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Quantum size effects in metal films: Energies and charge densities of Pb„111… grown on Cu„111…
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Energies and electron densities of free-standing Pb~111! slabs consisting of 1 to 15 layers have been
determined by means ofab initio total energy calculations, using periodic slab geometries and gradient-
corrected density functional theory. Two sets of calculations were carried out, one with fixed slab geometries
and another one where interlayer spacings were fully relaxed. We find quantum size effects~QSE’s! for the
total energies in agreement with experiments by Toennieset al. @Europhys. Lett.10, 341 ~1989!#, who moni-
tored the epitaxial growth of thin Pb films on a Cu~111! substrate. QSE’s are also observed for the surface
electron density of thin lead films which manifest themselves as different ‘‘apparent step heights’’ of the
individual layers in high resolution helium atom scattering@Surf. Sci.384, L858 ~1997!#. For this second QSE,
we find that the interplane relaxation but also the in-plane strain within the Pb layers imposed by the Cu~111!
substrate, are important factors when it comes to a quantitative comparison between theory and experiment.
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I. INTRODUCTION

Electron confinement causes quantization, and hence
fundamentally interesting and possibly technologically r
evant phenomena. A good example is the occurrence of
called quantum size effects~QSE’s! ~Ref. 1! in thin metal
films, where conduction electrons move quasifreely in
lateral ~x,y! directions, while their motion perpendicular t
the film surface~z!, is quantized in a particle-in-a-box-lik
fashion. Many other nanostructured systems are known
exhibit QSE, ranging from ‘‘zero-dimensional’’ free2 and de-
posited clusters and islands,3 over fractal aggregates4 and
quasi-one-dimensional, chainlike structures,5 to two-
dimensional arrangements such as semiconductor6 or metal
films.

While QSE’s have long been known to exist
semiconductors,6 their occurrence in metallic, quasi-two
dimensional structures has been established only more
cently. On the basis of self-consistent jellium calculatio
Schulte7 predicted that a number of electronic propert
would exhibit oscillations as a function of the metal fil
thicknessD due to QSE’s. These properties include, amo
others,~1! the total energy,~2! the electron density inside
and outside the film,~3! the density of states at various e
ergies, and~4! the work function. Several theoretical studi
asserted that characteristic oscillations should also exis
‘‘real’’ metal films, when treated by more sophisticated firs
principles electronic structure methods.8–11 Examples have
been reported for Al,8,9 Li,10 Rh,8 and Pb films.11

Experimentally, QSE’s were first seen for metals in t
pioneering work of Jacklevicet al. who measured tunnelling
currents in metal-metal oxide-metal junctions,12 and later in
low-energy electron transmission experiments by Jon
et al.13 Since then, QSE-related oscillations have been fo
in other transport properties of thin films, such as the elec
0163-1829/2001/63~23!/235405~9!/$20.00 63 2354
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resistivity,14 the Hall coefficient,15 and the critical tempera
ture in superconducting films16 all of which depend all on the
density of states at the Fermi energy. To our knowledge,
clear direct experimental evidence exists so far for QSE-t
oscillations in the work function of metallic films. Moreove
the recently discovered oscillatory interlayer coupling b
tween two ferromagnetic layers separated by a nonmagn
spacer17 has been found to be closely related to the appe
ance of quantum well states at the Fermi level in the spa
thin metal film.18 These experimental findings inspired
great amount of theoretical work, andab initio calculations
have been performed which confirmed the experimental l
and short range periods of the oscillations.19 Novel applica-
tions of these QSE’s such as giant magnetoresistance
tailoring of magnetic sensors and spin valves, are nowad
the subject of a number of first-principles studies.20,21

In this paper we study oscillations in the energies and
electron densities of thin nonmagnetic metal films. To t
end first-principles slab calculations using gradient-correc
density functional theory~DFT! have been carried out for th
example of Pb~111! films consisting of 1 to 15 monolayer
~ML’s !. Oscillations in the total energy are expected to
fluence the growth mechanism of a film, while differences
the electron densities—in particular in the ‘‘vacuum’’ re
gion, i.e., outside the metal—should, indirectly, determ
the work function and hence, for example, the reactivity
the spectroscopical properties of the system.

The motivation to study lead films comes from two ke
experiments by Toennies and co-workers. The first one
vealed, by helium atom scattering~HAS!, oscillatory behav-
ior in the total energies with the number of Pb monolay
during the epitaxial film growth on a Cu~111! substrate.22 In
particular, regions were identified where a double-lay
growth pattern dominated over a layer-by-layer mode, s
gesting that ‘‘magic numbers’’ exist for extended film stru
©2001 The American Physical Society05-1
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tures, as well as for~metal! clusters.2 In the second, more
recent experiment HAS was used in an interferometric m
to measure the ‘‘apparent step height’’ of Pb layers grown
Cu~111!.23 Roughly speaking, in this experiment one prob
regions of constant electron density above the film, a
therefore the extent of the ‘‘spill-out’’ of the electrons in
the vacuum. Again, characteristic oscillations were fou
with a double-layer period, which show that the electr
density outside the film is influenced by QSE’s, as predic
by Schulte.7 Toennies and co-workers rationalized their fin
ings in both experiments nicely with the help of particle-i
a-box–type models. The major aim of the present contri
tion is to provide a more solid theoretical understanding
the underlying physics, which also accounts for the ‘‘rea
electronic and geometric structure of thin Pb films. To t
endab initio electronic structure theory is applied, support
by more simple concepts.

The rest of the paper is organized as follows. In Sec. II
methodology of the present calculations is outlined, toget
with a few specific numerical details. In Sec. III,n-layer Pb
films (n51215) are studied to rationalize oscillations in th
total energies. The role of interplane relaxation of the Pb
cores is investigated by comparing the results of calculati
with and without structural relaxation. We observe tren
that are consistent with the growth mechanism of lead fi
on Cu~111! suggested in Ref. 22. The computed interlay
distances for the optimised geometries are compared
experiment.24 In Sec. IV theab initio based method used t
compute the apparent step heights is outlined, and the re
are presented and related to experiment.23 It turns out that
not only the interplane relaxations but also the inclusion
intraplane strain imposed by the Cu~111! substrate is an im-
portant factor when it comes to a quantitative comparison
the HAS data.23 Finally, Sec. V contains a summary of th
work and our conclusions.

II. METHOD

A. Generalities

For performing ground-state electronic structure calcu
tions on the Pb~111! slabs within the DFT formalism, we
have used the Cambridge Serial Total Energy Pack
~CASTEP!, employing a supercell geometry.25 The program
solves the periodic Kohn-Sham equations of density fu
tional theory~DFT!.26 For all calculations the generalized
gradient approximation~GGA! was used in the form given
by Perdew and Wang.27 For the 14 5d, 6s, 6p Pb valence
electrons a plane-wave basis set is used, the size of whi
determined by an energy cutoffEc and the volume of the
unit cell.25 The ionic cores of the Pb atoms are represen
by fully separable, ultrasoft28 pseudopotentials. A scalar
relativistic treatment has been chosen in which the mass
locity and the Darwin terms are retained in the full-core p
tential, while neglecting the spin-orbit correction29 of the
fully relativistic pseudopotential.30 As will be argued later,
this single-component approach does not affect any of
conclusions significantly.

Further, conjugate gradient and density mixi
schemes25,32 are used for iteratively minimizing the total en
23540
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ergy functional in the space of the plane-wave expans
coefficients. Geometry optimization is achievedvia a BFGS
minimizer.33 Finally, since we are dealing with metallic sys
tems, we take advantage of the improved converge
yielded by smearing the occupation of the bands aro
EF by a finite-T Fermi function and extrapolating to
T50 K.34,31

B. Specifics for Pb films

The initial convergence tests to determine suitable co
putational parameters were done for bulk Pb. For the pri
tive unit cell ~1 Pb per layer!, with a 53535 k-point mesh
which corresponds to 10k points in the irreducible part o
the Brillouin zone~IBZ! according to the Monkhorst-Pac
algorithm,35 and with a plane-wave energy cutoff ofEc

5320 eV the experimental lattice constant ofaexp54.95 Å
~Ref. 36! could be reproduced to within 2% (athe55.02 Å).
The use of larger cutoff energies ork-point meshes did no
alter this value significantly. A Fermi broadening of 0.2 e
was chosen to smear out the Fermi surface according to
finite-T scheme mentioned above. Total electronic energ
were converged to within<231027 eV/atom.

The convergence also of other computed properties
checked carefully. For the QSE to be studied below an
curate determination of the Fermi surface and the band st
ture aroundEF is crucial. Increasing thek-point mesh to 7
3737 ~20 k points in the IBZ! did not alter the computed
band structure for bulk lead significantly—the bands arou
EF were typically shifted by'0.1 eV to lower energies
without notable influence on their shapes and widths. Al
spin-orbit corrections play only a minor role for the ban
structure aroundEF . This conclusion was drawn from com
paring our scalar-relativistic calculations for bulk Pb
an older DFT calculation37 in which spin-orbit coupling
had been included. Our Fermi surface was in quantita
agreement with the spin-orbit corrected one by Hornet al.37

In particular, the numbers and positions of those points al
high-symmetry lines in the IBZ that arise from the crossi
of bands withEF , were in excellent agreement. For e
ample, there are two bands which crossEF along theGK line
at uku50.52 and 0.71ukK2kGu according to Ref. 37, wherea
we find two points at 0.55 and 0.72ukK2kGu, respectively.
For bulk Pb the Fermi surface arises from the two lowestp
levels, whereas the 6s band is located between about 11
and 6.9 eV belowEF . Band widths in the Fermi region a
well ass-p band gaps at variousk points are in good agree
ment with Ref. 37, typically to within a few tenths of eV
~Remaining differences are mainly due to the use of differ
functionals in both works.! Significant differences due to
spin-orbit coupling are found almost exclusively for ban
well aboveEF . An exception to the rule is a spin-orbit spli
ting of about 1.5 eV observed in Ref. 37 for the two lowerp
levels at pointW of the IBZ which are situated close toEF ;
this splitting is not recovered in our calculations. In gener
however, the electronic states aroundEF are largely unaf-
fected by spin-orbit effects, and we expect the same for
QSE’s to be studied below.
5-2



in
of

to
e

cr
d
le
te
a
1

ity
um
th

f
ur

ith
on
e
n
s

a
e

n

o
ay
e

e
It

th
io
ffe
l.
he

-
r

ur

the

e-
ely,
n

e
A
ta-
ld

y

pe-
n

Pb
-

ies

.
e,
on
very

p.
on

QUANTUM SIZE EFFECTS IN METAL FILMS: . . . PHYSICAL REVIEW B 63 235405
For the film calculations below, free-standing Pb films
periodic slab geometries were employed; the presence
Cu~111! substrate was treated indirectly~see below!. For a
film consisting ofn Pb monolayers, the unit cell containsn
atoms. A 53531 k-point mesh was used, corresponding
5 k points in the irreducible Brillouin zone, together with th
cutoff energy determined for the bulk. The convergence
teria were 531026 eV/atom for the electronic energy, an
r.m.s. atom displacements less than 0.01 Å and forces
than 0.05 eV/Å for the geometry optimization. Unless sta
otherwise, a vacuum gap of 13 Å was employed. This g
was sufficient to yield energies converged to within
31022 eV per layer. More importantly, the electron dens
tails in the vacuum region are very sensitive to the vacu
gap between slabs. This in turn makes the calculation of
apparent step heights~see below! sensitive to the choice o
vacuum gap. The value of 13 Å is sufficient for these p
poses.

The slab calculations have been carried out with and w
out geometric relaxation of the ion cores. Relaxati
amounts to optimizing the interlayer distances within a c
of fixed volume, since the shortest Pb-Pb distance withi
layer is fixed by virtue of the periodic boundary condition
This latter distance wasathe&/253.55 Å, slightly larger
than the experimental value of 3.50 Å. In the unrelaxed c
culations the intraplane distance was also fixed at the th
retical bulk valued05athe/)52.90 Å. Finally, to include
the strain imposed on the Pb films by the rigid Cu~111! sub-
strate in an approximate way, calculations with in-pla
compression were carried out~see Sec. IV C for details!.

III. ENERGETICS OF THIN Pb FILMS

The first part of this work aims at an understanding
QSE’s previously detected during the growth of Pb overl
ers on a Cu~111! substrate.22 Total energy calculations of th
type described above were carried out on Pb slabs with~111!
surfaces, ranging from 1 to 15 layers thick.

A. Total energies and energy differences

In Fig. 1~a! we show the total energy per monolayer~i.e.,
per atom! E(n)/n as a function of the number of layers in th
slabn both for the unrelaxed and the relaxed geometries.
seen thatE(n)/n is more negative at largern, with only little
structure in the curve. For largern, E(n)/n gradually ap-
proaches a constant value which in the limit is equal to
energy per atom in the bulk. Note that geometry optimizat
lowers the total energies, as expected, but the overall e
of interplane relaxation on the total energy trend is smal

A quantity which is much more sensitive to QSE’s is t
energy difference

DE~n!5E~n!2E~n21! ~1!

which is shown in Fig. 1~b!. Now, clear oscillations which
are ‘‘damped’’ at highern become visible, both for the un
relaxed and the relaxed geometries. These oscillations a
from the occupation of electronic levels close to Fermi s
face ~see Ref. 7!, which arep-like as for the bulk~see Sec.
23540
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II B !. Closer inspection shows that fromn51 to n56 three
oscillations with a double-layer period are present~‘‘region
A’’ !, and similar oscillations occur betweenn510 andn
514 ~‘‘region C’’ !. Betweenn57 andn59 the oscillations
are basically absent~‘‘region B’’ !. As we have carefully
checked the convergence of the total energies and of
single-particle energies at the Fermi level over thek-point
sampling~see Sec. II B!, these changes in the oscillation p
riods cannot be due to numerical inaccuracies. Convers
the oscillations in regionA suggest that there films with a
even number of monolayers~2,4,6!, are more stable than
those with an odd number~1,3,5!, whereas in region C the
odd-layer slabs~11,13,15! are energetically favored over th
even ones~10,12,14!. This suggests further that in regions
and C double-layer growth should prevail to maximise s
bility, whereas in region B monolayer-by-monolayer shou
dominate. In fact, Toennieset al. have observed precisel
this kind of behavior for Pb growing on Cu~111!, i.e., for up
to n;25 there are regions dominated by a double-layer
riodicity with monolayer-by-monolayer regions betwee
them. The oscillations are damped at largern, which is con-
sistent with Fig. 1, and they are completely absent when
is deposited on Pb~111! where exclusively monolayer-by
monolayer growth takes place.22

From a theoretical viewpoint, QSE in the total energ
are not new, not even for Pb~111!. They have been found
~for n<7! by means of periodic Hartree-Fock calculations11

In more simple but insightful terms the oscillations aris
according to Schulte,7 because the quantized one-electr
energies decrease with increasing film thickness: then, e
time such a level falls below the Fermi energyEF it becomes
filled suddenly thus leading to a discontinuous energy jum
In a simple particle-in-a-box type picture, the one-electr
energy levels are7

« j~kx ,ky!5
\2~kx

21ky!2

2m
1

\2p2 j 2

2mD2 1v0 , ~2!

wherem is the electron mass~assumed to be isotropic!, \kx
and \ky are the electron momenta for free motion alongx

FIG. 1. ~a! Monolayer energiesE(n)/n for relaxed and unre-
laxed Pb~111! slabs as a function of the number of monolayersn;
~b! corresponding energy differencesDE(n) @Eq. ~1!#.
5-3
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MATERZANINI, SAALFRANK, AND LINDAN PHYSICAL REVIEW B 63 235405
and y, D is the box width, taken to be equal to the fil
thickness,j .0 is a quantum number, andv0 a constant.
Equation~2! clearly reflects how the energy levels are sta
lized with increasing film thickness.

Another equally intuitive and simple viewpoint was su
gested in Ref. 22 where it was argued that the oscillati
can also be explained with the magnitude of the so-ca
misfit, defined as

d~n!5Und02m
lF

2 U. ~3!

~n is the number of layers,d0 the distance between two lay
ers, lF is the Fermi wave length, andm an integer which
makesd a minimum!. The confining potential of the film is
modelled by a box of widthD5nd0 . Wheneverd is large
the standing electron waves do not fit properly into this b
and the film is less stable. The misfitd(n) as a function ofn
will be shown below; for now it is sufficient to say tha
according to Toennies,d(n) correlates nicely with the ob
served growth pattern monitored with HAS.23

B. Interplane relaxation

Although the occurrence of QSE-related oscillations
the energies does not depend on interplane relaxation,
latter is substantial, and does influence the apparent
heights to be calculated below. It is therefore worthwhile
discuss the effects of geometry relaxation a little further a
to judge on the quality of our calculations by comparing
experiment. Let us define

dml~n!5@Zl~n!2Zm~n!2~ l 2m!d0#/d03100% ~4!

as the percentage measure for the geometric relaxation o
distance between thel th and themth layers within ann-layer
film. The convention used is that the outermost layer is
first one. Here,Zl(n) is the position alongz of the ions in
layer l, andZl(n)2Zm(n) is the optimized distance betwee
the two layers while (l 2m)3d0 is the corresponding dis
tance in the unrelaxed case. Since the geometric relaxatio
in general different for different slab thicknessesn, dml de-
pends onn. In Fig. 2 we showd12 ~a!, d23 ~b!, andd34 ~c!, as
a function ofn.

By considering Fig. 2~a! we find thatd12 is ~i! negative
and ~ii ! oscillates, approaching a final value of about25%.
The first observation means that the distance between the
and the second layer is smaller than in the bulk, a w
known and well-understood effect for many surfaces.38,24

The oscillations reflect QSE in Pb layers, and in fact th
have their consequences when the quantitative determina
of apparent step heights in HAS is of concern. After 15 M
the oscillations are still visible which indicates that the sem
infinite surface limit is still not reached. The distance b
tween the top and the first subsurface layer of a Pb~111!
surface as determined by LEED is23.561.0%,24 which is
in fair agreement with the theoretical value forn515.

Figure 2~b! shows~except forn55! positive values for
d23, indicating that the distance between the second
third layer is somewhat widened. The geometry change
23540
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less pronounced than for the~1, 2! pair as might be expected
and then515 value ofd23 is 12.4% and thus in good agree
ment with experiment, which gives11.961.4%.24 For the
~3, 4! pair we find only a small relaxation parameterd34,
whose sign depends on the layer thickness. The ‘‘final’’d34
~for n515! of about10.5% is smaller than the experiment
value of11.661.8%.24 Taking the experimental error bar
into account and the fact that a film is still different from
semi-infinite surface, the magnitude of the geometric rel
ation is captured reasonably well by the calculations.

IV. CHARGE DENSITIES OF THIN Pb FILMS

A. Apparent step heights: How to calculate them

In this section we are concerned with the second key
perimental finding mentioned above, namely the occurre
of oscillations of the apparent step heights of Pb films wh
grown on Cu~111!, measured by interferometric HAS.23 In
these experiments every time a monolayer of lead was h
completed the growth process was halted, the energy of
helium beam was linearly increased from 12 to 80 meV a
a time-of-flight spectrum was recorded, from which t
heights of consecutive layers were obtained. The term ‘‘
parent’’ hints to the fact that not only the geometric distan
between the ionic cores in complete and half-complete lay
contribute to the step height, but also the electron den
outside the layers does. If the He scattering process is tre
classically, the apparent step height~ASH in the following!,
for a film consisting ofn21 complete and one incomplet
layer is

d~n!5Z1~n!2Z1~n21!1ztp~n!2ztp~n21!. ~5!

Here,Z1(n) @Z1(n21)# is the geometric position of the ion
cores in the uppermost layer 1 of ann (n21) layer system,
while ztp(n) @ztp(n21)# is the height above that layer tha
corresponds to the classical turning point of the He ato
The latter probes constant electron density of the film in
vacuum region as long as the kinetic energy of the He a

FIG. 2. Percentage interlayer relaxationsd lm @Eq. ~4!# for
Pb~111!, as a function of slab thicknessn. Shown are the relax-
ations of the distance between the first~top! and second layer~a!,
the second and third layer~b!, and the third and fourth layer~c!.
The dashed, horizontal lines are the experimental values for a s
infinite Pb~111! surface~Ref. 24!.
5-4
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is constant. In the range of He kinetic energies conside
here the attractive well in the rare gas-film interaction can
neglected; then the He-surface interaction potential is re
sive and depends according to Esbjerg and No”rskov39 lin-
early on the electron density spilling out into the vacuum

V~z!5Ar~z!. ~6!

Here,A5111.0 when the interaction energy is measured
eV and the electron densityr(z) in electrons/Å3.39 At the
classical turning point above ann-layer film, say, the kinetic
energy of the projectile He atoms equals the repulsive in
action with the film

V@Z1~n!1ztp~n!#5Ek ~7!

such thatztp can be extracted fromEk and the electron den
sity r(z). Hence, Eq.~5! suggests that the apparent st
height has two contributions, namely, ageometricone @ow-
ing to the position of the ion coresZ1(n)2Z1(n21)#, and
an electronic one @owing to the classical turning point
ztp(n)2ztp(n21)#. Both quantities depend on the numb
of layersn because the interlayer relaxation is different f
different film thicknesses~see Fig. 2!, but also the electron
density profile extending from the surface into the vacu
depends onn ~see below!. Furthermore, the ASH will depen
on the kinetic energy of the He atoms becauseztp will be
smaller for higher initialEk .

The dependence of the apparent step heights onEk and
the dependence ofztp on n have been investigated in Ref. 2
using simple square-well model potentials and particle-in
box–type energies. These calculations rationalized the
perimental findings, namely, distinct oscillations of the AS
with the number of Pb monolayers and a 2 MLperiod around
d0 , which is again the geometric distance between two l
ers in the bulk. According to Ref. 23 these oscillations
due to different spill-outs of electron density into th
vacuum, i.e., due to QSE-related differences in the elec
density above the film as predicted by Schulte.7 In the
present work we will try to rationalize these findings on
ab initio basis, further discriminating between geometric a
electronic contributions.

Again, as a first step free-standing Pb~111! slabs are con-
sidered and the Cu~111! substrate neglected. The calculatio
of the apparent step heights requires the knowledge of
ion core positions and of the electron density outside
film.

The relevant quantity here is thelaterally averagedelec-
tron densityr̄, obtained from integrating over the areaA0 of
the two-dimensional unit cell:

r̄n~z!5
1

A0
E E rn~x,y,z!dxdy. ~8!

In Fig. 3 we show r̄n(z) for films consisting of n53
@Fig. 3~a!# and n54 layers @Fig. 3~b!#, with and without
geometry optimization. The HAS experiments of Toenn
et al.23 were carried out in a kinetic energy range between
and 80 meV, thus indicating via Eq.~6! that He is reflected
from the film at electron densities ranging from 1.131024 to
23540
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7.331024 electrons/Å3. Hence only the low-density tails in
Fig. 3, far away from the film, are of interest when interpre
ing these experimental data.

As a ‘‘reference density’’ we will take r̄51
31024electrons/Å3. This is at the lower end of the He ki
netic energies considered in Ref. 23, but test calculati
showed that densities higher by a factor of 10 give still ve
similar results@see also Fig. 5~a! below#. Occasionally, how-
ever, lower densities will be considered. Note that it is dif
cult to calculate precise densities at low values. First,
vacuum gap has to be chosen large enough to avoid inte
ence of the electron tails of neighboring slabs, and the
merical precision of the calculation must be high. Second
accurate sampling of the Fermi surface in particular arounG
is required for the same reason—see Ref. 40 for the rela
problem of calculating matrix elements of STM currents. F
nally, another problem arises from the fact that neither
LDA, nor the GGA functionals used here, give the corre
asymptotic behavior, which here translates to largez. For
atoms or molecules it is known that the correct asympto
density is41

lim
r→`

r~r !5Be2aAIr , ~9!

where r is the distance from the atom~molecule!, I is its
ionization potential, anda andB are constants. We can im
pose the correct exponential asymptotics for our film pro
lem, i.e., at largez, r̄(z) should fall off exponentially. The
insets of Fig. 3, where ln@r̄(z)# is shown as a function ofz,
suggest that indeed from about 1 Å above the surface
electron density falls off exponentially, i.e., ln@r̄(z)# de-
creases linearly with increasingz. If the functional were ‘‘ex-
act,’’ we could extract the work function from the slop
since according to Eq.~9! the exponent depends via a squa
root law on the energy required to remove an electron.
distances larger than about 5 Å from the surface, artificial
oscillations occur which are due to the finite vacuum gap a
finite numerical precision. With our choice of a 13 Å gap w
can see from Fig. 3 that electron densities down to;122

FIG. 3. Laterally averaged electron densitiesr̄(z) @Eq. ~8!# for
Pb~111! consisting ofn53 ~a! and n54 layers~b!, respectively.
Solid lines are for the relaxed films, dashed ones for unrelaxed
geometries. The insets show ln(r̄) vs z in the vacuum region.
5-5
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31025 electrons/Å3 can be calculated without encounterin
these artificial structures. We have exploited the linear re
tion between ln@r̄(z)# and z in the density interval betwee
1022 and 1023 electrons/Å3 to extrapolate to lower electro
densities. The vacuum gap used here leads to an uncert
in the apparent step heights of around 1022 Å for electron
densities in the range between 1022– 1023 electrons/Å3.
There is still, however, an error due to the ‘‘wrong’’ densi
functional. In passing we note that the extrapolation pro
dure does not make superfluous the need for a large en
vacuum gap, because a gap too small renders the extra
tion inaccurate. In our case, gaps smaller than 13 Å cau
problems.

B. Apparent step heights for lead films

Figure 4~a! shows calculated apparent step heights a
function of slab thickness forn ranging from 2 to 15. Values
from both unrelaxed and relaxed calculations are sho
These are compared with experimental values in Fig. 4~b!.
The experimental data have been reported for up ton59
only, with the exception of a single additional data point
n513. For the calculations it was assumed that He atoms
elastically scattered as soon as the electron density rea
r̄5131024 electrons/Å3. From the figure we can learn th
following.

First, both in theory and in experiment oscillations of t
apparent step heightd around the ‘‘expected step height’’d0
are found. In particular, distinct areas with a clear 2 M
periodicity are visible. In both cases the oscillations app
to be damped for largern. Hence, the DFT-slab calculation
account for the major experimental findings, namely
QSE-related oscillations of the ASH of thin Pb~111! films.

Second, comparing the two theory curves it is obvio
that relaxation is important. The unrelaxed slabs tend to
minish the amplitude of the oscillations, and they may ev
predict a different sign ford2d0 .

Third, by comparing theory and experiment more clos
we note certain differences between the two. The theoret
relaxed curve is shifted relative to the experimental one
one monolayer, e.g., d(6, experiment!2d0,0,
d(7, experiment!2d0.0, while d(6, theory!2d0.0,

FIG. 4. Apparent step heightsd: ~a! calculated values forr̄51
31024 electrons/Å3; ~b! experimental values from Ref. 23.
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d(7, theory!2d0,0. Also, at least for largen, the amplitude
of the oscillations seems to be too small in the calcula
values. We will address to these discrepancies shortly.

As mentioned above the results shown in Fig. 4 are fo
53531 k-point mesh in the IBZ, including theG point. To
address a possible sensitivity of the tails of the elect
clouds in the vacuum region onk-point sampling, forn51,
2, and 3 layers also test calculations with a 73731 mesh
and, therefore, more accurate sampling aroundG were car-
ried out. These resulted in changes of onlyDd(n)
;0.002 Å, indicating that also the electron spillout was co
verged with respect tok-point sampling.

We have computed the apparent step heights at a num
of densities to investigate their dependence on the incid
He-atom kinetic energy. These are shown in Fig. 5~a!. ~The
range of densities corresponds to an incident kinetic ene
range of 1.131026 to 1.1 eV.! In this figure we also show
Z1(n)2Z1(n21) to illustrate the relative importance of th
electronic and geometric contributions tod. Several impor-
tant points emerge from these results. We already know
unrelaxed structures exhibit QSE’s in the apparent s
heights, and therefore that the QSE’s are in part related to
electronic structure changes as a function ofn. Here though
we see that the electronic and geometric contributions td
are of similar magnitude. We can also see that the amplit
of the QSE oscillations increases with decreasingEk . Both
the QSE’s in the unrelaxed structures and the various th
retical models discussed earlier indicate that the density
differ for different n. The change in amplitude ofd with
density ~incident kinetic energy! is a direct consequence o
this.

To further clarify the role of geometric and electron
effects, Fig. 5~b! shows

FIG. 5. ~a! Apparent step heights for relaxed geometries, cal
lated at different values of the charge densityr̄, along with differ-
ences in the ionic core positionsZ1(n)2Z1(n21); ~b! the quanti-
ties DZ(n) @Eq. ~10!# and Dztp(n) @Eq. ~11!#, and their sum,d
2d0 , for r̄5131024 electrons/Å3.
5-6
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DZ~n!5Z1~n!2Z1~n21!2d0 ~10!

and ~for r̄5131024 electrons/Å3!

Dztp~n!5ztp~n!2ztp~n21!. ~11!

These are measures of the change in apparent step h
over and above that expected simply from the addition of
extra layer~i.e., d0!, due to geometric and electronic effec
respectively. The sum of these quantities,DZ1Dztp5d
2d0 , is also shown. IfDZ1Dztp is .0, then the step ap
pears higher than ‘‘normal,’’ and lower ifDZ1Dztp,0. It
must also be emphasised that the electronic partDztp is not
independent of the geometric one, i.e.,Dztp depends on
whether the structure was optimized or not.

From Schulte’s jellium calculations we know that in th
metallic films, due to the progressive falling of new ele
tronic states below the Fermi energy during the film grow
not only the total energy differences but also the elect
densities outside the surface oscillate as a function of
thickness. The same result is obtained from consideratio
the misfitd(n) defined in Eq.~3!, which is a measure of how
well a standing electron wave fits into a box of widthD ~see
Sec. III!. Every timed is small the electrons are commens
rate with the box and the electron density outside the fi
will be small. Hence,ztp and the apparent step height will b
small, because the He atoms can approach more closel
contrast whend is large,d is expected to be large. The pro
posed correlation betweend and d is impressively demon-
strated in Fig. 6, where the geometry-optimized appar
step height forr̄5131024electrons/Å3 @Fig. 6~a!#, is com-
pared with the calculated misfitd for Pb~111! films consist-
ing of n layers@Fig. 6~b!#. For d larger than about 0.46, tha
is, about half its maximum value, we findd2d0.0. For the
calculation ofd according to Eq.~3!, the experimental bulk
values for the interlayer spacingd052.86 Å and the Fermi
wavelengthlF53.66 Å ~Ref. 42! were taken.

C. Influence of the substrate: Effects of strain

Although the oscillations ind with the slab thickness ar
undoubtedly recovered from theab initio results and sup-
ported by the simple concept of a misfit, the difference

FIG. 6. ~a! Calculated apparent step heights for relaxed geo
etries,r̄5131024 electrons/Å3; ~b! the ‘‘misfit’’ d @Eq. ~3!#.
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tween theory and experiment with respect to the sign od
2d0 ~the 1 ML phase shift discussed in Sec. IV B! remains
puzzling.

There are quite a few reasons, both from theory and
periment as to why this discrepancy might occur. Here
concentrate on possible errors introduced by the neglec
the Cu~111! substrate. The substrate will influence both t
geometry and the electronic structure of the Pb film. Here
focus on the former. Because Cu and Pb have different
tice constants, the Pb overlayers are compressed in the
face plane with respect to bulk Pb, in particular for laye
close to the substrate. From previous LEED studies on
system36 it is known that Pb on Cu~111! arranges in ap(4
34) pattern, which leads to a;2.6% in-plane compression
in the first layer of the Pb film due to the different lattic
constants for Pb and Cu. More recent LEED studies43 have
reported that after the completion of the first Pb monola
the layers deposited on Cu~111! are more strained than in th
commensuratep(434) phase, being 3.3% compressed
1.2 ML of coverage, and are still under 1.1% compression
5 ML.

To account for this substantial intra-plane strain, we p
formed calculations where the in-plane lattice constant w
compressed by 3.3%. In other words, the supercell dim
sions in the surface plane were reduced by 3.3%. No a
tional constraints were imposed on the system geometry.
ducing the supercell dimensions imposes the sa
compression on all layers. This treatment is of course o
approximate but the main trends due to the geometric c
straints imposed by a Cu~111! substrate should become ob
vious. With such an in-plane compression the notion of
unrelaxed geometry is somewhat arbitrary: we chose to m
the unit cell volumes of the compressed and uncompres
systems equal for a givenn, and to expand the the interlaye
spacings and the vacuum gap accordingly.

In Fig. 7 the apparent step heights with the intralay
compression are shown and compared to experiment. Re
for both relaxed and unrelaxed geometries are shown.
step heights were calculated for a density ofr̄5131024

electrons/Å3. There are several interesting points to note

-
FIG. 7. Calculated apparent step heights for compressed s

r̄05131024 electrons/Å3, for relaxed and unrelaxed geometrie
compared to experimental values~Ref. 23!.
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First, the experimental and the theoretical apparent s
heights are now ‘‘in phase’’, i.e., maxima and minima ofd
appear at the samen.

Second, the quantitative agreement between experim
and theory worsens asn increases. This is easy to understa
since the in-plane compression reduces in the real sys
with increasingn while in our simple model the compressio
remains the same.

Third, the theoretical curves appear to be shifted upw
relative to experiment. This may be because we have o
accounted for the geometric influence of the substrate.
in-plane compression will ‘‘squeeze’’ the electron dens
into the vacuum and increase the spill-out. It is possible t
the change in electronic potential due to the Cu subst
would counter this effect. Again, over compression exagg
ates the problem at largen.

Despite these differences in detail, it is clear that the
eral compression is an excellent candidate to explain rem
ing quantitative differences between theory and experim
As a corollary, the major influence exerted on the Pb fil
by their Cu substrate is in-plane compression.

V. SUMMARY AND CONCLUSIONS

In summary, quantum size effects in thin lead films e
taxially grown on a Cu~111! substrate have been investigat
with gradient-corrected periodic density functional calcu
tions. QSE-related oscillations—often with a double-lay
period—in the total energies and in the ‘‘apparent s
heights’’ have been detected, both of which have been m
sured by HAS experiments by Toennies and co-workers.22,23

Good semiquantitative agreement between theory and
periment was found, in particular when interplane relaxat
and in-plane strain imposed by the substrate was accou
for.

The major conclusions are as follows.

~1! The ab initio calculations confirm qualitatively the
jellium calculations by Schulte,7 for a ‘‘real’’ system.

~2! However, the existence of real ionic cores rather th
a diffuse, positive jellium background is important when
more quantitative treatment is required. This is most evid
from comparing unrelaxed with relaxed calculations. Wh
the oscillations in total energies are somewhat insensitiv
the actual positions of the ion cores, the ‘‘geometric’’ co
M.
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tribution to the apparent step heights is typically of the sa
order of magnitude as the ‘‘electronic’’ effects and cannot
neglected.

~3! In-plane strain imparted by the Cu substrate appear
have a significant effect on the apparent step heights. It m
be taken into account to yield the correct location of maxi
and minima in the calculated apparent step heights. W
the effect of strain is accounted for, the agreement betw
calculated and experimental data is very satisfactory.

~4! As a methodological point we note that the accur
determination by DFT of electron spillouts far from the fil
is a challenge, both for fundamental~the form of the
exchange-correlation functional! and practical reasons~size
of the vacuum gap!.

In effect the oscillations in the charge density outside
film reflect oscillations in the work function, as is obviou
from Eq. ~9!. Therefore we expect that work function me
surements on thin lead films would indicate QSE-related
cillations as well.10 This is to be expected also for othe
metal films or clusters and it is an important issue as
work function, for example, directly relates to the chemic
and catalytic activity of a system.

Of course, the present theoretical treatment can be
proved in several ways. For the electronic structure part
explicit inclusion of the Cu~111! substrate would be highly
desirable, and would also allow the determination of the
propriate interfacial geometry. The details of this geome
are bound to be important given our findings concerning
plane strain. As far as the modelling of HAS is concerne
more realistic He-film potential should be determined a
the He scattering process treated quantum mechanically

In any case the Cu~111!/Pb~111! system is an excellen
candidate for carrying out this type of calculation in the f
ture, largely because of the ongoing experimental interes
this system as a ‘‘microlab’’ for the study of quantum si
effects in metallic nanostructures.44,45
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