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The quantum-size-effect structure of ultrathin Pb and Pb-In alloy films on Si(111)surfaces is studied

by photoemission spectroscopy in the thickness range from 0 to about 30 monolayers and analyzed, tak-

ing into account electron scattering and film structure, which is characterized by high-energy-reflection-

electron diffraction.

I. INTRODUCTION

While quantum size effects (QSE's) in semiconductors
have long moved from fundamental studies into applica-
tions, much less progress has been made in metals since
the electron tunneling experiments of Jaklevic et al. ' into
thin Pb, Ag, Au, and Mg films. Various other experimen-
tal techniques have been used subsequently in QSE stud-
ies with metal films such as resistivity or low-energy elec-
tron transmission measurements (for references see Ref.
2) but only recently has ultraviolet photoelectron spec-
troscopy (UPS) been shown to be particularly well suited
for the determination of quantum size energy levels in
thin films. The UPS studies of Ag films on Si(111),
Au(111}, ' Cu(111), and of Na, Ba, and Cs (Ref. 8) films
on Cu(111) have significantly advanced our understand-
ing of QSE's in thin films but there are still many open
questions in the interpretation of the experimental re-
sults: the influence of the photoelectron transport pro-
cesses following photoexcitation, of imperfections in the
volume and on the surface of the film, and of the simpli-
fying assumption of an electron in a simple rectangular
potential well, to name only a few, which will be among
those addressed in the present study.

Inelastic, quasielastic, and elastic scattering change en-
ergy and/or momentum of the photoexcited electron so
that it escapes from the film with a different energy
and/'or momentum and is not detected at the final energy
E&=fico E; corresponding t—o the initial QSE state F.;
and the incident photon energy %co. Imperfections such
as point defects (e.g., impurities) in the volume or line de-
fects (steps) on the surface determine to a large extent
quasielastic and elastic scattering. The thickness fluctua-
tions have a much more profound influence: they cause
locally varying QSE conditions and thus smear out the
QSE features. Therefore, for an understanding of the in-
tensity and sharpness of QSE features, the thickness dis-
tribution has to be properly characterized. Finally, the
energy of QSE levels is not accurately described by the

simple quantum-well model as calculations for Al(111}
layers show. This has to be taken into account in the
quantitative discussion of the QSE energies.

In order to shed some light on the questions discussed
above, the electronic structure of ultrathin pure Pb and
of Pb-In alloy layers on Si(111) surfaces was studied by
UPS and their growth and microstructure were moni-
tored by reflection-high-energy-electron diffraction
(RHEED}, in particular by RHEED specular beam inten-

sity oscillations. This system was chosen because it was
well characterized in earlier studies and found to be well

suited for QSE studies because of its approximate
monolayer-by-monolayer growth at low temperatures. '
Indium was added to Pb in order to vary the impurity
concentration over a wide range. This is possible with In
because (i} Pb and In form solid solutions over a wide

composition range with only small changes of the lattice
constant ao with concentration C[bao/(aohC) =3.7
X 10 /at. % In] and (ii) because the surface energies of
the two metals are very similar (yp„=0.61, y»=0. 67
J/m ) so that there is little tendency towards surface or
interface segregation of one of the components.

II. EXPERIMENT

The experiments were performed in a VG-ESCALAB
photoelectron spectrometer to which a molecular-beam
epitaxy (MBE) chamber equipped with RHEED, a mass
spectrometer, and quartz-crystal oscillator were attached.
A liquid-nitrogen-trapped diffusion pump and titanium
sublimators produced a base pressure of 4X 10 Pa.

The substrates were Si(111) crystals with about 1000
Q cm resistivity at room temperature and typical dimen-
sions 18X4X1 mm . After chemical etching in a 19:1
mixture of HNO3 and HF, rinsing in distilled water and
methanol the final surface cleaning was performed in the
vacuum system before deposition by flashing for a few
seconds to about 1450 K, which produced a clean Si(111)
surface as indicated by a sharp Si(111)-(7X7)RHEED
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pattern without SiC contamination.
Deposition of about one monolayer (ML) of Au fol-

lowed by 3 min annealing at 950 K and for 3 min at 600
K produced the (6X6)Au superstructure on the Si sur-
face. Direct resistive heating of the Si crystal was used.
The substrate could be cooled to 110 K by making
thermal contact between the rotatable holder and a
liquid-N2 container.

The quartz-crystal monitor was calibrated by resistivi-
ty measurements during Pb-film deposition. The growth
mode and the structure of the films were monitored by
RHEED. The beam energy was usually 15 keV and a
Faraday cup was used to measure the intensity oscilla-
tions of the specularly rejected electron beam.

For photoelectron spectroscopy we used the HeI line
(21.22 eV) from a Leybold cold cathode capillary
discharge lamp with a homebuilt triple-reflection polariz-
er, " which gave a linear polarization of 90%. The spec-
tra were recorded with an energy resolution of better
than 150 and 100 meV for measurements with and
without polarizer. An aperture at the entrance of the
analyzer input lens reduced the acceptance to a cone with
1' half angle. The angle between incident light and
detected electrons was always 36'. The position of sharp
and isolated peaks could be reproduced to within +50
meV. An additional error of 30 meV had to be taken into
account for the uncertainty in the determination of the
Fermi level position. Thus the absolute binding energies
E~ are accurate to within +60 meV.

Pb was evaporated from a Mo crucible at rates (0.05
ML/min during the UPS measurements and 1 ML/min
during the RHEED studies. In could be evaporated
simultaneously from another Mo crucible. The ratio
[Pb]:[In] in the film was determined by rate calibration
with the quartz-crystal monitor.

The photoelectron intensity measurements were done
in two modes. In the first mode the energy distribution of
photoelectrons emitted in the direction normal to the film
surface was measured at fixed coverages over a broad en-

ergy range corresponding to binding energies E~ from 0
to 9 eV. These measurements give an overview of the
evolution of the UPS features of the ultrathin films from
those of the substrate. In the second mode the photoelec-
tron intensity was measured continuously during deposi-
tion while the energy of the analyzer was scanned from
Es=0.07 to 1.37 eV in steps of 0.1 eV/(10 s). This
method of data collection allowed us, after further com-
puter evaluation, to obtain plots of the photoelectron in-
tensity I versus thickness d of the thin film. Typically
about 200 scans were recorded in this mode during the
growth of a 30-ML-thick film.

I

) ' T =110K
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FIG. 1. RHEED specular beam intensity oscillations during
the growth of Pb and In-Pb alloy films on a Si(111)-{6X6)Au
surface at 110 K, [112]azimuth, glancing angle 0.23'.

cillations could be observed easily. At about 30 at. % of
In they were best developed. In the initial stage of
growth which is dominated by film-substrate interaction
the oscillations become increasingly irregular with in-
creasing In content. Above 4 ML, however, the reverse

III. RESULTS

A. RHEED intensity oscillations and RHEED patterns

The thickness dependence of the specular beam intensi-
ty is shown in Fig. 1 for Pb and Pb-In alloy films on the
Si(111)-(6X6)Au surface at 110K. For pure Pb a strong
damping of the RHEED intensity oscillations was seen
whereas for the Pb-In alloy more than 100 periods of os-

FIG. 2. RHEED patterns from (a) a 30-ML-thick pure Pb
film and (b) a 30-ML-thick Pb —25 at. % In film. Si(111)-
(6X 6)Au substrate at 110 K, [110]azimuth and glancing angle
0.95 .
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perimentally by Anderson and Gold' and Jaklevic and
Lambe. ' In our model the ultrathin Pb film consists of n
monatomic layers with a thickness of dp=2. 8435 A at
110 K. The bulk lattice constant at 4 K (4.915 A) and
the data of Ref. 12 are used to obtain the Fermi wave
number kF = 1.596 A ' along I L (( 111)) in the extend-
ed Brillouin zone scheme. From Ref. 1(b) (Table I and
Fig. 11 therein) we find the effective mass m *= 1.002m c.
Thus near EF the E(ki) relation can be best fitted by the
equation E(ki ) = —Uc+A ki /(2m *) with Uc =9.685
eV. The work function P of Pb(111), which is needed to
determine the depth Uc+P of the potential well, is taken
as 4.35 eV. '

Simple calculations for the finite-potential quantum
well' with these parameters give the sets of energy levels
shown in Fig. 5 and are compared in this figure with the
Ez(d) values of the observed photoeinission intensity
maxima. The dots denote the calculated values whereas
the open squares are the experimental data. The thin
lines connect some of the levels with the same quantum
number N(N= 5, 10, . . . ,40).

For the finite potential well k~ is given by the equation
ki=(N —b, )~/(ndo), N=1, 2, 3, . . . , n =1,2, 3, . . . . b, is
a measure for the penetration of the wave function into
the region outside of the potential well of width ndp.

For the infinite potential well (6=0) this relation can
be written as NA. /2=ndp. In thick films k~ =1.596 A
at EF, i.e., A, F =3.937 A. Therefore matching of the QSE
wave function to the well width for energies near EF and
for b, =0 occurs approximately for n /N
=A, F /( 2d 0 ) =0.692 =—'„that is, for N =3, 6, 9, . . . and for
n =2,4, 6, . . . independent of the number of monolayers
n.

In the finite-potential well the ratio N/n is replaced by
the thickness-dependent ratio (N b)/n —In Fig.. 5 the
QSE states with N/n = —,'(or 2N —3n =0) are connected

by the thick line labeled with i =0 while the lines labeled

by i = —1, + 1, 2, and 3 are drawn through the calculated
families of QSE states satisfying the condition

—1, 0
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FIG. 6. Comparison of the theoretical subband energies in
Al(111) from self-consistent-field pseudopotential calculations
(crosses) (only for 1, 3, 5, and 7 ML) (Ref. 9) and from the model
of the finite depth quantum well (dots) for Al(111) (see text).
The Fermi level calculated in Ref. 9 is denoted by —P. The
zero of energy is the vacuum level in this figure.

2N —3n =i, respectively, that is, the condition
NA, /2= [(2N —i)/3]dc.

Because of lack of detailed calculations of the quantiza-
tion of the Pb electronic states upon lowering the dimen-
sionality in the ( 111) direction it is not possible to dis-
cuss rigorously the positions of the QSE levels. In order
to check the applicability of the simplified quantum-well
model we compare the results obtained by Batra et al.
from full self-consistent-field pseudopotential calculations
of thin Al(111) slabs with the results obtained for the
finite-potential well model for Al(111). Figure 6 shows
the results of Ref. 9 (Fig. 13 therein) and results of our
calculations with parameters dp =2. 34 A,
kF=1.756 A ', m*=1.0375mp, Up=11. 33 eV, ' and
work function /=4. 24 eV. ' The dots connected with
full lines represent the energies of the QSE levels obtained
from the finite-potential well model whereas the crosses
are the subband energies at the I point calculated by Ba-
tra et al. for 1, 3, 5, and 7 ML, only.

It is evident from this figure that there are only a few
(n, N) pairs for which the results of the two calculations
coincide. In general and in particular at 1 ML the devia-
tions between them are much larger than the deviations
of the experimental from the theoretical data for Pb in
Fig. 5. For 5 and 7 ML near EF (E = —P) the quantum
numbers N (given in Fig. 6 on the right) of neighboring
dots and crosses are identical; but obviously the finite
depth quantum-well model is insufficient to predict the
precise energy values of the QSE levels. Therefore we
concentrate our attention on the intensities and their
thickness dependence.

FIG. 5. Theoretical (dots) and experimental (open squares)
data of the QSE levels in thin Pb{111)films as a function of the
film thickness in steps of 1 ML. The theoretical data are ob-
tained from the model of the one-dimensional finite depth quan-
tum well (see text). The experimental data are taken from Figs.
3 and 4(a). The thin lines connect some of the levels with the
same quantum number N (N=5, 10, . . .,40). The other lines
connect the QSE state families with i = —1, 0, 1, 2, and 3 (see
text). The large cross marks a state occurring also in Fig. 9.

B. Photoexcitation in quantum wells

We restrict our discussion to normal-emission spectra,
neglecting possible emissions from the substrate and in-
terfaces on both sides of the ultrathin film (no "surface
photoemission"). We first consider the energy bands in
the I L direction ((111)) of bulk Pb in order to deter-
mine the transitions possible with fun=21. 22 eV. Using
UPS, Horn et al. ' have performed an extensive experi-
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mental and theoretical study of bulk Pb. They placed the
bottom of the s-like band (10+0.5) eV below the Fermi
level and determined accurately the p-like band shape in
the vicinity of the Fermi level. Figure 7 summarizes their
theoretical and experimental results and shows also the
direct electronic transition for He I excitation. It is obvi-
ous that without relaxation of the rule of momentum con-
servation perpendicular to the (111) surface occupied
states at EF are not accessible to an UPS experiment with
Ace&21.9 eV. In the following we discuss the possible
causes leading to the relaxation of the momentum conser-
vation rule.

According to Shung and Mahan' the expression for
the current emitted per unit solid angle and unit energy
normal to the surface can be reduced to a one-
dimensional integral:
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where E;(k;j ) is the initial-state energy, and E=p /2mo
is the kinetic energy of the emitted electron in vacuum.
M(p, k;j ) is the excitation matrix element; the 5 function
ensures energy conservation. The results of the exact cal-
culations of the matrix element are given in Ref. 19. For
constant photoelectron energy as plotted in Fig. 4, we
can assume that the matrix element is a constant multi-
plied by a function F(b,kj ) to account for the limited
periodicity normal to the surface which has several
causes: (i) the limited penetration of the photon field, (ii)
the finite inelastic mean free path L of the photoelec-
trons, (iii) the finite elastic mean free path due to scatter-

I

I I I

0 0.2 0.4 0.6 0.8 1.0 1.1

r
k (g-1)

FIG. 7. The band structure along I L of bulk Pb (Ref. 17).
Circles denote the experimentally derived values. Dot-dashed
lines indicate calculated bands (enhanced in the regions in
which they are close to the free-electron-like parabolas). The
arrow indicates the direct transition for He I excitation.

ing of the photoelectrons by impurities, (iv) the surface
relaxation and, most importantly (v} the small thickness
of the film. Mahan' has calculated this function for the
half space considering causes (i} and (ii). It is easy to cal-
culate this function for a finite thickness ndo which yields

[1—exp( 2ndo/L ) ] +—4 exp( 2ndo/L )si—n2(5k~ ndo/2)
F(hk~) =

[1—exp( 2d0/L ) ] +4—exp( 2do /L )sin—~(6k~do /2)
(2)

Cause (iii) can be included by reducing L by an amount
proportional to the density of scattering centers, b,kj
gives the relaxation of the conservation rule for the nor-
mal component of the momentum. The calculated func-
tion F(b,kj ) for the photoelectron inelastic mean free

0
path in our experiment, L =6 A, is shown in Fig. 8 for
several thicknesses ndo. With increasing L this function
strongly peaks at b,k~ =0 and finally, for L ~ ao, has the
shape of the 5 function. For a given film thickness it
varies only slightly (about 20%} in the energy range of
our interest.

Figure 9 shows as an example the k~ relaxations re-
quired for observing the occupied quantum states in a 5-
ML-thick film. The state closest to Ez (%=7) is marked
by a cross in Fig. 5. The final-state band E3(kj ) is ap-
proximated by a straight line in the k~ range of interest,
except for small k~ values at which the calculated band
structure (see Fig. 7) is assumed. It is seen that the states
below %= 5 (at 5 ML) are invisible because they are not
accessible with He I radiation.
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—A'co+/} . (3)

E, (k,&j,ndo) .is .the calculated QSE energy-level matrix
indicated by the dots in Fig. 5. The factor B(Ez,E) ac-
counts for smearing effects such as the finite resolution of
the energy analyzer or the broadening of the QSE levels
arising from the finite temperature and from crystal im-
perfections. A Gauss distribution function with 0.=0.2
eV was used in the calculations.

At fixed d 0 and analyzer energy Ez we obtain from
(1) the measured photoemission intensity:

I(ndo, E„)~ f dE B(E„,E)E'~
0

X g F( b, k~j )6(E E, ( k,N~, nd0 —
)

iNl

FIG. 10. Probability of finding an excited photoelectron
without inelastic scattering as a function of the film thickness.
Parameter is the inelastic mean free path L.

path L and only a fraction of the total number of photo-
electrons leaves the thin film without energy loss. The
probability of finding a photoelectron, which was excited
from QSE level N in the quantum well, outside of the thin
film is thus

7ldp

P(N, ndo)= f exp( —z/L)~+~„(z)~ dz .
0

Neglecting the phase shift 5 we have k~ =N~l(ndo ), and
in the energy range near the Fermi level in which most of
the data were collected (Figs. 4 and 5) kj =kF and
N =kFndole so that +z „(z)=(2lndo)' sin(2mz/AF)
and the integral (4) can be easily calculated. The result of
the calculation of Eq. (4) for L =6 A =2do, 10 A =3.5do,
and 20 A=7d0 is shown in Fig. 10.

QSE photoelectrons may also not be detected in the
normal-emission geometry used here because of having
been scattered elastically out of the normal direction by
crystal imperfections such as impurities, for example, In,
or surface steps. As mentioned before, possible scattering
by In can be taken into account by a concentration-
dependent reduction of the mean free path. In order to
obtain the decrease in normal photoemission intensity at
large N and large Ez seen in Fig. 4 with increasing In
concentration L had to be decreased from 6 A to 5 and 4
A for 10% and 30% In, respectively.

C. Photoemission from quantum wells

We assume that the penetration of the light is
sufficiently large so that the electric field is uniform in the
whole sample. The rate of photoelectron excitation is
then proportional to the electron density. For photo-
emission normal to the surface of the sample this density
per unit area of the surface is given by the square of the
one-dimensional QSE wave function

%&„(z)=(2lndo)' sin(Nmzlndo) .

The excited photoelectrons have an inelastic mean free

D. The in8uence of the surface roughness

In this section we take into account the fact that the
width of the quantum well varies locally at fixed mean
thickness as a consequence of the nature of the growth of
the epitaxial film. The measurements of the RHEED os-
cillations indicate that Pb grows initially monolayer by
monolayer. This mode of growth can be greatly pro-
longed by coevaporation of In (Fig. 1).

Depending on the film thickness the number of mono-
layers involved in the formation of the growth front
changes from 2 ML for perfect monolayer-by-monolayer
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growth to 3 or more ML for less perfect growth.
For a thin film growing with the growth rate 1/v.

[ML/s] the mean film thickness d is

d(t)= g B„(t)d0,
n=1

(5)

where 6„(t)is the layer coverage of the nth level. To
determine 8„(t)we use the "distributed growth model"
given in Ref. 20. This model takes into account the la-
teral structure in the plane of the film by distributing ada-
toms among the monolayers according to the number of
"reactive" sites available. Of the [6„(t}6„+—,(t)]/~
atoms per unit time arriving on top of the nth layer, a
fraction a„transfers to the nth layer and a fraction
(1—a) remains in the (n+1)th layer. The time-
dependent coverage is given by the equationde„e„—e„+, 8„,—e„=a„+(1—a„i)dt " 7- 'r

and

c„(e)„a„=A.„(e„)+c„„(e„„)
A is a phenomenological parameter that measures the net
rate of transfer from one layer to the next. c„is an
effective perimeter for the capture of an adatom to a
given layer. We choose the dependence
c„(6)=8„(1—8„)'~ which corresponds to a growth
model in which both the number and the size of two-
dimensional clusters and islands change during film
growth. The coverage 8„(t)at time t is given by the
solution of the set of coupled differential equations (6)
subject to the initial conditions 80(t}=1 and 8„(0)=0
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FIG. 11. Solution of Eq. (6) with (a) A =0.875 and (b)
A =0.925 (see text).

for n ~1.
The solutions of Eq. (6} with A =0.875 and 0.925 are

shown in Fig. 11. It is seen that more than 2 ML are in-
volved in the film growth for films thicker than 1 ML.
Consequently the photoemitted current consists of contri-
butions from regions with different thicknesses ndo and
area fractions 8„—e„+&.The final expression for the
photoemission intensity is therefore

I(d, E& ) ~ g P(nd0)(e„e„+i)J dE—B(E„,E)E' g F(bkzi)5(E E;(k t'ai, nd0)—fico+P) . —
n=1 0

iN J.

(7)

Figure 12 shows the results of the evaluation of Eq. (7)
for the calculated QSE levels of Fig. 5 with L =6 and 4 A
for A =0.875 and 0.925.

V. DISCUSSION AND SUMMARY

This work has shown that QSE energy levels in ul-
trathin Pb and Pb-In alloy films down to 1-ML thickness
can be detected by measuring photoemission spectra dur-
ing filrn growth.

The simple finite-potential quantum-well model was
used to calculate the QSE levels in films with different
thicknesses. Several causes altering the photoemission
were taken into account in a calculation of the thickness
dependence of the intensity: (i) the relaxation of the con-
servation rule of the perpendicular momentum caused by
the finite film thickness and by the limited photoelectron
mean free path L, (ii) the thickness dependence of the
spatial density distribution of the electrons in the initial
state and the damping of the outgoing photoelectrons,

I

and (iii) the discrete nature of the film thickness governed
by the growth mode of the thin film.

The finite-potential quantum-well model gave qualita-
tive agreement between the experimental and the theoret-
ical data of the QSE. In order to check the applicability
of the simple quantum-well model its predictions for
Al(111) layers were compared with the exact calculations
by Batra et al. From this comparison it was evident
that the quantum-well model does not describe properly
the location of the QSE levels. Nevertheless, this model
was sufficient to explain the general behavior of the QSE
phenomena in photoemission from the ultrathin epitaxial
films studied here.

This work stressed the importance of the relaxation of
the conservation rule of k~ in thin films and its impact on
photoelectron excitation when direct transitions are for-
bidden.

The most serious influence is that of the growth mode
of the film. The discrete nature of the film thickness vari-
ation (with increment of d0) assures that the peaks are
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FIG. 12. Calculated photoemission intensity as a function of
the average Pb film thickness d according to Eq. (7) for
A =0.875 and 0.925 with mean free path L =6 and 4 A. The
parameter is the binding energy E& in eV.

centered at integer numbers of monolayers. In the vicini-

ty of EF the peaks were well resolved with a separation of
2 ML, at least for the first 10 ML. This separation was
predicted by the finite-potential well model (Fig. 5} in
which the calculated QSE levels belonging to one of the
families (for example with i =1) appear every 2 ML. Due
to the smearing of the energy levels and the finite resolu-
tion of the electron analyzer neighboring levels could be
detected even at the same Ez.

For larger Ez, where the slope of the lines denoted
with i = 1, 2, and 3 is much larger than near EF, the QSE
levels belonging to neighboring branches i, i+1 occur
every 3 ML (see Fig. 5). This 3-ML periodicity was

weakly visible in the initial stage of the film growth [Fig.
4(c)] and clearly in the calculated curves of Fig. 12 for
large Ez. For small Ez and a wider thickness range the
periodicity oscillates between 2 and 3 ML which causes
the strong modulation of the QSE peaks seen in the mea-
surements and in the calculations. According to Fig. 12
(0.07 eV) the maxima of this modulation should be ex-
pected for 3, 10, and 19 ML of Pb. This is close to the
experimental data of Fig. 4(a) where for E~ =0.07 eV the
highest photoelectron intensity was measured for 5, 13,
and 22 ML.

As it is seen from the calculated curves of Figs. 12(a)
and 12(c), the change in the growth mode leading to the
simultaneous growth of 5 ML (5-ML growth front with
A =0.875) smears out the QSE structures but does not
change the average photoelectron intensity. The decrease
of the mean free path L from 6 to 4 A preserves the QSE
structures but damps the average intensity [Figs. 12(a)
and 12(b)]. Thus we could deduce that in the experimen-
tal data for pure Pb [Fig. 4(a}] less perfect growth occurs
with larger L whereas for Pb —10 at. % In and Pb —30
at. % In [Figs. 4(b) and 4(c)] the growth is more perfect
but I. is smaller. In the former case the average photo-
electron intensity is larger and the QSE features are
smeared out. This was visible especially for the curves
with E~ =0.07 eV for large d. In the latter case the aver-
age intensity was smaller but the 2-ML periodicity ex-
tended to larger thicknesses.

The weakness of the QSE features for Pb —30 at. % In
films thinner than about 4 ML was caused by the
structural transition clearly visible in the RHEED mea-
surements and mentioned in Sec. III A.

In conclusion, we showed that a proper analysis of the
photoemission from ultrathin size-quantized films re-
quires discussion of many parameters describing the thin
film. Even without the knowledge of the exact band
structure of thin Pb(111) films, qualitative agreement be-
tween the calculated and experimental data was achieved;
a more detailed analysis can be made as soon as exact cal-
culations of the band structure of thin Pb(111) films are
available.
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