuminated by a
focusedp-polarized laser beam with a photon energy smaller
than the work function, and a strong static electric field is The field- and photofield-emission spectrometer has been
applied at the metal-vacuum interface. Singly photoexcitediescribed in detail elsewheteThe experimental chamber
electrons escape from the metal either by tunneling throughontains the field emitter and the energy analyzer, and the
the surface potential barrier or by passing above it. Featuredeposition chamber contains the Knudsen cell that serves as
in the total-energy distribution of the emitted electrons yieldthe atomic beam source. The experimental chamber and the
information about the electronic structure of the interface indeposition chamber are independently pumped and intercon-
the vicinity of Ex, while their dependencies on the photon nected by a duct fitted with a gate valve. A 1-mm-diam ap-
energy make it possible to distinguish unambiguously beerture restricts the flow of gas between the two chambers
tween initial- and final-state structures. during deposition, thereby minimizing contamination of the

A. Apparatus and experimental procedure

0163-1829/99/5@.5)/103628)/$15.00 PRB 59 10 362 ©1999 The American Physical Society



PRB 59 FIELD- AND PHOTOFIELD-EMISSION SPECTROSCQR. .. 10 363

tip due to outgassing by the Knudsen cell. With this arrangeeomplete, the tip was repeatedly flashed to remove the so-
ment, the base pressure in the experimental chamber remaidisim overlayer, and sodium was deposited to the next expo-
below 10 % torr even when, during deposition, the pressuresure. The very high reproducibility of the dependence of the
in the deposition chamber rises to T0torr. Quartz am- total-emission current on deposition time demonstrated that
poules were filled with 99.9% pure sodium and sealed undethe sodium flux was very stable throughout the experiment.
argon. A sealed ampoule was inserted into the Knudsen cell,
and the neck of the ampoule was broken under vacuum by B. Data analysis
flexing it with an externally controlled mechanical lever. The  according to the free-electron model, the total-energy dis-
sodium source was outgassed at 100 °C for about three daygipution in field emissionj,(E), is given byl1?
then for a few hours at 200 °C. To deposit sodium on the
field emitter, the Knudsen cell was heated to 250 °C. ) 5,3 E

In the experimental chamber, a tungsten field emitter is Jo(E)=(em2mh )f(E)ﬁV D(W)dWw, Y
mounted on a sample holder about 5 cm from a fluorescent 0
conducting screen. The tip is grounded, and the potentiavheref(E) is the Fermi-Dirac distribution functiorD (W)
difference between the tip and the screen is maintained as the probability of transmission through the surface poten-
several kilovolts. The beam of electrons emitted from atial barrier,W is the normal energy of the field-emitted elec-
single facet is selected by electrostatically deflecting therons, and-V, is the energy of the bottom of the conduction
field-emission pattern so that the image of the desired facet isand. If the transmission probability is evaluated in the
centered over a small probe hole in the middle of the fluo\WKB approximatiorf Eq. (1) can be expressed approxi-
rescent screen. Electrons that pass through the probe hateately in the form
enter a double-pass cylindrical energy analyzer, and elec-
trons within the selected energy range are detected by means o(E) =A exd (E—Eg)/d{1+exd — (E—Eg)/KT]} 1,
of a spiraltron electron multiplier. The laser illumination sys- (2

tem _used for photofield-emission measurements is mountegnere A is a constantE is the total energy of the emitted

outside the vacuum chamber. The apparatus is controlled B¥jactron Er is the Fermi energy, and<F/$Y2 whereg is

means of a PC-based data acquisition system. _ the work function andF is the strength of the applied electric
Prior to deposition the field emitter was carefully aligned 14 The total-energy distributiofy(E) decreases exponen-

with the Knudsen cell and the collimating aperture, then,y poth helowE, , due to the increasing thickness of the
cleaned by flashing to incandescence. Both Fowlers

dhei q t th l-emissi surface potential barrier, and abokg , due to the decreas-
Nor e|][’n (FN) : at? (;neasurem?nts ort fe htota} ~emission ing probability of occupation of electronic states as described
current from a single facet as a function of the tlp—to-screerby the Fermi-Dirac distribution function. It follows from Eg.
potential differenceand total-energy distributiofTED) data

s of th O i f ale facet i 2) that, in the free-electron approximation, a plot of JfE)
(measurements of the emission current from a single facet i gainstE at T=0 will be triangular in form with a peak at

a narrow energy range as a function of total electron etjergyE: E . At finite temperatures the energy of the peak is un-

for the clean facet were recorded. The flux of sogﬁum atom%(panged, but a slight rounding of the peak is predicted.
was measured by means of a quartz crystal monitor mounte Features in the electronic structure of a real metal-

at right angles to the direction of the atomic beam, and the, o, hate vacuum interface are expected to show up as de-
exposure was calculated from the dimensions of the apparg:

¢ d th le of incid o th ting facet T iations of the plot from the ideal triangular form. Therefore,
us an € angle ot incidence onto the emitting facet. 19, mation about the surface density of electronic states at a

eistlnrtna';e tnh|te ?l;)verage I:]cggsth dei ?;(p(ierlr:e’V\? ft'%k'ng (i:tozﬁ'rhetal-adsorbate-vacuum interface can be extracted by com-
cient of unity was assu odium atoms were deposite paring the experimental total-energy distributipfi) with

at very low flux (typically 0.1 ML/min) onto the selected the calculated free-electron distributigg(E). It is conve-

facet{(100 or (110}. _Durlng deposition, the potential dif- nient to express the measured distributj§i) in the form
ference between the tip and the screen was held constant, an

both the field-emission pattern and the emission current from the enhancement facté(E), which is defined by
the center of the facet were monitored continuously. _Ong:e R(E)=](E)/[jo(E)®A(E)], 3)

the desired coverage had been reached, total-energy distribu-

tions in field emission and in photofield emission were re-where the free-electron distributigg(E) is convolved with
corded. The tip bias voltage was stepped through 100 charm Gaussian instrumental resolution functid(E) that repre-
nels, each of width 25 mV, spanning the appropriate energgents the finite resolution of the energy analyzdtodinos
range, the tip-to-screen potential difference being held conhas shown that the enhancement factor defined this way is
stant. At each step the bias voltage was allowed to stabilizelosely related to the electronic density of states in the sur-
for 10 us, then the detected electrons were counted for 50€ace layer’

us. The sweep sequence was repeated, typically for 1000 The free-electron distributiofy(E) was calculated nu-
cycles in field emission and for 2000 cycles in photofieldmerically from Eq.(1) using transmission probabilities de-
emission, until adequate statistics had been achieved. Foived from an exact numerical solution of the Safirger
measurements of photofield emission the tip was illuminateeéquation for the image potential barriérThe enhancement

by a focused-polarized laser beam at a large angle of inci-factor involves an undetermined normalizing constant be-
dence in order to enhance surface photoexcitdtidlhof the  cause neither the area of the emitting surface that is sampled
measurements were carried out at room temperature. Oné® the probe hole nor the collection efficiency of the energy
all of the measurements at a given adsorbate coverage weamalyzer was determined in the present work. The effect of
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this normalizing constant can be removed by plotting ks
a function of energy. The enhancement factors are useful fo
emphasizing small deviations from free-electron theory, but
in the presence of sodium overlayers on tungsten the devie
tions from free-electron theory are typically so large that it is
more meaningful to plot the experimental total-energy distri-
butions. In the present paper the enhancement factors a
also reported in a few cases where this serves to emphasi:
significant features of the experimental distributions.
According to the free-electron model, the total-energy dis-
tribution in photofield emission is given By

E-fhw
jSF%E>=Nf<E—hw)f [(W+ V)

X (W+Aw+ V)] YIM|?D(W+ 7 w)dW,
4

where M is the matrix element that governs the photon-
induced transition between the initial state of enefgy
—fiw and the final state of enerdy; D (W) is the probability

of transmission through the surface potential barrier, il € d

a constant fact(_)r\N is the normal energy of the _|n|t|al state FIG. 1. Evolution of the field-emission pattern as a function of
measured relative to the bottom of the conduction band, angOolium exposure on W10). (a) 0.8 ML, (b) 1.2 ML, () 1.5 ML
f(E_ﬁ,“,’) is the Ferm_"D'raC d'St,r't,)l,Jtlon that gover,ns the (d) 2.0 ML. The white arrow in(a) indicates the(110) facet. The
probability of OCCUpa_t'On of the 'n't'_al Statez' _E_quat'M) dark patches to left and right of t&10) facet are thé¢100) facets,
was evaluated numerically by assuming tha{* is indepen- 5,4 the bright patches above and below(tHE) facet are thg111)

dent Of\éVfOF initial and final states separated by one photontacets. The additional objects visible around the probe hole are
energy™® In this approximationM|? can be taken outside supports for the screen.

the integral, and thei," {E) can be evaluated as for field

emission. In the free-electron approximation, the shape ofinytes, presumably because sodium atoms diffuse to the
the tota!-energy d|§tr|but|on in photofield emission is S'm'larsurrounding facets. If the plane is once again exposed to the
to that in field emission except that the peak occur&at  sodium flux, an island identical to that observed in the initial
+ho, wherefo is the photon energy. For reasons to begeposit immediately reappears. If the sodium flux is stopped
discussed in Sec. lll, it proved to be impossible to measurgpoye 1.5 ML, the island is fairly stable at room temperature,
the work function in the present experiment. The work func-pt increasing the tip temperature to above 200 °C causes the
tion data used to compute the enhancement factor were tak@dland to shrink and eventually to disappear. At 2 ML expo-

from the work of Klimenko and Medvede¥. sure the whole pattern becomes uniformly bright, and none
of the characteristic features of the field-emission pattern of
ll. RESULTS clean tungsten remain. Moderate heatitm 400 °Q makes

the field-emission pattern go through these various stages in
reverse order, showing that sodium adatoms are easily re-
Figures 1a)-1(d) show the evolution of the field- moved from the tip by evaporation. Neither the strength of
emission pattern as a function of sodium exposure on théhe applied electric field nor the deposition rate has any ap-
(110 facet of a tungsten field emitter at room temperaturepreciable effect on the appearance of the island. It is inter-
The exposures are expressed in monolayé&rdiL corre-  esting to note that identical stages of island growth are ob-
sponds to a (X2)Na-W(110) structurk A field-emission  served when the VW10 plane is not directly exposed to the
pattern of similar appearance is observed when the sodiusodium flux. In this case, the growth of the island presum-
flux is incident on the WLO0 facet. Below 1 ML exposure ably involves surface migration.
the pattern is similar to that of a clean tip, but with increasing
exposure the high-index regions become brighter and the . N
size of the(110 plane increases noticeably relative to that of B. Total-emission current and total-energy distributions
the clean tip. Above 1 ML exposure, a bright ringlike feature from Na/W (100
appears in the center of t{@10) plane. Initially, the edges Figure 2 is a plot of the total field-emission current from
of this feature are brighter than its center but with increasingV(100 measured as a function of sodium exposure with a
coverage it is transformed to an island of uniform brightnessonstant potential difference applied between the tip and the
at 1.5 ML. The size of this island remains constant until thescreen. Initially the emission current increases slowly with
second monolayer is complete. At 2 ML exposure theincreasing exposure. It passes through a weak maximum near
W(110 plane becomes uniformly bright. 1 ML, decreases, and then increases rapidly. As the exposure
If the flux of sodium is interrupted just above 1 ML ex- approaches 1 ML, random spikes are observed in the emis-
posure, the island disappears over a time interval of a fewion current. Fluctuating bright spots observed in the field-

A. Field-emission pattern
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' . FIG. 3. Representative field-emission total-energy distributions
FIG. 2. The total field-emission currept from th_e center of thefor emission from the100) facet of tungsten at room temperature,
W(100) facet at 300 K, plotted as a function of sodium exposure. for a series of sodium exposures. The extended low- and high-
energy tails(labeledA andC) are discussed in the text. The promi-
emission pattern suggest that these spikes correspond to thent features in the clean distribution 0.35 eV bel&w is the
formation of small transient atomic clusters within the regionSwanson peaklabeledS). The curves have been displaced verti-
of the emitting facet that is sampled by the probe hole.  cally for clarity.
In the conditions of the present experiment, sodium ada- L ,
toms on W100) are strongly influenced by the applied elec- C@lly to lower energy with increasing exposure, and the
tric field. After the sodium flux was stopped, repeatedly ' EPS show prominent low- and high-energy tails at an ex-
switching the field off and on caused random changes in th@osure of 1 ML.
field-emission pattern and in the emission current due to the
migration of sodium atoms across the emitting facet. The C. Total-emission current and total-energy distributions
changes occurred so rapidly that it was not possible to record for Na/W (110

them with the present apparatus; video photography might riq e 6 is a plot of the total field-emission current from
make it possible to follow the motion of the adsorbate. Wher\N(llO) measured as a function of the sodium exposure

the field was switched off, the total-emission current fell t0\vith a constant potential difference applied between the tip

zero. When the field was switched back on, the emission,y the screen. Below 1 ML the smooth variation of the
current was typically much larger than before, but it decayed

rapidly to close to its initial value. The transient increase in

the emission current when the field was switched off and on T T T T

again grew with increasing exposure. Above 2 ML exposure i Photofield Emission TEDs ]
this field effect disappeared completely, and neither the field- 2or Na/W(100). ho= 2.604 o ]
emission pattern nor the total field-emission current was sen- [ 1.0 ML//'* o
sitive to the strength of the electric field at the emitting sur- [ w’ C

face.

Representative field-emission total-energy distributions
for Na/W(100) in the range of exposure from 0 to 1.0 ML are
shown in Fig. 3. The bottom curve is the spectrum of the
clean W100) plane, showing the Swanson pe@&beledS)
0.35 eV below the Fermi level. Above 0.6 ML the Swanson
peak is completely quenched, and by 1.0 ML extended low-
energy(labeledA) and high-energylabeledC) tails appear
in the TED. [

Experimental photofield-emission TEDs for photon ener- 0 !
gies of 2.604 and 3.049 eV are shown in Figs. 4 and 5,
respectively. The greater noise in the 2.604-eV curves is at-
tributable to the low power in the laser beam at this photon FIG. 4. Representative photofield-emission total-energy distri-
energy. Above 0.5 ML the TEDs at 2.604 eV show a humpytions ¢;«w=2.604 eV) for emission from theL00) facet of tung-
(labeledB in Fig. 4) centered about 2.4 eV abofg , while  gten at room temperature, for a series of sodium exposBres,
the TEDs at 3.049 eV show a broad petdbeledB in Fig.  andD denote features of the distributions that are discussed in the
5) centered about 2.2 eV abof&g . The similar appearances text. The prominent peak in the clean distribution 0.35 eV beigw

and energies of these structures suggest that they are due t@&ahe Swanson peaftabeledS). The curves have been displaced
final-state resonance. These structures broaden asymmetvertically for clarity.

tn j (arbitrary units)

ENERGY RELATIVE TO Ep+ha (eV)
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FIG. 5. Representative photofield-emission total-energy distri-  F|G. 7. Comparison between the enhancement factors for field
butions (:w=3.049eV) for a series of sodium exposures on thegmjssion from th&100) and (110 facets of tungsten at room tem-
(100 facet of tungsten at room temperatu.C, andD denote  perature for sodium exposures of 0 and 1 ML. 1 ML of sodium

features of the distributions that are discussed in the text. The pegKduces strong departures from free-electron beha@o€) on

in the clean distribution 0.35 eV belo® is the Swanson peak (100) but not on(110). Sdenotes the Swanson peak. The tails in the

(labeledS). The curves have been displaced vertically for clarity. enhancement factors below abot®.8 eV are due to electron scat-
tering in the energy analyzer.

total-emission current with increasing exposure shows that ) o

the adsorbate is uniformly distributed on the substrate. Th@hotofield-emission data at a photon energy of 3.049 eV are

abrupt increase in the total field-emission current that occurf€atureless below 0.5 ML exposure, but those at 0.6 ML

at 1 ML coincides with the appearance of an island in theSNOW & sodium-induced pedlabeledB’ in Fig. 8 centered

field-emission pattern. Above 1 ML, large fluctuations in the@t @bout 0.5 eV belokg + 7 w (25 eV aboveEg). This peak

total-emission current and fluctuating bright spots in theProadens asymmetrically to lower energy with increasing ex-

field-emission pattern indicate the formation of transientP0sure. At 1 ML exposure a second pedbeledC' in Fig.

clusters. If the sodium flux is stopped just above 1 ML, the8) eémerges at about 1.4 eV beld#:+%w (1.6 eV above

total field-emission current relaxes back to close to its valu€r)-

at 1 ML, but if the flux is stopped above 1.5 ML the current

does not relax back at all. IV. DISCUSSION
_ The gnhancement factors plotted in Fig. 7 show that the A. Field effects on Na/W100)
field-emission TEDs for Na/\\L10) are featureless over the ) ) ) )
range of exposure from 0 to 1.0 ML. Unlike Na(®0o0) In the present experiments it proved to be impossible to
there is no indication of an adsorbate-induced low-energyneasure the sodium-induced change in the work function
tail in the field-emission TED. The corresponding 20 , E—
Photofield Emission Energy Distributions

o [ Na/W(110), hw = 3.049 eV 1

Yy 3 6l .

£ P '
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g >t

ot g ]
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= Y . i N

0 2 * . * . . . . . .
2 Yo 0.4 0.8 1.2 FIG. 8. Total-energy distributions for photofield emission at
EXPOSURE (monolayers) hw=3.049 eV from th€110) facet of tungsten at room temperature

for sodium exposures of 0.6 Mllower curvg and 1.0 ML (upper
FIG. 6. Total field-emission current from the center of the curve. The peaks labele®’ and C’, and the shouldeb’, are
W(110) facet at 300 K as a function of sodium exposure. discussed in the text.
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reliably, because at room temperature the sodium overlayamergy(3.2 eV aboveE) is a strong indication that they too

is strongly influenced by the applied electric field, resultingare due to a feature of the electronic structure at the final-
in irreproducible Fowler-Nordheim plots. Studies of Na/ state energy.

W(100 at 77 K have shown that the work function decreases

rapidly with increasing sodium coverage, reaching a mini- C. Two-dimensional island formation on W(110)

mum at close to 1 MI** Assuming that the coverage depen-
dence of the work function at room temperature is similar to
that at 77 K, the observed exposure dependence of the tot
emission current below 1 ML is qualitatively consistent with

the coverage dependence of the work function. In particulary; . <ional crystallite growth on top of an intermediate

th_e _peak n the emission current near 1 _ML IS cI(_)se to aoverlayer (Stranski-Krastanov mogle Bauer and Poppa
minimum in the work function. The abrupt increase in emis-pave argued that the growth mode of an overlayer can be
sion observed above 1 ML exposure cannot, however, bﬁredicted from general thermodynamic considerations. The

attc\t;ﬁ'tled LO V\;.Orllé fungtiqn changes. d th lemissi Volmer-Weber mode is expected if the free surface enthalpy
Ite dt € Ide :[emlslsmn pf\r;[tern aln dt Ie t?t_a ']?n?c'jssmnof the adsorbate is greater than that of the substrate. When
current depend strongly on the applied €lectric held, Mg gitace energy of the adsorbate is lower than that of the

shape of the total-energy distribution is essentially UN-sbstrate, the overlayer is expected to grow by the Frank—

changed when the field is switched off and on again. Morei/an der Merwe mode if its strain energy is small, while the

pvert; while da Ia:}rge transt;]ent mcrezselm tthe fgr?(;sslon cfrr;e:ftranski-Krastanov mode is expected to dominate if the
is observed whenever the applied electric field is switchedin anergy in the overlayer is large.

off and on again, the emission current rapidly falls to its From the appearance of fluctuating bright spots in the
initial value. These observations are evidence that the 8|le

Crystal growth studies identify three basic overlayer
rowth modes: three-dimensional crystalline growth on the
are substratéVolmer-Weber modg successive overlayer
Igrowth (Frank—van der Merwe mogle and three-

d

Lo . ; . ; eld-emission pattern it is deduced that, above 1 ML expo-
tric field induces a reversible change in the configuration o

he ad h tting f Neither field-enf e ure, sodium adsorbed at 300 K on thé&0) facet of a tung-
the adatoms on the ?.”}gt'.n% ac(ejt.d eit erijor?'e “en afnce "Rien field emitter forms a crystallitelike structure. The ab-
contgmmanon, hor field-induce esorpt nor surfaceé — gence of bright spots in the field-emission pattern and of
heating due to the field-emission curréris consistent with

the data. H ble field-induced fluctuations in the tunneling current at less than 1 ML expo-
e data. However, a reversible field-induced rearrangemeny, ., suggests that the island grows on top of a homogeneous
of sodium adsorbed on W00 provides a consistent expla-

i . e e monolayer of sodium. Thus the present observations indicate
nation for the present observations. Field-induced diffusion -+ 2bove 1 ML exposure of sodium on(¥10) the over-

in ac_isorbate overlayers has been observed .by other workelr@er grows according to the Stranski-Krastanov mode.
at f|g|d S”%T%hs comparable  to t.hose in the present At low alkali-metal coverage, liquidlike phases are com-
expenm_en;é. _The present obs_ervanons can be _accounte%omy observed in which the alkali-metal adatoms randomly
for ql_Jahtatlver In terms .Of fleld-mducec_i changes in the ad- ccupy preferred adsorption sites. The adatoms are expected
sorption energies . s_od|um on the various crystal planes aggregate to form islands when the adsorbate-adsorbate
the tungsten field emitter. interaction is attractive and sufficiently strong compared with
the interaction with the substrate. In the case of sodium ad-
B. Electronic structure Na/W(100) sorbed on tungsten, the prediqted .transfer of charge from th_e
adsorbate to the substrate implies a strong electrostatic
A comparison between the total-energy distributions inadsorbate-adsorbate repulsion. For this reason, island growth
field emission observed over a range of applied fields showis not expected to occur in the first overlayer. In subsequent
that the shape of the low-energy tail of the distribution doesverlayers the ionic character of the adatoms is reduced be-
not depend on the total current passing through the probeause they are relatively weakly coupled to the substrate. In
hole. This rules out the possibility that the low-energy tail this case, it may become energetically favorable for the so-
might be due to the inelastic scattering of electrons in thelium atoms to aggregate to form islands or clusters. With
energy analyze? The low-energy and high-energy tails ob- varying coverage and temperature, the balance between the
served in field emission from Y¥00 in the presence of a adsorbate-adsorbate interaction and the adsorbate-substrate
monolayer of sodium imply that the sodium-enhanced emisinteraction can yield a wide variety of ordered commensurate
sion is strongly energy dependent, and cannot be attributeshd incommensurate structuf@sincommensurate struc-
solely to the effect of sodium in reducing the work function. tures, in which densely packed atoms are forced out of high
The low-energy tail in field emission from Nafd00) (la-  symmetry sites, are commonly formed after the completion
beledA in Fig. 3) is consistent with emission from a sodium- of the first overlayer.
induced surface state or resonance ol®® centered be- Low-energy electron diffraction(LEED) studies have
low the Fermi level. shown that overlayers of sodium on(¥90 grow pseudo-
The high-energy tails of the TEDs observed in field emis-morphically layer by layer up to 80 ML on W00 in a
sion from Na/W100) (labeledB andC in Fig. 3) are consis- centered (X 2) structuret® Each sodium atom is located at
tent with a broad sodium-induced surface state or resonanghe center of a square formed by four tungsten atoms, result-
centered abov&r . This feature might also account for the ing in an overlayer whose primitive translation vectors are
low-energy tails of the photofield-emission distributions atrotated by 45° with respect to the tungs{@10] direction.
an exposure of 1 Ml(labeledC in Figs. 4 and % That the  The nearest-neighbor distance in each sodium overlayer is
high-energy shoulders in the photofield-emission distribu4.47 A, which is larger than the lattice constant of bulk so-
tions (labeledD in Figs. 4 and 5 both occur at the same dium (4.29 A). The field-emission pattern of Nafa00),
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strongly enhanced surface density of states extending from
1.4 to 3.0 eV abové&g on (100 (Cto D in Fig. 5), and from

1.6 to 3.1 eV abové&, on (110 (C' toD'). By 1 ML the
peakB cannot be detected o100 but B’ can still be de-
tected on(100). In addition, the field-emission data provide
evidence for strong adsorbate-induced emission from below
Er on (100, but not on(110).

The energy of each resonance is slightly lower o100
than on W110. These differences in energy can be ac-
counted for in terms of the comparative strength of the
adsorbate-substrate interaction. On the more ¢pé@ facet
the sodium adatoms are in closer contact with the substrate
than on the more densely packéD0) facet. The stronger
adsorbate-substrate interaction @®0 would be expected
to result in a greater lowering of the energies of the reso-
nances.

FIG. 9. Model structure for sodium adsorbed on ¢h&0) facet Apart from the slight difference in their energies, the
of tungsten. The first overlayer assumes & @) structure with a  sodium-induced resonances observed on(10) and
distance of 5.48 A between the nearest neighbors. A more dend#/(110) are remarkably similar considering that the sub-
structure forms on top of the first overlayer. strates are very different. This finding is an indication that

the sodium-induced resonances observed in the surface den-
which shows no evidence of island formation at any coversities of states are only weakly perturbed by interaction with
age, is consistent with successive overlayer growth. the substrate. To date, all published calculations for sub-

The most likely arrangement for the sodium atoms in themonolayer coverage and for singly adsorbed atoms are based
first overlayer on the more densely packedl0) plane isa  on the jellium model, which is a useful guide to the physical
simple (2x2) structure as shown in Fig. 9. The separationsjtuation provided that the electronic structure of the sub-
between the nearest-neighbor sodium at¢48 A) is quite  strate does not play an important role. As one of the moti-
large, as would be expected from the strong Coulomb repulvating factors for the present work is to establish an experi-
sion. Above 1 ML, the adsorbate-adsorbate repulsion demental basis to test methods for calculating the electronic
creases and the sodium adatoms can aggregate on top of #teuctures of interfaces, it is instructive to compare the ex-
first overlayer to form a planar island. However, while they perimental data with the results of the jellium calculations.
achieve this configuration in the center of tt#l0) plane, For a singly adsorbed sodium atom, L&hépund that a
sodium atoms near the edge are weakly bound to the islarglgnificant fraction of the Na-8charge is transferred to the
and can migrate to the surrounding high-index facets, resulisubstrate. The resonance that corresponds to shea@nce
ing in an island whose size is governed largely by that of the@evel of the free atom is centered about 1.5 eV above the
facet. This picture is consistent with the observation thafFermi level. However, the 8resonance is broadened by in-
when the sodium exposure exceeds 1 ML the island thaferaction with the jellium substrate, and an appreciable tail of
forms on the W110 plane is apparently planar and of con- this resonance remains below the Fermi level. IsHiéaund
stant size. that the 3 and the %, components admix strongly, and

concluded that the broad sodium-induced resonance about
D. Electronic structure of Na/W(110 1.5 eV aboveEg involves the strongly hybridized states of

In contrast to Na/WL00), the TEDs in field emission Na-3s and Na-3, symmetry rather than pure Nas 3tates.

from Na/W(110 (Fig. 7) show no indication of adsorbate- The final-ste_lte struqture derived from the. Nﬂi_3and
enhanced emission from below the Fermi level. In theNa'Spy atomic levels is expected to be both higher in energy
photofield-emission spectra at 3.049 &¥g. 8), two distinct ~and also narrower, as thep3 and 3, states are largely
peaks are observed at 1.0 ML exposure; a weak shouId&onf'ned to the plane of the surface and interact only weakly

(labeledC') about 1.6 eV abov&, and a broad peala- with the electronic states of f{he substrate. _ _
beledB’) about 2.5 eV abov&r. The absence of any cor- 'V'°$t of the present expenmgnt_al observations are consis-
responding initial-state structures in the field-emission spect—ent with the predlcfuons_ of the jellium model. At IOW cover
tra is a strong indication that they both correspond to29e; adsorbed sodium is expected to transfer a sizable frac—
structures in the surface density of states at the final-stat%?n of the valence _charge to the substrate. The resulyng
energy. ipole Ilayer at the interface decreases the work f_unct|on,
enhancing emission over the whole energy range, in agree-
i ment with the field-emission data. A comparison with the
E. Comparison between Na/W100) and Na/W(110) jellium calculations suggests that the final-state resonance
The photofield-emission data for Na(t@0 and Na/ (B,B’) that is observed in the present experiments about 1.6
W(110 are very similar. At an exposure of 0.6 ML of so- eV aboveEg is derived from the Na-@, and Na-3, atomic
dium a broad peak in the surface density of states is oblevels, while the broad region of enhanced surface density of
served, centered 2.2 eV aboke on (100 (B in Fig. 5 and  states C-D,C’-D’) is attributable to the & 3p, resonance.
centered 2.5 eV abovEr on (110 (B’ in Fig. 8. By 1.0  However, while the features observed in the experimental

ML exposure the photofield-emission data show a region ofEDs are generally consistent with the low-lying electronic
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levels of atomic sodium weakly perturbed by interaction The sodium-induced structures observed in the surface
with the substrate, the jellium model does not readily ac-densities of states on tH@00 and (110 facets of tungsten
count for the sodium-enhanced field emission from beloware similar. A comparison with the results of jellium calcu-
the Fermi level that is observed on (¥00 but not on lations suggests that they correspond to tre3p, and
W(110. 3px-3py energy levels of sodium weakly perturbed by the
No other studies of Na/W are available for Comparison.interaction with the substrate. The small difference between
However, Heskett, Frank, and KdGhave investigated the the strengths of the substrate-adsorbate interaction on the
electronic structures of the alkali metal€s, K, Ng on  two planes is attributed to the relatively large size of the
Al(11D using inverse emission spectroscopy and ultraviolef0dium atom. That the substrate appears to play only a minor
photoemission spectroscopy. They interpreted their data i le justifies _the application of th_e jellium model to describe
terms of unoccupiedp resonances that shift to lower energyt € electronlc' structure of sodium adsorbed on tungsten.
However, the jellium model does not readily account for the

with increasing alkali-metal coverage. Simultaneously, thesodium-enhanced field emission from below the Fermi level

correspon%mtgns resoganc_?ﬁ were ot:ferved tq §|h|ft :[[o l?r\]Nerthat is observed on VI00) but not on W110).
energy and 10 Crosse. €Ir results are simiiar to the Work is currently under way to interpret the present re-

present observations. sults on the basis of self-consistent electronic structure cal-
culations for the W100 and W(110)-sodium-vacuum inter-
V. CONCLUSIONS faces. The results of these calculations will be reported

elsewhere. It would also be of interest to extend the present

The electronic structure of sodium adsorbed on (@) easurements to lower temperatures. This would give useful
and (110 facets of tungsten at room temperature has beefR'® : pera : 9
Insights into the nature of the different adsorbate phases on

studied by means of field- and photofield-emission spectros- T N
copy. The field-emission patterns, the total-emission currenttungs.’t.en' SUCh. as f|e|d-|ndu_ced diffusion or{}80) and the
and the total-energy distributions have been measured aSandltlons for island formation on W10).
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