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Experimental evidence for quantum-size-efFect fine structures
in the resistivity of ultrathin Pb and Pb-In films
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The resistivity of ultrathin single-crystalline Pb and Pb-In layers with thicknesses d smaller than the
bulk mean free path I, is measured during deposition onto Si(111)-(6X6)Au surfaces at about 110 K.
The structure of the layers is monitored by reflection high-energy electron diffraction (RHEED). Oscil-
lations of the RHEED specular beam intensity are highly correlated with fine structures of the resistivi-

ty. The quantum-size-effect theory is used for a quantitative analysis of the data. The fine structure,
volume impurities, small-scale roughness, and large-scale thickness fluctuations are taken into account.
The impact of the layer-by-layer growth mode of ultrathin metal films on the thickness dependence of
the resistivity is discussed.

I. INTRODUCTION

A large number of investigations of the electrical con-
ductivity of thin metal films have been published. The re-
sults are usually analyzed in terms of the Fuchs-
Sondheimer theory' and its extensions. These theories
are based on the Boltzrnann equation. The film is charac-
terized by the resistivity p„of the bulk metal and the
mean free path l. Surface effects are incorporated via the
specularity parameter p which is the fraction of the con-
duction electrons specularly reflected from the surfaces.
This classical size-effect theory (CSE) breaks down in
films with thickness d (l and when the energy-level spec-
trum is discrete. In these situations a quantum-
mechanical treatment of the problem is required.

Quantum-size effects (QSE) in films with perfect sur-
faces were studied theoretically by Sandomirski, who
solved the Boltzmann transport equation with a 5-
function potential for randomly distributed static irnpuri-
ties. He obtained an oscillatory dependence of the elec-
trical resistivity of semimetallic thin films upon thickness
with an oscillation period of one-half of the Fermi wave
length A,F. Using the Kubo formalism, Govindaray and
Devanathan have calculated the resistivity of thin alumi-
num and copper films. Their result was in good agree-
ment with the result of Sandomirski.

The influence of surface roughness on the conductivity
of size-quantized thin metal films was studied by Leung.
He introduced the autocorrelation function of the rough
surface profile and pointed out the importance of surface
scattering in the description of the electron transport in
ultrathin metal films. Tesanovic and Jaric discussed the
effect of surface scattering on quantum transport in thin
films with uncorrelated atomically rough surfaces. Their
results were applied to CoSiz (Ref. 8) to explain the
enhancement of the resistivity for very thin films.

More recently Trivedi and Ashcroft thoroughly dis-
cussed the influence of random surface roughness on the
QSE. In their work surface roughness is incorporated as
a boundary condition on the Hamiltonian, and for
sufficiently small variation of the thickness the problem is
handled perturbatively. They also included large-scale
thickness fluctuations on a scale larger than the mean
free path by breaking up the film into units with slightly
different thicknesses. Using the particle-in-box model
they found results essentially similar to Sandomirski's but
strongly modified in the ultrathin film range if small-scale
surface roughness was included.

Most recently the influence of surface roughness corre-
lations on the surface conductivity of thin films was stud-
ied theoretically by Fishman and Calecki. ' For small
roughness correlation lengths g, in the limit gkt «1
where k& is the largest of the Fermi wave vectors k„of
subband v, they found the dependence cr ~ d with a de-
creasing from 6 when the number of occupied subbands
N is 1, to a=2. 1 when N »1. On the other hand, for
gkt ) 1, a becomes smaller than 2.3. These a values differ
considerably from the classical value a =1.

Although the occurrence of quantum-size effects in the
resistivity has been reported, "' there is still controversy
about the influence of the real structure of the thin film
on its resistivity. It is obvious that the thickness of the
crystalline film cannot be varied infinitesimally and from
that it follows that in the free-electron model the QSE
condition is fulfilled when ndo =m A,z/2, where n and m
are integers, do is the monolayer thickness, and A,z is the
Fermi wave length. Experimental evidence of this
phenomenon was previously reported in Ref. 13, in which
the resistivity of ultrathin epitaxial Pb layers was mea-
sured and simultaneously reflection high energy electron
diffraction (RHEED) specular beam intensity oscillations
with 1-ML (monolayer) period were seen. This supports
the idea that during monolayer-by-monolayer growth the
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surface roughness of the film is changing periodically
with thickness, which also influences the resistivity of the
film. The purpose of this paper is to provide further evi-
dence of the influence of surface roughness by a more de-
tailed analysis of additional studies of Pb and Pb-In films.

It has been shown previously that the growth mode of
Pb on the Si(111) surface can be modified by evaporation
of other elements. About 0.5 at. % of Ag remarkably
prolonged the layer-by-layer growth mode. ' The same
was true for Au codeposition at the same rate. Similarly,
by coevaporation of In and Pb we were able to modify the
surface roughness of the growing film. This allowed us to
vary the size-effect fine structures in the electrical resis-
tivity. In was chosen because of its complete miscibility
with Pb and its similar surface energy so that no phase
separation or surface segregation has to be expected.

The paper is organized as follows: In Sec. II the exper-
imental details are discussed. The results of the RHEED
specular beam intensity measurements are presented in
Sec. III A. Experimental resistivity data and a discussion
of the CSE parameters in Pb and Pb-In are given in Sec.
III B. In Sec. III C the resistivity fine structures are ana-
lyzed in the framework of the quantum theory given in
Ref. 9 and the role of surface roughness is discussed. A
simple growth model' is adapted and finally the electri-
cal conductivity of ultrathin films is calculated and corn-
pared with experimental data. Quantitative agreement is
obtained using parameters of thicker Pb films. Section
IV contains an analysis and discussion of the results. We
show that the CSE fine structure can be properly de-
scribed by the QSE theory after introducing a simple
monolayer-by-monolayer growth model.

II. EXPERIMENT

The experiments were performed in a UHV
molecular-beam epitaxy system equipped with various
electron- and photon-induced electron spectroscopies.
The system was pumped by a titanium sublimation pump
and by an LN2-baNed difFusion pump which produced a
base pressure of 4X10 Pa and maintained a pressure
below 1X10 Pa during deposition. Pb and In were
evaporated from Mo crucibles and Au from a W crucible
by electron-bombardment heating.

The substrates were Si(111) single crystals with 1000
0 cm resistivity at room temperature, cut with an accura-
cy of +0.05' and typical dimensions 16X4X0.8 mm .
They were polished, etched in 19:1HNO3+HF solution,
rinsed in distilled water and methanol, and mounted in a
Mo holder. The final surface cleaning consisted in flash-

ing for a few seconds to about 1500 K. This treatment
produced a sharp (7 X 7) superstructure RHEED pattern.
Direct resistive heating of the Si crystal was used. The
holder could be rotated so that any polar angle could be
selected for the RHEED intensity measurements. The
substrate could be cooled to about 110 K by cooling the
crystal holder with LN2.

The thickness of the growing films was measured with
a quartz-crystal oscillator. In order to modify the surface
of Si chemically and structurally about 1.2 ML Au was
deposited. The Au deposits were annealed for 1 min at

about 950 K and then the temperature was gradually
lowered to about 500 K within 3 min. This resulted in
the appearance of the (6X6)Au superstructure which al-
tered the growth mode of Pb on Si(111)and changed the
interfacial parameters in the Si(111}/Pb system. ' '

RHEED intensity measurements were made with a
home-built magnetically focused high-resolution RHEED
gun equipped with several deflection systems for beam
alignment. A Faraday cup detector could be moved into
any desired position in the central part of the RHEED
pattern which was simultaneously observed on the
fluorescent screen. All measurements reported below
were taken with 20-keV electrons under specular condi-
tions.

The electrical resistivity was measured as follows. The
140-Hz signal from a signal generator was applied to the
sample in series with a 5-MQ resistor. The substrate with
the Au(6X6) superstructure had typically 10—20 kQ
resistance at 110 K. A signal which was proportional to
R~~=R, Rfl(R, +Rf), where R, is the resistance of the
substrate and Rf that of the film, was obtained from po-
tential contacts consisting of electrochemically etched W
wires pressed against the front of the Si crystal. Careful
calibration of the electronics and collection of the data by
a computer allowed a broad dynamical range and a high
accuracy of the measurements.

III. RESULTS AND DATA ANALYSIS

A. RHEED specular beam intensity oscillations

It is well established that the occurrence of the
RHEED intensity oscillations indicates quasi-
monolayer-by-monolayer growth. This phenomenon has
been observed in semiconductors, ' and subsequently also
during the growth of ultrathin metal films. ' ' We have
observed RHEED specular-beam intensity oscillations in
ultrathin films of Pb and Pb-In alloys during their growth
on Si(111)-(6X6}Ausubstrates at about 110 K. Figure 1

shows typical results of RHEED intensity oscillation
measurements for thin films evaporated on Si(111)-
(6X6)Au at 110 K. For the pure-Pb film the oscillations
are regular from the very beginning and are strongly
damped. The additional structure in the initial stage of
growth is presumably caused by the interaction of the
beam with the substrate and can be explained only within
the framework of the dynamical theory of diffraction.
Also, a possible QSE in RHEED intensity oscillations has
to be taken into account. ' With increasing In content
the RHEED intensity oscillations extended up to increas-
ingly larger thickness (Fig. 1). At around 30 at. % of In
they were best developed. For these samples the oscilla-
tions become regular, however, only after deposition of
about four monoatomic layers of Pb-In as indicated by
the RHEED pattern. A similar transition from disor-
dered to well-ordered thin film was previously reported'
for pure Pb on Si(111)-(7X 7), where the RHEED intensi-
ty started to oscillate regularly after reaching a critical
thickness of about 4 ML.

The thickness of the Pb-In alloy monolayer at 110 K
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T=110K
8 =0.23' Sample

type

A

B
C

at. %
of In

0
6

25

p~
(pQ cm)

11.6
12.8
19.1

(1—p)I
(A)

71.8
68.9
49.1

TABLE I ~ Pb film parameters derived from the experimental
data of Fig. 2 using Eq. (1).

p(d) =p„[1+3l(1—p)/8d] .

0 4 8 12 16 20 24 28
THICKNESS (MLS Pb)

FIG. 1. RHEED specular beam intensity oscillations during
growth of Pb and Pb-In films on a Si(111)-(6X6)Au surface at
110K. [112]azimuth, glancing angle 8=0.23 '.

was determined by RHEED intensity oscillation and the
oscillator measurements. It was found to be constant up
to 30 at. %%uoof In, withi naccurac yo f +1%. Thi s iscon-
sistent with the crystal structure data for the Pb-In sys-
tem. ' Up to 73 at. %%uo Inonl yon ephas ewit h fcccrystal
structure exists whose lattice constant varies from 4.94 A
for pure Pb to 4.81 A for Pb-In with 73 at. % of In.

p is the specularity parameter. The specific resistivity of
the bulk material p„and the parameter 1 (1—p) were ob-
tained from a least-squares fit within the thickness range
in which the fine structure in the resistivity is weak. This
range began typically at about 15 A. The data for the ex-
amples are shown in Table I.

We are now able to find the p, vs d dependence, where

p, is the surface residual resistivity p, =p(d ) —p „.This
is shown in the log, o(p, ) vs logIc(d) plots of Fig. 3. In the
oscillation-free regions of the curves the slope a of the
0, 0(d dependence was 1, with an accuracy of 3%
((r, = 1/p, ). Also the data for extremely thin films (from
1 to about 10 A) follow the linear dependence with a su-
perposed modulation caused by QSE and CSE contribu-
tions. In this sense the data are very well described by
the classical formula (1), although the applicability of
such a description is rather questionable.

B. Resistivity of ultrathin Pb and Pb-In films
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FIG. 2. Specific conductivity vs thickness of films of Pb with
0, 6, and 25 at. % of In measured at 110K.

As examples for all evaporated samples we select for
further discussion three samples with very di6'erent con-
tents of In, 0, 6, and 25 at. %%uo forsample s A, B, an d C, re-
spectively. The thickness dependence of the specific con-
ductivity as calculated from the experimental data is
shown in Fig. 2. Similar to our earlier investigations'
the experimental data could be fitted by the Sondheimer
approximation to the Fuchs formula for d/l & 1, with d
the thickness, I the mean free path, as follows:
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FIG. 3. log&0(p, ) vs log&0(d) plot. p, was obtained by subtrac-
tion of p„ from the data of Fig. 2. The dashed lines show the
dependence o. ~ d. The data of curves B and A are multiplied in
the plot by 10 and 100, respectively.
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C. Fine structures in the resistivity

The modulation of the smooth o., ~ d dependence seen
in the data of Fig. 3 can have two causes: the CSE and
the QSE. The CSE is introduced by the periodic varia-
tion of the parameter p in Eq. (1). This oscillation is
strongly linked with the RHEED intensity oscillations
and originates from the periodic change of the surface
roughness induced by the quasi-monolayer-by-monolayer
growth as discussed previously. ' ' It is expected that
the period of the resistivity oscillations corresponds to
that of the RHEED intensity oscillations and is equal to
1 ML. This was found to be true for all samples.
Codeposition of In enhances this effect strongly, as clear-
ly seen in the RHEED and resistivity data.

Figure 4 shows the data for the samples A, B, and C
obtained after subtraction of 1/p(d) calculated according
to Eq. (1) with the parameters of Table I, from the mea-
sured data. The amplitude of the 1-ML oscillation period
increases with increasing In concentration. Superim-
posed on it is a 2-ML oscillation period. The 1-ML fine
structure in the electrical resistivity of ultrathin metal
films as a pure classical size effect was previously report-
ed in Au (Ref. 20) deposited at 100 K on Si(111)-(7X7).
The 2-ML-period oscillation can be explained by the
QSE. A QSE in the resistivity for (111) epitaxy of Au is
excluded by the band structure of Au because of the ener-

gy gap in the I L branch near the Fermi level. ' In Pb-In
alloys a QSE is possible. The I-ML-periodicity fine struc-
ture in the electrical resistivity of the Pb-In films may be
used as a reference to determine precisely the QSE struc-
tures in the o(d) plots.

The analysis of the QSE is made according to the
theory described in Ref. 9. In the presence of bulk im-

purity scattering and surface roughness scattering the
conductivity in the plane of thin film is

I

0-
O

2-O
Z:
IJJ
IX 0
LL

0
C)

Q 2
O

I

(3
LL

0—
C3
LLJ

V)
cL -2-

I I I ~ L I I I ~ L
~ ~ I I

L
~ I I ~

L
~ ~ ~ ~

0 5 10 15 20 25
THICKNESS (ML OF Pb)

FIG. 4. Specific conductivity difference o.
d
= 1/p, „~

—1/p(d).
p(d) is calculated according to Eq. (1) with the parameters of
Table I. 1/p, „~ are the data of Fig. 2.
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where kF is the Fermi wave vector, ~=kFd /~,
n, =Int(v), s(n, ) =(2n, +1)(n, +1)n, /(3' ), and I is the
mean free path. 5d describes the small-scale roughness
and is the root-mean-square deviation of the mean film
thickness d. The effect of fluctuations in the thickness of
the film on a scale larger than the mean free path may be
also included. The small-scale surface roughness 5d is
obtained from a comparison between the RHEED inten-
sity oscillations and a growth model. '

The "distributed growth model"' takes into account
the lateral structure of the surface of a film by distribut-
ing adatoms among the monolayers according to the
number of "reactive" sites available. Of the
(e„—e„+,)/r atoms arriving per unit time on top of the
nth layer, a fraction a„ transfers to the nth layer and a
fraction 1 —a„remains on top of the nth layer. Here e„
is the layer coverage of the nth level and 1/i is the depo-
sition rate. In this model the time-dependent coverage is
given by the equation

de„
fl

e„—e„, e„,—e„
+(1—a„ I) (3)

and

d„(8„)a„=A
d„(8„)+d„+,(8„+,)

(4)

and the surface roughness is given by

(6d) = g (n t/r) (8„—6„+i—) .
n=0

Solutions of Eqs. (3), (5), and (6) with A =0.925 and
0.875 are shown in Fig. 5. With further decreasing value
of 3 the RHEED intensity oscillations are strongly
damped and (5d) approaches the (5d) =t/r depen-
dence characteristic of the nondiffusive growth model. '

Next we consider the inhuence of large-scale thickness
fluctuations. As is evident from the 6„(t) definition, the
mean thickness of the film d in units of ML is given by
the equation

A is the phenomenological parameter that measures the
net rate of transfer from one layer to the next and d„ is
an effective perimeter for the capture of an adatom to a
given layer. We choose the dependence d„(8„)
=8„(1—8„)'~, which corresponds to a growth model
in which both the number and the size of the nucleation
sites change during film growth. ' The coverage e„at
time t is given by the solution of the set of coupled
differential equations (3) subject to the initial conditions
eo(t) = 1, 6„(0)=0 for n ~ 1, and 8„=0.

In the anti-Bragg condition the specular electron beam
intensity I in the kinematic theory of diffraction is given
b 15

2

I = g (8„—8„+,) cos(nn)
n=0
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where o (ndc) is given by Eq. (2), 8„ is obtained by the
solution of Eq. (3), ndo is the thickness of the ribbon, and
d is the average thickness of the sample.

In the second model the ribbons are aligned perpendic-
ular to the x direction. Each ribbon with the same area
as in the first model has the length (8„—8„+&) of the to-
tal length of the sample. For the average conductivity cr,
we get

~ Q e ~ ~ e ( s r I ~ ~ I I s e t ~ ~ ~ e ( s ~ ~ I0.
0 5 10 15 20 25

THICKNESS (ML OF Pb)

FIG. 5. Solutions of Eqs. (4) and (5) with A =0.875 (bottom
pair of figures) and with A =0.925 (upper pair of figures). The
coverage e (solid), the specular electron beam intensity I
(dashed) calculated with Eq. (5), and the rms surface roughness
(5d) [in (ML) units] calculated with Eq. (6) are shown for both
values of A.

d(t)= g 8„(t)d, ,
n=1

(7)

where d (t) is the film thickness measured with a quartz
crystal oscillator. The number of monoatomic layers
with 0(e„(1depends on the thickness of the film and
on the growth mode. In the early stages of the film
growth only 2 ML are involved (2-ML growth front}
whereas for a film 25 ML thick with A =0.875 (Fig. 5), 4
monoatomic layers are partially filled (4-ML growth
front). In such a film-growth mode —which occurs dur-
ing the growth of all epitaxial or textured films —the
sample consists of regions with thicknesses given by in-
teger numbers of monoatomic layers [Eq. (7}]and can mi-
croscopically not be described by a mean thickness d.
This fact is extremely important for the study of the QSE
in thin metallic films in which A,F is of the order of do.
The quantity e„ in the distributed growth model gives
only the fraction of the total area of the sample with
thickness ndo but does not describe the size, shape, and
lateral distribution of the islands on the surface of the
film. For the sake of simplicity we consider only two sim-
ple distribution models.

In the first model the sample is composed of ribbons
with different thickness ndo aligned parallel to the direc-
tion of the current fiow (x) during the resistivity measure-
ments. The number of the ribbons is equal to the number
of monolayers involved in the evolution of the growth
front. Each ribbon has a width of (8„—8„+&) of the to-
tal width of the sample. The resulting average conduc-
tivity cr is given by

In a real sample we have to consider a net of units with
different sizes and different shapes connected in a mixed
form. Thus the true value of cr can be expected to lie be-
tween the limits oz and cr, . In fact both models give very
similar results that differ less than 2% already for a 6-
ML-thick sample. Equation (9}(serial connections) is not
applicable for samples with average thickness less than
about 1 ML that cannot form continuous paths in this
simple model.

The results of the numerical calculations of Eq. (8)
with 5d from Fig. 5 are shown in Fig. 6. kF =1.6062
0
A ' is obtained by fitting the energy dependence
E =II't k /(2m') to the experimental data of Fig. 11 in
Ref. 21. The mean free path I of electrons was taken to
be 20 A. Similar to the experimental data the plot shows
a superposition of 1- and 2-ML oscillations. Note the 3-
ML difference in thickness between the larger maxima at
12 and 15 ML. Close inspection of the experimental data
in Fig. 3 shows such a difference in the same region.

The de Broglie wavelength A,F and the thickness of
separate islands ndo are in general incommensurate, so
that the matching condition mkz/2=nd, c (QSE condi-
tion) will occur only within certain thickness ranges. For
A,z/2=m/k+=1. 9559 A and dII=2. 86 A this condition
is well fulfilled for n =13 (ndII=37. 18 A) and m =19
(mA, F/2=37. 16 A) and approximately for n =2, m =3
and multiples of these pairs. However, n = 13 and
m = 19 is just in the region of the mismatch both in the
experimental data and in the calculated curves of Fig. 6.
This mismatch can be explained as follows. A sudden de-
crease of the conductivity is expected when the thickness
d crosses the value m A,~/2 due to the sawtoothlike shape
of the function cr„„(d} (if d is changing continuously}.
This shape describes the conductivity contribution of the
regions with thickness ndo whose fractional coverage is
(6„—6„+&). As can be seen in Fig. 5 the maxima of
(8„—6„+,) and also the minima of the (5d ) vs d depen-
dence are shifted about 0.2 ML when the growth front
consists of 2 or 3 ML. This shifts the matching region to
approximately 6 ML (6dc=17. 16 A) with m =9
(9A,z/2=17. 60 A} and the mismatch region correspond-
ingly to about 11—14 ML.
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IV. DISCUSSION AND SUMMARY

I= 3~% 1

e kFp
(10)

This is true both for the Drude theory and the

We have shown that ultrathin films of Pb and In-Pb al-
loys can grow on a Si(111)-(6X6)Au substrate at about
110 K in a quasi-monolayer-by-monolayer fashion. This
was confirmed experimentally by RHEED specular beam
intensity oscillations and by the appearance of CSE fine
structure in the electrical resistivity. In comparison with
theory it has to be kept in mind that Trivedi and Ash-
croft have calculated the conductivity of ultrathin metal-
lic films for 0 K temperature (when no energy-level
smearing occurs) and for a uniform impurity distribution
in the whole film while the experiment was performed at
about 110 K, possibly with an impurity gradient at the
film-substrate interface. Also the nature of the surface
roughness distribution can strongly modify the o (d)
dependence. Figure 3 of the second paper by Fishman
and Calecki' clearly shows that in the thickness range in
which d is comparable to kF the surface conductivity 0.,
decreases over 2 orders of magnitude when the autocorre-
lation length g decreases from 35 to 5 A. This changes
the slope of the 0. vs d dependence for ultrathin films
when surface roughness scattering is dominant. Figures
2 and 3 of Ref. 10 show also another important result:
the positions and the shape of the QSE-induced maxima
of o, (d) depend on both the autocorrelation length g and
on the shape of the autocorrelation function. Therefore,
a change of g and/or the autocorrelation function during
film growth can influence the QSE periodicity and/or the
shape of QSE fine structure. This effect can be important
in the analysis of the early stages of the film growth in
which surface scattering is dominating volume scattering.

The cr(d) dependence of both Pb and Pb-In films fol-
lowed the law cr ~ d. In terms of the QSE theories ' this
means that the correlation length of the surface rough-
ness g is larger than kF or is increasing significantly
with thickness.

The discrete nature of the resistivity oscillations with
1- and 2-ML period is a consequence of the quasi-
monolayer-by-monolayer growth mode of Pb-In films, as
observed also in the RHEED intensity measurements. A
film-growth model with continuously changing thickness
d gives maxima of 0. every m. /kF =0.6839do, which is not
observed in experiment. We note that the conductivity
calculated according to Eqs. (8) or (9) without inclusion
of the small-scale roughness (5d=0) gives the 2-ML-
period oscillations, but the 1-ML-period oscillations are
absent.

Although the oscillations with a period of 1 ML may
be regarded as a CSE effect caused by a periodic variation
of the specularity parameter p in the Fuchs-Sondheimer
theory, it must rather be considered as a quantum-
mechanical phenomenon as clearly described in the
theory of Trivedi and Ashcroft. This becomes evident
upon a closer inspection of the p„and (1—p)1 values

shown in Table I. For a spherical Fermi surface the
mean free path l is related to the resistivity p„=1/cr via

quantum-mechanical theory which can be seen from Eq.
(2) for d~ao. With kF=1.606 A ' one obtains 1=40,

0
37, and 24.5 A for samples A, B, and C, respectively, i.e.,
values which are considerably smaller than the corre-
sponding (1—p)1 values in Table I. As p ~0 in the
Fuchs-Sondheimer theory, the two sets of values are obvi-
ously inconsistent. The inconsistency can be explained
by the quantum-mechanical theory in terms of a small
coherence length of the roughness and/or a large rough-
ness which can lead to negative p values in the classical
theory. In addition, the classical theory cannot explain
the oscillations with a period of 2 ML in regions in which
the matching condition nd0 =m A,z /2 is approximately
fulfilled. Thus, the Fuchs-Sondheimer theory leads to a
pseudounderstanding of the conductivity of ultrathin
metal films, i.e., of films in which the thickness d is com-
parable with the Fermi wavelength A,F.

The same conclusion applies to our previous work in
which for pure Pb films deposited at 95 K on the same
substrate p„=8.3 pQ cm —corresponding to l =57 A—
and (1 —p)1=90 A was obtained (Table I in Ref. 13).
The larger l value in that study is probably due to the
lower temperature and small differences in film structure.
It should be noted that the decrease of I from 40 A to
24.5 A with increasing In concentration agrees qualita-
tively with what one would expect for impurity scattering
and that the value 1=24.5 A for 25 at.% In is close to
the value 20 A needed in the 0 calculations with Eqs. (2)
and (8), together with A =0.925, in order to obtain best
agreement between theory (Fig. 6) and experiment (Fig.
2) for the 25 at. % In film.

We conclude that QSE conductivity oscillations are a
common phenomenon in sufficiently perfect ultrathin
metal films with partially filled valence band in the direc-
tion of the size quantization. Contrary to previous indi-
cations we predict that the observation of the QSE in the
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FIG. 6. The specific conductivity of a thin Pb film calculated
with Eq. (8) using the (M) data shown in Fig. 5. The curve

with A =0.875 is shifted by —0.01 (pQ cm) for better view-

ing.
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conductivity of ultrathin metal films is more probably in
materials with small A,F because the matching of the de
Broglie wavelength with thickness within a limited thick-
ness range d & I is easier.

The experimental results and the quantitative analysis
within the framework of the QSE theory stress the impor-
tance of the growth mode of the film and the strong
influence of the surface condition on the appearance of
QSE fine structures. From this point of view previous re-
sults in which a continuous variation of the thickness d
was assumed appear rather questionable. Also, the
growth model with a period of 2 ML introduced to ex-
plain the 2-ML periodicity observed in He atomic beam
scattering during the growth of ultrathin Pb films is in
contradiction to our results. More likely, these oscilla-
tions are due to the theoretically predicted QSE oscilla-
tions of the spatial distribution of the electron density on
the surface with which the He atoms interact.

Theoretical studies showed that the dominant source
of resistivity oscillations is in the matrix element of the
transition probability and not in the density of states.
This work confirms this prediction experimentally. The

less perfect samples with smaller mean free path l (sam-
ples B and C in Figs. 2 and 4} show an enhancement of
the QSE fine structures.

In conclusion, we have found a method to influence
both CSE and QSE phenomena by using codeposition of
Pb and In. Using this method, we have shown that the
influence of the surface on the resistivity of ultrathin met-
al films can be described qualitatively but inconsistently
within the framework of classical theories but that a
quantitative and self-consistent description requires a
quantum-mechanical treatment as given in Ref. 9, taking
into account the nonmonotonic thickness changes on a
microscopic level and the thickness dependence of the
roughness correlations.
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