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High-resolution photoemission from a tunable quantum well: Cy(111)/Na
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High-resolution photoemissiomAE=5 meV) at a low photon energ§B.82 eV} is used to probe discrete
guantum-well-type subband states near, below, and aBpfer Cu(111) covered with 2 ML or less of Na. A
subband characteristic of the monolayer range shifts gradually to lower energy as the coverage is increased,
extending below the Fermi level for coverages above 0.85 ML. Combined with previous observations of shifts
for filled and empty states the present results show that the Na monolayer has continuously tunable quantum-
well state energies. Beyond the monolayer range quantum-well states characteristic of both one and two atomic
layers are observed, indicating growth of the second layer via monolayer high islands. A small downshift, by
25 meV, with increasing coverage in the second layer is ascribed to an increase of the island size. Lorentzian
photoemission line shapes are observed for well-ordered samples. The linewidth varies linearly with tempera-
ture in the probed rang@30—-295 K and this is ascribed to the phonon contribution to the width. Structural
disorder leads to an asymmetric line, which is Lorentzian on the steeper, low-kinetic-energy side.
[S0163-18207)00627-9

I. INTRODUCTION the photoemission lines are narrow, having widths that are
due mainly to thermal vibrations and static disorder. For the
Alkali-metal monolayers on metal substrates have longnonolayer state both of these sources of broadening are ob-
attracted interest as examples of simple chemisorptiogerved. In the temperature range studied, 130-295 K, the
system$ and, more recently, as examples of simple metathermal vibrations give Lorentzian lines with an energy
quantum well$ One main objective of electron spectro- Spread proportional td. A marked asymmetry of emission
scopic work is to monitor the development, as more alkalipeak is observed at submonolayer coverages and this is as-
metal is adsorbed, of the overlayer into a slab of metal witrcribed to the disordered structure of the overlayer. Some of
properties different from those of the substrate when this ighe results discussed below have been presented in
either clean or covered with an array of dispersed alkalipreviously?
metal atoms. Some of the recent work has focused on the
coverage dependence of the valence electron structure as the Il EXPERIMENT
alkali metal is adsorbed on a metal substrate, such as
Cu(11)) (Ref. 3 and B&0001) (Ref. 4, with, for a certain The photoelectron energy distributions are recorded with
range ofk, values, a band gap about the Fermi level. In thesex spectrometer used also for high-resolution electron-energy-
cases discrete quantum-well-type states may form in théoss measurementteybold EL22. At the settings used for
overlayer and be detected by photoemission or inverse phdhe present work the elastic peak has a width of 7 meV. The
toemission methods. One question of interest is whether themission from the overlayer states is dug@tpolarized light.
electronic structure depends on coverage in a gradual manné&he intensity ofp-polarized light may be varied via ®/4
or if, as suggesteti* there is at some coverage a stepwiseplate or damping filters inserted in the beam. A reduced in-
change associated with a structural transformation occurrintgnsity is necessary at some coverages. At high monolayer
maybe in concert with an onset of metal character. coverages light from the 1-mW He-Cd ladérv=3.82 eV,
Here we report on angle-resolved photoelectron spectracident at an angle of 79%would produce a count rate ex-
recorded at a low photon energ9.82 eV} and with a high  ceeding 16 s * and saturate the detector. Na is evaporated
energy resolution5 meV) for Cu(11l) covered with be- at a rate of around 10 min per atomic layer onto g11d)
tween 0.7 and 2 atomic layers of Na. The light source is arystal cleaned by argon ion bombardméhtuA, 500 eV)
1-mW He-Cd laser that gives sufficient emission intensity tofollowed by annealing(600 K). Na is evaporated from a
observe emission out of rather weakly populated states in aglass ampoule brokeim situ and held at constant tempera-
energy range extending to around 10 kT above the Fernture during an experimental run.
level. This is an important energy range where the present The temperature at the sample surface is measured via the
photoemission results provide a useful complement to eleowidth of the Fermi edge. The adsorbed amount of alkali
tron spectroscopic results for states ab&ge obtained by metal is obtained from the deposition time using as a refer-
inverse photoemissiofiPES and two-photon photoemission ence the evaporation time needed to produce one full mono-
(PPES. For alkali monolayers the energy range nearis of ~ layer. At this coverage the emission from the monolayer
particular interest for observing states responsible for the destate has nearly maximum intensity and the energy shift of a
velopment of an overlayer with metal character. state characteristic of the monolayer saturates. As discussed
The overlayer states observed for 1 and 2 ML of Na onfurther below there is a small differen¢d%) between the
Cu(111) have energies within 0.1 eV &g . This means that evaporation times needed to give maximum intensity and
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FIG. 1. Photoelectron energy spectra at initial energies near the FIG. 2. The photoelectron energy spectra shown in Fig. 1 di-
Fermi level at a photon energy of 3.82 eV recorded along the survided by the Fermi cutoff function.
face normal of C(l11) covered by the different monolayer
amounts of Na given in the diagram. The lightgspolarized and

the incidence angle 79°. for the peaks shown in Fig. 2. The center of peak corre-

sponding to the point marked with parentheses in Fig. 3 has
not been observed; only its low-energy tail, which has been
saturation of the shift. Another measure of the adsorbeditied to a Lorentzian, has been observ&iy. 4). As dis-
amount is given by the work-function change, which is ob-cyssed below the low-energy side of the emission peaks has
tained either from the width of the photoelectron energyihis line shape.

spectrum or by the diode method using the monochromator e thus observe an emission peak that shifts gradually to
of the loss spectrometer as beam source. lower energy as the deposition time is increased and then, if
a critical coverage is exceeded, remains at a nearly constant
initial-state energy. The peak height passes a maximum at
slightly lower coverage than needed to obtain saturation of
the energy shift. The coverages given in the present paper are

Figure 1 shows spectra recorded along the surface normgﬁsed on'the assumptﬁon that the first monolayer is complete
of the Cy111)/Na sample at different Na coverages in the & ﬁ_?]turat_lgtl;] Offﬂ:ﬁ S:':'ft'  edge | d to determine th
monolayer range with the sample kept at room temperature . ''c WIGth of the =ermi edge 1S used 1o determine the

. face temperature. With an experimental resolution of
(RT). For coverages above 0.82 ML a peak corresponding tgur . :
states near the Fermi energy is observed. The peak shifts ound 5 meV suggested by the 7-meV width of the elastic

lower initial energy as the coverage is increased until satu: eam tranr?mlt'gedhb); tEe loss spectrorfneter rt]he main C.OHF”'
ration is reached at an energy 607 meV. The initial state Eu':!on tot 'Ehe ,\[N'dt 0 tt € ed%&zome;?g El'he Fe_:jrm d'fsm'
energy is given relative t&kg and the minus sign indicates hu I(I):n at| ed empera ures% . hove low N € width o

that the energy is belo& . The zero of the energy scale is the Fermi edge Is measured either at low Na coverage or at

obtained from spectra recorded at low alkali-metal coverageléa1rge emission angles when the spectra are relatively flat near

when the monolayer state peak is not prominent and the
spectra are rather flat near the Fermi edge. At coverages

Ill. RESULTS
A. Energy shifts

300 T T T T T
(*)

below 0.82 ML the emission extending beyond the Fermi
edge indicates that the Fermi cutoff function prevents clear
observation of the state when it falls abdge. That this is

the case is demonstrated by the spectra obtained after com
pensation for the reduced occupancy of states abavé-ig.

2). The spectra shown in Fig. 2 are thus the spectra shown in
Fig. 1 multiplied by 1+e(E~EekT With the high emission
intensities obtained this procedure allows peaks to be re-
solved for energies below around 10 kT above the Fermi
level. Prior to multiplication a flat spectrometer background
intensity is subtracted from the spectra. This has an appre-
ciable effect only near the high-energy limit of the probed
range. The Fermi-Dirac factor is calculated using the experi-
mentally determined position and width of the Fermi edge at
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small Na coverages or high emission angles when the photo- FIG. 3. Initial-state energy vs coverage for the emission peak
electron energy spectrum is rather flat below the Fermishown in Figs. 1 and)Xdue to a discrete overlayer state character-
edge® Figure 3 shows a plot of the energy versus coveragestic of Na monolayers on Gu11).
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FIG. 4. The low-energy tail of an emission pediied circles FIG. 6. Emission peaks obtained as in Fig. 2 for different Na
due to the discrete overlayer state characteristic of Na monolayer%oxe(;iggf/ ::;woeine\j. a?g Oéuze tl\éllz).m;l'_hzng i?/lc()s-a?otm?(rz?lgﬁgrz;thick
on CyY111) at 0.58-ML Na coverage fit to a Lorentzigfull drawn areas- of the Na film, respectively. y
curve. The tail has been obtained by dividing the recorded spec-
trum with the Fermi cutoff function. The photon energy is 3.82 eV, w0 |,\ver temperature. The peak characteristic of two atomic
the incidence angle 79°, and the spectrum is recorded along tr"% hifts d ds by 25 V wh h .
surface normal. yers shifts downwards by meV when the coverage is
changed from 1.75 to 2 ML. The peak characteristic of one-
atomic-layer-thick regions shows a similar shifts but to
e ) . ‘Fligher energy. The shifts observed during the formation of
energy has a minimum &,=0 and is proportional to the o second layer are thus small compared to the shift ob-
square of the parallel wave vect(fig. 5. Due to the low served in the monolayer coverage range.
kinetic energy, around 1 eV, the trajectory of the photoelec-
trons and the effective mass value obtainednf.5is sensi- . .
tive to stray fields near the sample. The small rangé,of B. Widths and line shapes
values in one directioriFig. 5 is due to a limit set by an The widths of the emission peaks depend on the coverage
aperture admitting the light beam into the sample compartand on the temperature. The coverage dependence is particu-
ment. larly strong in the monolayer rangé&ig. 7). The width is

When more than one atomic layer is adsorbed the emissmall and almost constant between 0.87 and 0.96 ML of Na
sion intensity due to the monolayer state decreases and aand rises sharply above 0.96 ML. Also the line shape de-
other peak, approximately 100 meV abdkg, ascribed to  pends on coverage. At coverages that produce a narrow
two-atomic-layers-thick parts of the overlayer appedig. emission peak the line shape is quite well reproduced by a
6). This state is observed for coverages above around 1.Borentzian(Fig. 8), while the peak is asymmetric for cover-
ML. The energy distributions shown in Fig. 6 are derivedages giving a broader peak. Even then the low-kinetic-energy
from spectra recorded with the sample kept at 165 K duringide of the peak is Lorentzian and narrow compared to the
deposition and measurement. The results obtained at RT arggh-energy side.
quite similar but the peaks are somewhat better resolved at

the edge. As expected for a free-electron-like overlayer th
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FIG. 5. Energy vs parallel wave vector for the discrete overlayer FIG. 7. The width parameterA2vs coverage for the monolayer
state characteristic of Na monolayers on(Tii). state emission peak measured at RT.
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FIG. 8. A Lorentzian with a full width at half maximumA2of FIG. 10. Photoelectron energy spectra recorded at 3.82-eV pho-

42-meV (full drawn curve fit to the emission peakdots recorded  {gp energy along the surface normal of(C1i1) covered with 2 ML

at 130 K for 0.95 ML of Na on C(i11) along the surface normal at of Na with the sample at RTupper spectruiand at 165 K.
3.82-eV photon energy.

factor increases but the higher emission intensity expected
The temperature dependence of the width was studieftom this is more than compensated for by the narrowing of
mainly at coverages near one full atomic layer when thehe emission line as the temperature is reduced. We also note
peaks are narrow. As shown in Fig. 9 the width changeshat the intensity is reduced as the temperature is lowered
nearly linearly with temperature in the probed range betweefrig, 11). Since the peak height obtained after compensating
128 K and RT. The full drawn curve in Fig. 9 is obtained, asfor the Fermi factor is quite sensitive to errors in the tem-
discussed further below, by fitting a theoretical expressiorperature determination for a state this far above the Fermi
for the width to the experimental values. Also for a two- |evel we will not base any discussion on the temperature
atomic-layer-thick film there is, as shown in Fig. 10, a sub-gependence of the intensity. The two other parameters of
stantial narrowing of the linewidth as the temperature is rejnterest, the energy and the linewidth, are much less affected

duced. Since the 2-ML state lies 0.1 eV abokg the  py uncertainties in the temperature determination.
occupancy is strongly reduced by cooling. The spectrum

therefore changes dramatically as the temperature is reduced
(Fig. 10. One should note that the intensity is reduced not IV. DISCUSSION
only above the Fermi edge but also below it. The shoulder

above Ex (Fig. 10 is strongly reduced due to the lower ] ] ] ]
population of the state. For energies bel@y the Fermi While the discrete states studied here are found in ad-

sorbed Na films similar states would be expected to appear if
the films could be prepared surrounded by vacuum. This is
shown by band-structure calculations, which have been made
for 1-5 ML of Li (Ref. © and for a Na monolayer in

A. Energy shifts
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FIG. 9. The width parameterA? plotted vs temperature for | ,......c-°"7
monolayer state emission peaks measured at 0.95-ML Na coverag o 100 150 200
on CuU111). The solid line is a fit to the experimental poirifsled E-E [meV]
.

circles obtained, as discussed in the text, from Ef.with adjust-
able parameterd, and\ to account for contributions to the width
due to impurities and defects and due to the electron-phonon cou- FIG. 11. The photoelectron energy spectra shown in Fig, 10
pling, respectively. divided by the Fermi cutoff function.
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vacuum’ For the Na monolayer and the next lowest band the 3
energy minimum ak;=0 is calculated to lie 0.5 eV above N
Er. If the monolayer is placed on a Cii1) substrate the 25 _% Cu(111) + Na_|
energy falls within theL gap of thes,p band, which means % ' RT

that one of the vacuum tails becomes replaced by an oscill: s N. Fischer et al.
tory tail into the substrate. The phase shifts are different a %Qb /
?
o]

1 I t i I i 1 I I

the vacuum barrier and the metal-metal interface and there R
fore the energy is different when the layer is adsorb@te
energy is downshifted to 0.1 eV belolar and the band is
occupied over a small area at the center of the surface Bril
louin zone as observed hetEig. 5. As shown by the cal-
culations for Li ak,=0 state appears close abdgg also if (®)
the film is two atomic layers thick and the corresponding Na
state is observed here 0.1 eV above the Fermi level. Fc
energies lower than this the calculations show that there ar *
two more states at,=0. These fall below thé gap and, ) oo
upon adsorption, form resonances with the substrat | | ) | | | , | |
s,p-band electrons. The energies are below the range probe 0 0.2 0.4 0.6 0.8 1
with the small photon energy used here. With photon ener Na coverage [ML]

gies around 6 eV the resonance with the highest energy we

recently observefl.
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FIG. 12. Energy vs Na coverage on @w1) for filled states

Quantum-well states near beloky for alkali-metal observed heréfilled circles and empty states observed by Fischer
monolayers on 011) have been observed prewou%‘l%ﬁ et al. (Ref. 3 (open circles The point within parentheses is ob-

but not the gradual shift in energy observed here with iN<ined as shown in Fig. 4.

creasing coverage. However, a shift of approximately the

magnitude observed has been predicted using a simpigverage dependence of the work function we obtain a shift

phase-shift analysiin qualitative terms the downward shift with the correct sign and a magnitude which is 65% of the
is produced by a more attractive potential in the overlayer agheasured.

more Na atoms are accommodated. This shift is balanced From the emission ang|e dependence of the spectrum

only in part by a shift to higher energy expected due to thgFig. 5) it is clear that the overlayer state observed in normal
increase of the work function typical of alkali-metal mono- emission is the low-energy edge of an energy band. This
layers when the coverage is increased from half to full monopand becomes partially occupied as the coverage exceeds
layer coverage. For Na on CiL1) the work function in- .85 ML when the peak shifts below the Fermi level. On this
creases from a minimum value of 2.1 eV to 2.7 eV in thiSpoint our results are in apparent conflict with previous
coverage range. work,>1® which suggests that there is a stepwise change of
For quantitative estimates the quantum-well state energihe electronic structure in this coverage range producing a
is obtained from the phase conditio®g+®c+2®p  stepwise change in the occupancy of the subband. A quite
=2mm, m=0,1,2..., where®g and® are the phase shifts similar abrupt change was observed also for Li on
at the vacuum barrier and at the overlayer-substrate interfagg@e(0001).# Based on this observation and the fact that, as for
respectively andbp, is the phase accumulation across theNa on Cuy111), there is a disorder-order structural transfor-
overlayer. The application of this phase model to variousmation in the coverage range of interest it was suggested that
overlayer-substrate combinations has been discussed in rgve stepwise change could be a manifestation of a transfor-
cent reports™*® For Na overlayers we assume the potentialmation to metal character for the overlayer.
to be flat in the overlayer, which means ththt =2kNL, We note that our measured and estimated energies ap-
wherelL is the thickness of an atomic layer aNdthe num-  proach the empty state energies found by Fisahal3 If
ber of layers. For the states 0.1 eV below and aldyéor  our photoemission results are combined with the PPES re-
1 and 2 ML, respectively, the phase condition is satisfied fosults by Fischeet al2 one finds that one state can be moni-
m=N. To obtain the wave vectdk in the submonolayer tored over almost the entire monolayer coverage range, from
range it is assumed that the monolayer defines a volume thigw coverages when the energy is about 1 eV below the
is increasingly filled with uniformly distributed atoms as the vacuum level to full monolayer coverage when it is 0.1 eV
coverage increases. Provided the overlayer is neutral ongelow the Fermi levelFig. 12. One notes in Fig. 12 that
then expects the Fermi energy to be proportiona®td®, there is still a gap in coverage and energy between the two
where® is the coverage in units such th@t=1 is one full  experiments, which, however, may be explained by the en-
monolayer. To fix the proportionality constant we further-ergy limits of the experimental methods used. Simply by
more assume that the electron density at full monolayer covehanging the monolayer coverage one may thus modify the
erage is the same as for bulk Na. To estimate the influence gfuantum well such that a state may shift from the image
the work-function change on the energy we have used thpotential region to the occupied range of energies.
approximatiod® ®g/7=[(3.4 eV)/E,—E)]*?>~1, where A question that remains to be answered is how far to-
Ey is the vacuum level. Witlh.=3.05 A, which is the thick- wards the low coverage limit this range of continuously tun-
ness of a close-packed Na layer, and using the measuredble quantum-well-state energy extends. According to the
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PPES resultsthere is such a limit and the shifting state wasited hole lifetime for a free-electron-like metal is to a good
described as an alkali-adsorption-induced state. On the othepproximatioR'?? given by Im3=0.001rY(E—Eg)? eV.
hand no similar limit is observed for the shift of the @1  This theoretical estimate is of the right order to account for
surface state 0.4 eV below the Fermi level. Regarding thehe width, 0.44 eV full width at half maximum, observed for
low coverage limit one should also point out that, due tog gyrface state on B&001) 2.8 eV belowEg and the emis-
surface defects, the results obtained for small adsorbate degy,, peak has the expected Lorentzian sifape the present
sities may not be rep(esentative of terrgce sites. From COr&ase, with electron energies within 0.1 eV of the Fermi level
level spectra for alkali metals on All1l) it was concluded nd arr  value somewhere between those for Cu and Na, the

that initially upon deposition the adatoms assume defechtimated width is less than 1 meV. At nonzero temperature

sites’ i - : =
The fact that we observe two quantum-well-state emissiorI\here Is also an aqldltlonal term, proportionala which is
peaks for a wide range of coverages between one and tw pectteztjl to contribute less than 1 meV at temperatures of
jnterest:

atomic layers shows that the second layer grows via the fo i o .
mation of monolayer high islands on top of the first atomic A_strglght line fitted to the widths plotted versus tempera-
layer. The small downshift, by around 25 meV, observed foture in Fig. 9 has a slope of 0.12 meV/K for 0.95-ML Na. In
the state as the coverage is varied is ascribed to a largépe recent work on Gd11) a similar linear relationship was
average size of the islands when more Na is adsorbed. THeund for the photo-emission width of the surface state 0.4
island size places a limit on how small lateral wave vector£V below Er (Ref. 20 and the authors note that the slope
that can be used to form the quantum-well state. Since, a®btained, 0.074 meV/K, givea =0.14 for the electron-
cording to the dispersion shown aboifé@g. 5), the energy is  phonon coupling constant. This value is close to the theoreti-
proportional to the square of the lateral wave vector the obeally estimated value obtained for bulk Cu when averaging
served shift is in the direction expected from the lateral quanever the Fermi surfacey=0.152°
tum size effect. Analyzing the theoretically derived formula for the pho-
non broadening, presented by GriméalMcDougall et al°
discuss the temperature and binding energy dependence of
B. Width and line shape the width. They point out that the expression for the phonon

As may be expected the widths of the emission peak®roadening, A =2x\kgT, valid for thermal energies well
reflect the disorder of the overlayer. According to low- above the phonon energisshould be approximately valid
energy electron diffraction observatidfithe Na atoms form also for thermal energies well below the maximum phonon
an ordered structure for coverages above 0.89 ML and in th@nergy. Furthermore they indicate that the width is nearly
range between 0.87 and 0.96 ML the peak width is smalindependent of the binding energy in the temperature range
(Fig. 7). The probable explanation for the increased widthfrom zero to RT, as long as the binding energy exceeds the
measured when the coverage is increased beyond 0.96 Mphonon energies. _ o
(Fig. 7 is that Na atoms start to occupy sites in the second In the present case the monolayer state is a hybrid with
layer already before the first layer is complete. This makeshe electron spending approximately half of its time in the
the monolayer quantum well less well defined and the energ§u substrate and half in the Na overlayer. For a Na coverage
spread bigger. When the emission peak is narrow the linef 0.95 ML the slope obtained when the measured width is
shape is close to a LorentzidRig. 8. As the coverage is Plotted versukgT (Fig. 9) yields A=0.24. This could then
decreased below 0.87 ML the increased width is accompdeflect a larger coupling constant for Na than for Cu. A
nied by an increased asymmetry, with a lower slope on thé&lightly stronger temperature dependence is observed for the
high_energy side. The |OW_energy part of the peak is St|||W|dth of the 2-ML state and this could then be eXplained by
close to a Lorentzian. the fact that this electron spends a larger fraction of its time

There are few previous observations of line Shapes a_naﬂ the alkali metal. However, the theoretically estimated
widths at different temperatures for discrete valence electroMalues for Na (0.16:0.03) and for Cu (0.150.03) (Ref.
states close t&g. Recently results have been reported for25 are nearly equal and both smaller than the value obtained
emission lines due to surface states near beflgwin the  In the present experiment. This suggests that either the
s,p band gap at characteristic of th¢111) surface of the e€lectron-phonon coupling is stronger in ultrathin Na films
nob'e meta|§_9120 As found here for Over|ayer states the than in bulk Na or that thel’e _al’e additional temperature-
emission out of these surface states is characterized by dgpendent broadening mechanisms not accounted for.
Lorentzian line shape. The width measured for th¢1@a) From a theoretical analysis of the self-energy of the hole
surface state emission peak is found in Ref. 20 to increasdlate we have derived an expression for the phonon-induced
linearly with temperature in the temperature range studiedifetime broadening” The overlayer electron statek, |
30-600 K. The line shape, the absolute values observed fare quantizedrf) in the direction normal to the surface and
the width and its temperature dependence, suggests that thee of plane-wave type parallel to it. According to this
width can be ascribed to a lifetime that is limited by electron-modef’ the main contribution to the width is due to inter-
phonon scattering. As far as we know there is no theoreticadubband scattering, which implies that the electrons couple
prediction for valence levels regarding photoemission widthgpredominantly to phonons polarized perpendicular to the sur-
and line shapes due to thermal motion. More typical for vaface. The phonon modes of particular interest are therefore
lence states is that the initial energy is far enough fi&m the organ-pipe-like ones, which have been studied exten-
that electron-electron scattering limits the hole lifetime. Ac-sively for alkali-metal overlayers using inelastic He
cording to Quinn the energy spreadTat0 due to the lim-  scattering?®=>°
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In Fig. 9 we display the theoretical width obtained from
this formula when the parametekg and\ are used to fit the
experimental widths shown in the same diagram. For the
case of 0.95 ML Na on Qdll) we have E—Eg=
—80 meV andh ) =18 meV?8

Thus |E—E|>#%Q, which according to the expression
above results in the asymptotic behaviorA-22A,

+ AR as T—O0. The fit to the experiment givesA

=23 meV and as before=0.24. From the comparison be-
tween experiment and theory we are thus able to estimate the
influence of impurities and defects on the measured line-
widths. It is furthermore interesting to note that, according to
Eq. (4), at low temperaturekgT<7%()) the temperature de-

Energy [eV]

| pendence of the width depends strongly on the hole energy,
3 o 02 03 04 05 E, whenE is varied in the rangéE — E¢|<# Q. This will be
KA discussed elsewhefé.

The asymmetric peak shape observed in the low coverage

. . . range of the experiment is ascribed to disorder in the mono-

_ FIG. 13. A schematic subband diagram where the thick dashegl,y o\ " photoelectrons heading in other directions may be
lines indicate (_eleptron scattering involving phonpn absorption ¢catiered by the atoms in the overlayer into the spectrometer.
(+40) and emission { 2.42). The hole, corresponding 10 0.95 ML  1he aoymmetry is then explained by the positive dispersion
of Na on Cy111), is indicated by the open circle 80 meV below the ¢ 1o anergy band, which means that quasielastic scattering

Fermi level Eg). The vertical arrow indicat_es the_magnitude of t_he events will contribute only to the high-energy side of the
phonon wave vector. The lower subband is obtained by assuming &mission peak

free electron band structure for the Na monolayer.
_ _ _ V. CONCLUSIONS
In Fig. 13 the intersubband scattering from subbamd ) ) o
=0 to the hole state dt in subbandn=1 is indicated. This High-resolution photoemission spectroscopy has been
subband picture is a simplification since, for the real systemysSed to study quantum-well-type states characteristic of one
them=0 subband falls in the energy range of the substrat@"d two atomic layers of Na on QL1). The k=0 state
s,p band and therefore it is resonance broadened. The t\,\,E)haractenstlc of a monolayer shifts gradually to lower ener-

dashed lines correspond to absorptianf(Q) and emission gies as the coverage is increased. Above 0.85 ML the state is
(—#0) of a phonon. The width, given by the imaginary part below the Fermi energy and when full monolayer coverage is

£ th if b ittenZ4 exceeded, it remains at a nearly constant energy, 0.1 eV be-
ot the sefi-energy, can be written-as neathEg. The peak height reaches a maximum at a slightly
_ lower coverage than needed for saturation of the energy shift.

28= (A1 Qg(T), @ Combining the present and previous results one finds that

where\ is the electron-phonon coupling constant, gifd  surface and overlayer state energies shift in a gradual manner

the energy of the characteristic phonon mode. The temper@S the monolayer coverage is changed. If the coverage is
ture dependence is described by the functi¢m), increased above 1 ML the intensity of this peak decreases

and from approximately 1.3 ML a state characteristic of 2

g(T)=2 coth#Q/2kgT) +tani (E— Eg— Q) /2kgT] ML is observed. Between 1.7 and 2 ML the 2-ML state
shows a downshift by 25 meV to 0.1 eV abdee. The shift
—tanf (E—Eg+7Q)/2kgT], (2)  is ascribed to lateral quantization due to the limited size of

islands formed by Na atoms in the second atomic layer on
top of the first full layer.

The widths of the emission peaks depend on the tempera-
ture and the coverage. At nearly full monolayer coverage the
quantum-well state gives a narrow Lorentzian line having a

wherekE is the hole state energy aii} the Fermi energy. In
the high-temperature limit one obtaind 2 27\kgT. In the
model\ has the form

dug dug\ > 1 mg [ Vg2 ; : ; . .
A={—==|uy) +{Ug==)| —— |+, (3)  width that increases linearly with temperature in the range
dz dz/| ng M {2 Q probed (130—-295 K. The width is assigned to a phonon

limited lifetime, which is a factor of around 2 shorter than
expected for a state ne&i in bulk Na or Cu. For the less
well ordered monolayers the line shape for electrons emitted
along the surface normal is asymmetric with a Lorentzian
line shape only on the low-energy side. The asymmetry is
ascribed to quasielastic scattering, which contributes to the
spectrum only on the high-energy side of the emission peak.

where u,,(2) is the electron wave function normal to the
surface,n, the density of adsorbed atoms,, the electron
mass,M the mass of the adsorbed ato¥, a Fourier com-
ponent of the electron potential wheges the parallel wave
vector of the phonon mode with angular frequeitty

In order to compare with the experimentally determined
widths we add a term &, to account for presumably tem-

perature independent contributions to the width due to impu- ACKNOWLEDGMENTS
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